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Protein dimerization and oligomerization is commonly
used by nature to increase the structural and functional
complexity of proteins. Regulated protein assembly is es-
sential to transfer information in signaling, transcriptional,
and membrane trafficking events. Here we show that a
combination of cell-free protein expression, a proximity
based interaction assay (AlphaScreen), and single-mole-
cule fluorescence allow rapid mapping of homo- and
hetero-oligomerization of proteins. We have applied this
approach to the family of BAR domain-containing sorting
nexin (SNX-BAR) proteins, which are essential regulators
of membrane trafficking and remodeling in all eukaryotes.
Dimerization of BAR domains is essential for creating a
concave structure capable of sensing and inducing mem-
brane curvature. We have systematically mapped 144 pair-
wise interactions between the human SNX-BAR proteins
and generated an interaction matrix of preferred dimeriza-
tion partners for each family member. We find that while
nine SNX-BAR proteins are able to form homo-dimers, sev-
eral including the retromer-associated SNX1, SNX2, and
SNX5 require heteromeric interactions for dimerization.
SNX2, SNX4, SNX6, and SNX8 show a promiscuous ability
to bind other SNX-BAR proteins and we also observe a
novel interaction with the SNX3 protein which lacks the
BAR domain structure. Molecular & Cellular Proteomics
13: 10.1074/mcp.M113.037275, 2233-2245, 2014.
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The last decade has witnessed an unprecedented increase
in the number of identified human protein—protein interactions
(PPIs)', and these commonly form sophisticated interaction
networks that mediate adaptive signaling responses to envi-
ronmental stimuli. Validation of PPIs in general remains chal-
lenging, particularly when examining interactions within a
family of proteins. Self-interaction is even more difficult to
detect but can play an important physiological role. In human
cells homo- or hetero-dimerization is a common feature of
proteins regulating cell signaling, including tyrosine kinase
receptors, G-protein coupled receptors, chemokines, cyto-
kines, and transcription factors (1). Dimerization also has
the potential to increase the efficiency and specificity of
enzymatic reactions, with more than 70% of enzymes able
to self-associate (1).

Dimerization and higher-order oligomerization is also an
important and widespread feature among proteins central to
membrane trafficking. In this study we focus on a family of
proteins, the sorting nexins (SNXs), which regulate vesicular
and tubulovesicular transport in the endocytic system (2, 3). In
particular, we examine the propensity for homo- and hetero-
association among SNX proteins containing the Bin/Am-
phiphysin/Rvs (BAR) domain, a family of molecules that utilize
dimerization to sense and drive membrane curvature. In vivo
studies have shown that the SNX-BAR proteins are localized
on tubular and vesicular membrane structures throughout the
endocytic network (4, 5). They have been shown to be in-
volved in a growing array of endosomal sorting events (6-9)
and both clathrin-dependent and independent endocytosis

" The abbreviations used are: PPI, protein-protein interaction;
AlphaScreen, Amplified Luminescent Proximity Homogeneous Assay
Screen; BAR, Bin/Amphiphysin/Rvs; C, coincidence; cps, count per
second; G, intensity of GFP fluorescence; GFP, green fluorescent
protein; GW, Gateway technology; IP (co-), immunoprecipitation (co-);
LTE, Leishmania tarentolae extract; PX, Phox; SH3, SRC homology 3;
SNX, sorting nexin; R, intensity of Cherry fluorescence; RT, room
temperature.
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Fic. 1. Expression of the human SNX-BAR proteins in L. tarentolae cell free lysate. A, Ribbon representation of a representative crystal
structure of the SNX9 dimer (PDB:2RAl), viewed from the convex side (top) and the lateral side (bottom). One SNX9 subunit is shown in
red/orange/yellow, the other in green/cyan/blue. Red/blue indicates the two PX (Phox) domains, orange/cyan the two yoke domains and
yellow/green the two BAR (Bin, Amphiphysin, Rvs) domains. Dimerization of the BAR domains leads to a rigid banana-shaped structure. B,
Domain structures of the 12 members of the sorting nexin (SNX) family analyzed here. All proteins possess a PX domain represented as a blue
rectangle. Except for SNX3, all other proteins also contain a C-terminal BAR domain indicated in red. A Src Homology 3 (SH3) domain (orange
circle) is also present in SNX9 and SNX33. C, SDS-Page analysis of the LTE expressed SNX-BAR domain proteins. Each protein was labeled
with a N-terminal GFP tag or a Cherry-myc tag. Proteins were separated on SDS-PAGE gel (4-12% Tris-glycine) and visualized by in gel

fluorescence scanning.

(10). The 12 members of the SNX-BAR subfamily contain a
phox-homology (PX) domain required for membrane associ-
ation and a C-terminal BAR domain, composed of three a-he-
lices that can dimerize to form a rigid banana-shaped struc-
ture (Fig. 1A). The concave surface of the dimeric BAR
domains contains basic residues that mediate association
with the phospholipid bilayer through electrostatic interac-
tions. These proteins are then able to sense local bending of
the membrane, and even drive membrane deformation by
forming higher order helical arrays that stabilize high curva-
ture membrane tubules and vesicles (11-13). The exact
structure of polymerized SNX-BAR proteins has not been
elucidated. However, it is known that BAR domain-driven
dimerization of the proteins is required. Both homo-dimeriza-
tion and hetero-dimerization have been observed. For exam-
ple, SNX9, SNX18, and SNX33 have been shown to form
homo-dimers (14-17). On the other hand, SNX2, SNX5, and

SNX6, which assemble with the retromer trafficking complex,
have been reported to form a series of restricted hetero-
dimers that coat common endosomal membrane tubules (18,
19). Although still poorly understood, one potential advantage
of hetero-dimerization of the SNX-BAR proteins is that forma-
tion of different combinations may allow for fine-tuning of
membrane trafficking processes either in a spatially restricted
manner within individual cells, or via tissue-specific expres-
sion patterns of the different proteins.

Here we present a systematic analysis of the in vitro
SNX-BAR interaction landscape, using a combination of
cell-free protein expression, AlphaScreen proximity assay,
co-immunoprecipitation and single molecule fluorescence
techniques. All possible pairs of 11 different SNX-BAR pro-
teins (SNX1, SNX2, SNX4, SNX5, SNX6, SNX7, SNX8,
SNX9, SNX30, SNX32, and SNX33; Fig. 1B), plus the PX
domain-only SNX protein SNX3, were co-expressed in a
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Leishmania tarentolae-based cell-free expression system
and analyzed for their ability to form homo- or hetero-
oligomers in vitro by AlphaScreen. The homo-dimerization
propensity was further validated by co-immunoprecipitation
assays and by single-molecule brightness analysis. Finally,
single molecule coincidence was used to analyze the stoi-
chiometry of proteins in the SNX assembilies, confirming the
presence of monomers and dimers, and revealing unex-
pected hetero-assemblies.

EXPERIMENTAL PROCEDURES

The genetically encoded tags used here are enhanced GFP (GFP),
mCherry (Cherry), and c-Myc (myc).

Plasmids Preparation—The ORFs (Open Reading Frames) encod-
ing SNX proteins were cloned into the following Gateway cloning
compatible Leishmania expression vectors*: pCellFree-N-terminal-
GFP, pCellFree-N-terminal-myc-Cherry, and pCellFree-C-terminal-
Cherry-myc at the ARVEC Facility, UQ Diamantina Institute. These
genes were sourced from the Human ORFeome collection version 1.1
and 5.1 or the Human Orfeome collaboration OCAA collection (Open
Biosystems, Huntsville, AL) (20). Briefly, the SNX gene in entry clones
pDONOR223 or pENTR201 vectors were exchanged with the ccdB
gene in the expression plasmid by LR recombination (Invitrogen,
Australia).

Test Expression in the Cell-free System—The Leishmania tarento-
lae Extract (LTE) was prepared as published earlier (21). A 10 pnl
expression volume containing 30 nm of pCellFree-N-terminal-GFP
and 60 nv of pCellFree-C-terminal-Cherry-myc was incubated for
2.5 h at 27 °C for expression. Expressed proteins were mixed with
NuPAGE LDS sample buffer (Invitrogen, Australia), denatured by
heating at 72 °C for 3 min and resolved on NuPage Novex 4%-12%
gel (Invitrogen, Australia). The proteins were detected by scanning the
gel for fluorescence using ChemiDoc MP System (Bio-Rad, Australia).

AlphaScreen Assay— The AlphaScreen Assay was performed using
the AlphaScreen cMyc detection kit and Proxiplate-384 Plus plates
from Perkin Elmer. Expressed protein pairs were diluted in V4 serial
dilutions in Buffer A (25 mm HEPES, 50 mm NaCl). A volume of 2 ul of
diluted protein was added to each well containing 12.5 ul (0.4 ng) of
Acceptor beads in Buffer B (25 mm HEPES, 50 mm NaCl, 0.001% v/v
casein, and 0.001% v/v Nonidet P-40). This was followed by addition
of 2 ul biotin labeled GFP-nanotrap diluted in Buffer A to a final
concentration of ~2.5 nm. The proteins and Acceptor beads were
incubated for 45 min at RT before addition of 2 ul (0.4 ng) of Strepta-
vidin coated Donor Beads. This was followed by a second incubation
of 45 min at RT in the dark. The AlphaScreen signal was measured
using the PE Envision Multilabel Platereader according to the man-
ufacturer’s recommended settings (excitation: 680/30 nm for 0.18 s,
emission: 570/100 nm after 37 ms).

A binding index is defined as the average of all the signal intensities
for each protein pair. For each experiment, the signal intensity from a
negative control (where GFP alone is present in the solution) is sub-
tracted. The signals are then normalized to a reference value. In this
case, we chose the value obtained for the interaction between GFP-
SNX4 and SNX4-Cherry-myc, as a standard in all measurements. An
average of all the normalized data for both configuration of each
protein pair (GFP-protein A/protein B-Cherry OR GFP-protein B/pro-
tein A-Cherry) was calculated to provide the binding index.

Co-immunoprecipitation Assay—GFP and Cherry labeled pairs of
SNX proteins were co-expressed in 170 ul of LTE for 3.5 h at 27 °C.
The co-expression was performed with 6 nm of the vector coding for
N-terminal GFP “bait” SNX proteins and 18 nwm of the vector coding
for a C-terminal Cherry-myc “prey” SNX protein. A GFP construct was

used as a negative control bait. NaCl was added to the expressed
protein (to a final concentration of 200 mm) and the samples were
incubated with 10 ul of GFP-nanotrap coated beads (NHS-activated
Sepharose coupled with MBP-GFP-Nanotrap) for 30 min at 4 °C with
gentle mixing by rotation. Subsequently, the beads were washed six
times with 200 ul of wash buffer (PBS with 0.1% Triton X-100 and 200
mm NaCl). The proteins were released from the beads by heating for
3 minat 72 °Cin 15 ul of 2x NuPAGE LDS loading buffer and resolved
as described above for gel electrophoresis. Fluorescence intensity
was analyzed using Imaged software and a leakage of 10% of the
GFP fluorescence into the Cherry channel was accounted for in the
quantification of the pull-down results.

Single Molecule Fluorescence Spectroscopy—Single molecule
spectroscopy was performed as described previously (22, 23). Pro-
teins were expressed in LTE and immediately diluted ~400 times in
buffer A, to a final concentration of ~50 pm. A volume of 20 ul of each
sample was placed into a custom-made silicone 192-well plate that
self-seals on top of a large 70 X 80 mm glass coverslip (ProSciTech,
Australia). Plates were analyzed at room temperature on a Zeiss
LSM710 microscope with a FCS Confocor3 module.

Single Molecule Fluorescence Intensity Measurements—For inten-
sity measurements, N-terminal GFP-labeled SNX proteins were ex-
pressed in 10 wl of LTE using 50 nm of DNA and incubation for 3 h at
27 °C. One laser (488 nm) was focused in solution using a 40</1.2 NA
water-immersion objective. Fluorescence from GFP was filtered by a
505-540 band pass filter. The number of photons collected in 1 ms
time bins (Igep(t) was recorded. A single-molecule event was de-
tected when the total intensity was above a threshold of 50
photons.

Single-molecule brightness analysis is the simple “counting” of
photons emitted by a protein complex and comparison to the typical
number of photons obtained from a GFP monomer, to calculate the
number of GFP fluorophores present in the complex. This is however
complicated by the fact that proteins diffuse randomly through the
focal volume and that different trajectories are observed. The optimal
trajectory maximizes the time spent in the focal volume and the
number of photons emitted. If one considers that at any time step, the
proteins can escape the detection volume, this optimal trajectory is
exponentially rare and smaller bursts are more frequent. Therefore,
the distribution of burst size typically follows an exponential decay.
The number of events for each intensity range was counted and
normalized to the total number of events to give a probability P(l).
Intensity measurement graphs were obtained by measuring more
than 1000 events; P(l) is plotted as a function of burst intensity (I)
(photons per ms).

Single Molecule Coincidence Measurements—For coincidence ex-
periments, N-terminal GFP-labeled and N-terminal Cherry labeled
SNX proteins were co-expressed using 40 nm of DNA in 10 ul of LTE
for 3 h at 27 °C. Two lasers (488 nm and 561 nm) were focused in
solution using a 40x/1.2 NA water-immersion objective. Fluores-
cence was collected and separated using a 565 nm dichroic; signal
from GFP (Igrp(t)) was filtered by a 505-540 band pass filter, whereas
fluorescence from Cherry (Ighery(t)) was filtered by a 580 nm long
pass. The fluorescence of the two channels was recorded simultane-
ously and separately, adding the number of photons collected in 1 ms
time bins. A single-molecule event was detected when the total
intensity of the two channels was above a threshold of 50 photons.
For each event, the intensities of the GFP and Cherry bursts were
corrected for background and leakage (10% leakage of the GFP into
the Cherry channel). The coincidence C was then measured ratio-
metrically as the corrected Cherry signal, divided by the total intensity
of the burst (C = lghemy/llarr * lchemyl)- In the absence of Cherry
fluorescence, C is close to zero, and in the absence of GFP, C tends
toward 1. Events with 0.25<C<0.75 are considered coincident

Molecular & Cellular Proteomics 13.9

2235



Rapid Mapping of Interactions in the SNX-BAR Family

events. The number of events for each ratio C was counted and
normalized to the total number of events to give a probability P(C).
Histograms of single-molecule coincidence (P(C) as a function of C)
were obtained by measuring >1000 events per interaction, and fitted
by Gaussian peaks for GFP-only, coincidence and Cherry-only con-
tributions. The bound fraction was calculated as the proportion of
coincidence (0.25<C<0.75) to total events.

RESULTS

In Vitro Co-expression of SNX-BAR Proteins—We set out to
systematically analyze the pairwise interactions between 12
SNX proteins, following co-expression of all 144 possible
pairs. Due to the large number of possible combinations, a
cell-free approach was used to accelerate conversion of DNA
to protein while controlling of the co-expression ratios. We
employed the recently developed eukaryotic L. tarentolae-
based cell free expression system (LTE). This system enables
expression of complex human proteins in their functional and
full-length form (24). As L. tarentolae is a fast-growing and
fermentable organism, the translation-competent lysate can
be generated rapidly and inexpensively (21, 25, 26).

The SNX proteins were expressed in vitro as GFP and
Cherry-myc fusion proteins. GFP and Cherry fluorescence
were used to detect expressed proteins and GFP and myc
serve as affinity tags (27). Genetically encoded tags are rela-
tively large and may interfere with protein folding and the
ability to engage in protein-protein interactions. To address
these issues, we iteratively tagged each SNX with an N-ter-
minal GFP tag and a C-terminal Cherry-myc tag and each
interaction was tested in two combinations. Cloning of the 24
different fusion proteins was greatly simplified by the devel-
opment of a cell-free expression vector compatible with Gate-
way recombination technology* that enabled us to source the
SNX-BAR genes from a human Open Reading Frame (ORF)
library (supplemental Fig. S2). All fusion proteins were ex-
pressed in LTE and analyzed by SDS-PAGE, and as can be
seen in the Fig. 1C, all proteins migrated corresponding to
their expected molecular weights. All proteins could be ex-
pressed at similar levels, typically between 1 and 1.5 um
(supplemental Figs. S4 and S5). Note that SNX6 was a trun-
cated clone, with an intact BAR domain. The only human
SNX-BAR protein not included in these studies is SNX18, as
its ORF was not found in available libraries.

Analysis of SNX-BAR Interactions using AlphaScreen As-
say—AlphaScreen is a sensitive bead-based proximity assay
able to detect interactions with a wide range of affinities (from
pm to mwm) (28, 29). Fig. 2A shows a schematic of how this
assay was employed to analyze the pair-wise interactions
between SNX protein pairs following their co-expression in
the cell-free system, without any purification or enrichment
steps. AlphaScreen signals can occur even if beads are rela-
tively far apart (distance up to 200 nm), and it is therefore
technically a proximity assay as opposed to a direct binding
assay. However, as we are using an orthogonal in vitro ex-
pression system, bridging by intermediate proteins from the

LTE is not expected and interactions are most likely direct.
The luminescence signal upon binding depends strongly on
protein concentration (Fig. 2B), thus different dilutions of the
proteins were used to determine the maximum response of
each AlphaScreen assay. The system is therefore self-cali-
brating, adjusting for the differences in initial protein concen-
trations so the protein expression levels do not have to be
tightly controlled. This feature of the binding signal also serves
as an internal quality control, as nonspecific interactions do
not display a strong dose dependent response. The typical
AlphaScreen data presented in Fig. 2C for a pair of interacting
proteins (SNX8-SNX8) and for a noninteracting pair (SNX3-
SNX3) demonstrates that the method can detect specific
interactions between SNX proteins with confidence.

In the interaction screen, all 144 protein pairs were tested in
triplicate and for each pair 5 dilutions were performed to
accurately measure the maximal response of the assay. Be-
cause of the excellent scalability of the AlphaScreen assay we
were able to perform it in a 384-well format. We averaged the
results obtained with the N- and C-terminal tag combinations
and plotted the aggregated results as a matrix of interactions
(Fig. 3). An AlphaScreen binding index was calculated relative
to a strong binding pair (SNX4-SNX4), which was used as
internal control in every AlphaScreen plate. We chose an
arbitrary threshold of 50% of the SNX4-SNX4 binding index
as a cut-off for a positive interaction, and then sought inde-
pendent validation of these results using other methods.

Under these conditions, all proteins except for SNX1,
SNX3, and SNX5 are able to form homo-dimers, and most
show significant selectivity for different heteromeric binding
partners. In nearly all cases, the signal intensities obtained
with probes carrying tags at different termini were compara-
ble, providing a high degree of confidence in the binding
specificities we observe. Only one significant outlier was
seen, and interestingly this interaction is between SNX8 and
the nonBAR domain protein SNX3, where we observe an
interaction using GFP-tagged SNX8 and cherry-tagged SNX3,
but little association when tags are reversed (supplemental
Fig. S1). We believe however, that this is a specific interaction
based on further validation as discussed below.

Validation of SNX-BAR Homo-dimerization by Co-immuno-
precipitation—The propensity to form homo-oligomers was
also assessed by a co-immunoprecipitation (co-IP) assay (Fig.
4). The bait proteins were expressed with an N-terminal GFP
tag, whereas C-terminal Cherry-myc fusion proteins were
used as prey. Immunoprecipitation was carried out using
GFP-antibody functionalized Sepharose, and samples were
resolved by SDS-PAGE and scanned for GFP and Cherry
fluorescence. To compensate for variations in expression lev-
els, we measured the intensities of Cherry fluorescence be-
fore and after pull-down and calculated the ratio of intensities
as a measure of binding. Qualitative comparison of the two
methods (AlphaScreen and co-IP) validated our choice of a
binding index of 50 as a threshold for positive interactions
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Fic. 2. AlphaScreen assay for pair-wise interaction analysis. A, Schematic representation of AlphaScreen proximity assay. The strepta-
vidin coated donor bead binds biotin coupled GFP-nanotrap that recruits N-terminally GFP-tagged protein A. The acceptor bead coated with
anti-myc antibody binds to the C-terminal mCherry-myc tag of protein B. The donor bead contains phthalocyanine, a photosensitizer that
converts ambient oxygen to an excited and reactive state upon illumination at 680 nm. The singlet oxygen ('0,) has a half-life of 4 us in which
it can diffuse ~200 nm in solution. If an acceptor bead is within that distance, the singlet oxygen reacts with thioxene derivatives in the acceptor
bead, subsequently luminescing at 520—-620 nm. In the absence of an acceptor bead, the singlet oxygen will fall to ground state and no signal
is produced. When protein A and B interact with each other, the proteins will bring the beads in a close proximity to each other, leading to the
AlphaScreen signal. B, The “hooking effect” in the AlphaScreen assay. AlphaScreen signal measured in counts per seconds (cps) is dependent
on the dilution of the protein. Low protein concentration in the assay will lead to a limited bead association and a low AlphaScreen signal. An
excess of proteins will lead to a low AlphaScreen signal by inhibition of bead association through competition with the unbound proteins. C,
Typical AlphaScreen data obtained for a noninteracting pair (GFP-SNX3 and SNX3-Cherry-myc, dotted line) and for an interacting pair
(GFP-SNX8 and SNX8-Cherry-myc, black line). The proteins were co-expressed in LTE and diluted as indicated. The average signal + S.E. for
three different experiments is presented.

(Figs. 4B and 4C). Furthermore, a higher AlphaScreen index
roughly correlates with a stronger interaction as estimated by
co-IP. This analysis also revealed limitations of the two meth-
ods, with co-IPs failing to reproduce the self-association of
SNX2, and AlphaScreen underestimating the strength of the
SNX9 self-interaction.

SNX-BAR Dimerization in Solution Measured by Single Mol-
ecule Fluorescence Intensity—Although the results of co-IP
experiments correlate well with AlphaScreen data, both meth-

ods measure interactions of proteins coupled to solid sup-
ports that may potentially contribute to nonspecific associa-
tion. To address this issue, we turned to single molecule
spectroscopy of freely diffusing fluorescently labeled pro-
teins. Single-molecule spectroscopy is typically performed
after the purification of recombinant proteins and labeling with
organic fluorescent dyes. We found that GFP and Cherry
fluorophores can be measured at the single-molecule level,
even on freely diffusing proteins (30). The fluorescence inten-
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sity of a monomeric fluorescent protein can be calibrated
precisely and subsequently used to “count” the number of
proteins in diffusing protein complexes.

The SNX-BAR proteins were expressed with an N-terminal
GFP tag in LTE, and the samples were analyzed on a confocal
microscope configured for single-molecule studies. For
brightness analysis, we used a 488 nm laser to excite the GFP
fluorophores. Time traces of GFP emission were recorded in 1
ms time “bins” to improve signal/noise ratio. Proteins were
diluted to picomolar concentrations where only single pro-
teins or protein complexes were present in the confocal vol-
ume. When GFP-tagged proteins diffuse through the confocal
volume, a fluorescent burst is recorded. The burst intensity
indicates how many fluorophores are present in the confocal
volume at the given time. In the case of dimer formation, the
burst intensity will be approximately twice as large as that of
a monomer (Fig. 4D). In the case of higher-order oligomeriza-
tion, multiple fluorescent proteins will pass through the con-
focal volume simultaneously, resulting in a higher photon
count. However, because not all objects follow an ideal path
through the confocal volume, the analysis is not so straight-
forward (see Experimental Procedure and (30) for details). In
Fig. 4E, the size of the bursts is plotted against the fraction of
the bursts of that size to determine whether the SNXs form
monomers, homo-dimers or larger oligomers. The GFP-
Cherry-myc chimeric protein, which diffuses as a monomer at
these concentrations, was used to calibrate the data and
determine the threshold for monomeric behavior. Fig. 4F pres-

ents the percentage of events above threshold, which corre-
lates with the propensity of proteins to form dimers.

In agreement with our AlphaScreen and co-IP data, SNX1,
SNX3, and SNX5 display mainly monomeric behavior, very
similar to that of control GFP molecules (Fig. 4F). Under these
conditions, SNX2 also displays a predominantly monomeric
distribution, in contrast to the weak association seen in Al-
phaScreen assay, but correlating with co-IP experiments.
Overall however, these single molecule measurements show
excellent agreement with both AlphaScreen and co-IP data,
with other members of the family showing a propensity for
monomer or dimer formation that is similar in all three assays
(Fig. 4F). Note also that there is no observed tendency to form
larger oligomers or aggregates under these conditions.

Single Molecule Coincidence Measurements Confirm SNX-
BAR Interactions and Identify a Novel SNX8-SNX3 Complex—
Single-molecule “counting” measurements rely on a single
fluorescent tag and are well adapted to quantify the formation
of homo-dimers and homo-oligomers. To study hetero-
dimers, we need to separately detect the two proteins, la-
beled with two different fluorophores. We use two-color
coincidence detection (31-35) on co-expressed pairs of SNX-
BAR proteins tagged with GFP and Cherry. After co-expres-
sion in LTE, the samples were diluted to picomolar concen-
trations and measured rapidly (within 15 min) to avoid
dissociation of complexes. In two-color single-molecule co-
incidence, the two fluorophores are excited independently by
two spatially overlapping lasers (488 nm and 564 nm for the
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Fic. 4. Validation of SNX-BAR homo-dimerization by co-IP and fluorescence brightness analysis. A, In gel fluorescence detection
of Cherry-labeled proteins before (top) and after (bottom) co-immunoprecipitation. C-terminal mCherry-myc labeled SNXs (preys) were
co-expressed in LTE with N-terminal GFP labeled SNX (+) or GFP protein alone (—) as baits. GFP-labeled proteins were immunoprecipi-
tated using GFP-nanotrap coated beads and loaded on SDS-PAGE gels (4%-12% acrylamide). Fluorescence scanning of the gel with
excitation at 585/20 nm and detection at 620/20 nm is presented. B, Cherry fluorescence enrichment by co-immunoprecipitation.
Fluorescence intensity on panel A was quantified and the ratio of intensities was calculated (r = | sor coir/lbetore coip)- C, Related binding
index from AlphaScreen assay. The binding index is calculated as described in the Experimental Procedures. The standard error (S.E.) over
at least three experiments is represented. D, Representative fluorescence time-traces for single freely diffusing molecule brightness
analysis. Burst intensity (photons counts per ms) are plotted as a function of time. The top panel (GFP-SNX3) corresponds to monomers
diffusing through the confocal volume resulting in the maximal photon counts per ms of 50. The bottom panel (GFP-SNX8) shows bursts of
100 or more photons per ms, indicating the residence of two or more fluorophores in the confocal volume at the same time. This was interpreted
as dimer formation. E, Burst intensity analysis for different SNXs. GFP-SNX fusion proteins, as well as a GFP-Cherry fusion protein, were
expressed in LTE and diluted to 100 pm before analysis on a confocal microscope. Fluorescence signal was recorded for 500 s. The number
of events for each intensity range was counted and normalized to the total number of events. This fraction of events P(l) is plotted as a function
of burst intensity (I) (photons per ms) in a semi-logarithmic representation for GFP-Cherry (small black squares), SNX3 (grey triangles), SNX8
(light grey circles), and SNX6 (white diamonds). F, Brightness analysis. For each protein, the fraction of events above threshold (125 photons)
was calculated.

GFP and Cherry excitation respectively) (Fig. 5A). Emission is
recorded for each event in two channels (as shown in Fig. 5B
for SNX8-SNX8) and for each burst a ratio of the intensity of
Cherry (R) to the total intensity of Cherry plus GFP fluores-
cence (R+G@) is calculated. A ratio close to 1 means that only a
Cherry labeled protein is present in the confocal volume, a ratio
close to 0 means that only a GFP labeled protein is present, and
a ratio around 0.5 means that both Cherry and GFP are present
in the confocal volume at a 1:1 ratio. At the chosen concentra-
tions, coincidence statistically happens only if the two proteins

interact with each other. This simple technique therefore is
well-suited to detect specific binding between two proteins, and
quantify the stoichiometry of interaction. For each experiment, a
thousand events are recorded and the data are plotted as
histograms recording the fraction of events that correspond to
each coincidence ratio. The presence of a Gaussian peak be-
tween 0.25 and 0.75 indicates an interaction.

Firstly, we studied the homo-dimerization of SNX8 and
SNX3 (Fig. 5D, 5E). As expected we detect a coincidence
peak centered on 0.5 in the case of SNX8 homo-dimers,
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indicating that one GFP-SNX8 interacts with one Cherry-
SNX8. For SNX3 only background coincidence is observed,
consistent with its monomeric state. The single-molecule
coincidence data also reproduces the trend observed by
AlphaScreen for two other pairs. Little coincidence is seen for
the SNX1-SNX1 homo-dimer (Fig. 5C), and intermediate co-
incidence levels are measured for the SNX32-SNX32 pair (Fig.
5F). Interestingly, using the single molecule coincidence ap-
proach we also confirmed the potential SNX8 interaction with
the non-BAR domain protein SNX3 seen in AlphaScreen.
Unexpectedly, we find that the two proteins interact in a fixed
ratio of ~2 molecules SNX8 bound to 1 molecule of SNX3
(supplemental Fig. S3). The brightness analysis suggests that
a homo-dimer of SNX8 can bind a SNX3 monomer, but the
molecular details of this interaction will require further
investigations.

Finally, we investigated the interaction between SNX6 and
SNX8. Both proteins have high propensity to form homo-
dimers on their own, and AlphaScreen results revealed a
strong interaction between the two proteins. Upon co-expres-
sion, coincidence is detected with a peak centered at 0.5
confirming that the SNX8 and SNX6 proteins form hetero-
meric complexes in a 1:1 ratio (Fig. 5G). Analysis of burst
intensities suggests the formation of a simple hetero-dimer
rather than the higher order assembly of separate preformed
SNX6 and SNX8 homo-dimers (data not shown).

DISCUSSION

Analyzing homo- and hetero-oligomerization among large
sets of proteins such as the SNX-BAR family can be time
consuming and highly impractical if the typical cycles of ex-
pression in bacterial or mammalian cells, purification and
analysis are performed. A typical example of such study is the
investigation attempted by Chang et al. (36), analyzing inter-
actions between mammalian PDZ domains. The study re-
quired the expression and purification of 157 PDZ domains

followed by labeling with organic fluorescent dyes, for use on
protein microarrays.

Our cell-free approach eliminates the purification steps and
accelerates the study of full-length multi-domain proteins.
More importantly, it allows co-expression of all protein pairs,
and we believe that co-folding of the proteins typically in-
creases their potential binding. The screen of 12,403 possible
PDZ dimers revealed 37 interactions (36), a relatively low
hit-rate that could potentially be increased by co-expression
of the PDZ pairs. Note that without co-expression, a tight
homo-dimer would not be seen as interacting with itself or
with other PDZ domains, unless the PDZ domains can sepa-
rate and re-arrange on the measurement timescale.

In our case, we observed that characterization of hetero-
dimers of SNX-BAR proteins would not be possible without
co-expression for all 144 pairs. Indeed the SNX8-SNX6 inter-
action could not be recapitulated when we recombined sep-
arately expressed SNX6 and SNX8, suggesting that co-ex-
pression is required for their hetero-dimerization in vitro (Fig.
5H). This also implies that labile subunit exchange between
pre-assembled SNX8 and SNX6 dimers is unlikely in a cellular
context, and will likely require co-translational assembly for
SNX8-SNX6 hetero-dimerization to occur.

Using in vitro protein co-expression combined with sensi-
tive and high-throughput proximity assay has been suggested
as a valuable tool for post-genomic research (37). The com-
bination of cell-free protein expression and AlphaScreen has
been used to identify auto-antigen proteins (38, 39). So far,
similar studies have focused on a single protein target, and
here we demonstrate the feasibility of that approach on large
matrix of protein-protein interactions. Our approach adds sin-
gle molecule fluorescence measurements, which contributes
us valuable information on stoichiometries and protein aggre-
gation at the same time.

Species-independent Gateway vectors enable rapid con-
version of ORF libraries into tagged expression constructs

FiG. 5. Single molecule coincidence analysis of SNX-BAR domain proteins. A, Principle of single molecule coincidence analysis. In single
molecule coincidence experiments, overlapped lasers (495 nm and 560 nm) are focused through a confocal microscope into a dilute sample.
Fluorescent particles, labeled with GFP (green ball) or Cherry (red ball) diffuse freely in the solution. When a particle enters the observation
volume, fluctuations of the signal (“burst”) are recorded either on the GFP channel (green) or the Cherry channel (red) B, Typical fluorescence
time-trace (5 s) for an interacting protein pair (GFP-SNX8 and Cherry-SNX8). In some instances, a signal is simultaneously detected in both
channels, indicating that a GFP and a Cherry fluorophore are present in the observation volume at the same time. This statistically only happens
if two proteins (one GFP-labeled, the other Cherry-labeled) interact. C-H, Representative histograms for single molecule coincidence
experiments. In experiments C-G, GFP-labeled proteins were co-expressed with Cherry-labeled proteins in LTE. In H, GFP-SNX8 and
Cherry-SNX6 were expressed separately in LTE then mixed together and allowed to interact for 1h before the assay. In all cases, the mixtures
were diluted to pm immediately before testing. A fluorescence signal was recorded in the GFP channel and the Cherry channel over 500s. The
signal was then analyzed as a succession of individual events. For each event, a ratio of Cherry fluorescence to the total fluorescence is
calculated. The number of events for each ratio C was counted and normalized to the total number of events. This fraction of events P(C) is
plotted as a function of coincidence ratio (C). Gaussian curves are overlaid on the histograms: the green Gaussian curve corresponds to GFP
only, the red Gaussian to Cherry only; the yellow Gaussian highlights the presence of both GFP and Cherry in the focal volume. Coincidence
histograms are recorded for SNX1 (C), SNX3 (D), SNX8 (E), and SNX32 (F). Interactions of GFP-SNX8 with Cherry-SNX6, after co-expression
(G) or mixing of separately expressed proteins (H) have been investigated. /, Binding index from AlphaScreen assay for SNX1-SNX1,
SNX3-SNX3, SNX8-SNX8, and SNX32-SNX32 interactions. The binding index is calculated as described in the Experimental Procedures. J,
Single molecule coincidence analysis for SNX1-SNX1, SNX3-SNX3, SNX8-SNX8, and SNX32-SNX32 interactions. The percentage of coinci-
dence corresponds to the fraction of events with a coincidence ratio between 0.2 and 0.8.
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TABLE |
Summary of the homodimerization properties of the human SNX-BAR proteins. For each protein, the propensity to homodimerize is summarized
for the different methods (Alpha, detected by AlphaScreen; Co-IP, detected by co-IPs; SMB detected by single molecule brightness and SMC,
detected by single molecule coincidence). nd refers to the absence of SMC data. The table includes relevant references from the literature

Homodimerisation® Previously reported
Protein References
Alpha | Co-IP | SMB | SMC | homodimerisation
SNX1 - - - +/- Yes (7,19,44,45)
SNX2 + - - nd Yes (18,44,46)
SNX4 + + + nd Yes (9,19)
SNX5 - - - nd No
SNX6 + + + nd Yes (40)
SNX7 + + + nd No
SNX8 + + + + Yes (19)
SNX9 + + + nd Yes (14,17,19,47,48)
SNX30 + + + nd Yes (19)
SNX32 + + + + No
SNX33 + + + nd Yes (16,19)
SNX3 - : . . No

that can be translated in any in vitro expression systems.
Highly sensitive AlphaScreen assay allowed us to rapidly and
inexpensively generate a high-confidence interaction map
for a relatively large human protein family, and using single
molecule measurements, we validated the specificity of the
observed interactions, determined the size of the oligomers
and determined the ratio between proteins in a given oli-
gomer. Tag position can often interfere with the protein-
protein interaction, so we tested the entire interaction matrix
in different tagging configurations to create data redun-
dancy and avoid false negatives. In this case, as in other
ongoing studies, almost all interactions could be detected
using both tag configurations. This is probably due to the
fact that AlphaScreen is quite insensitive to the distance
between tags (up to 200 nm), in contrast to most comple-
mentation assays such as split-GFP or Yeast-Two-Hybrid
screens. The genetically encoded tags we used are large,
but this may actually help the tags to remain accessible for
binding to the beads.

Another source of false results in protein-protein interac-
tions studies is protein aggregation or nonspecific binding.
This is especially important for homo-oligomerization studies.
Often, information about the propensity of a protein to self-

interact is lost in the experimental noise and the importance of
homodimers is overlooked. Here we verify the specificity of
interactions measured in AlphaScreen by using single-mole-
cule spectroscopy, where measurements are performed on
freely diffusing proteins, directly in solution and avoiding in-
terference from solid surfaces. The single-molecule brightness
analysis and two-color measurements validate that interactions
do genuinely occur without nonspecific aggregation. Here we
are able to detect which proteins interact and measure the
stoichiometry of these interactions.

In this study we have applied this powerful approach to the
family of human SNX-BAR proteins, which have central roles
in endocytic and endosomal membrane trafficking. Critically,
the SNX-BAR proteins function as obligate dimers, where
dimerization of the BAR domains is required for both mem-
brane association and remodeling. Therefore, determining the
scope of potential homo- and heterodimeric SNX-BAR as-
semblies is essential for a greater understanding of their cel-
lular functions. Overall, we observe the formation of a re-
stricted range of both homo- and hetero-dimers within the
SNX-BAR family. Our results are in general agreement with
previous semi-systematic studies (3, 7, 19) (Table | for homo-
dimers and supplemental Fig. S6 for heterodimers), but ex-
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tend these results by examining direct protein-protein inter-
actions between all but one of the SNX-BAR molecules. We
conclude that SNX4, SNX6, SNX7, SNX8, SNX9, and SNX33
form strong homo-dimers as detected by all three techniques
used here. In their recent report, van Weering et al. (19)
analyzed the formation of homo- and heterodimers between
different SNXs using co-IPs of proteins co-expressed in HEK-
293T cells. In agreement with our results, it was also found
that SNX4, SNX8, SNX9, and SNX33 were able to form ho-
modimers. In addition, our data points to SNX6 and SNX7
being able to homodimerize in vitro. This is in contrast to
recent studies of SNX6 (7), and SNX7 (19), that suggest
these proteins do not self-associate, but is supported by
earlier data showing that SNX6 is able to form homodimers
in co-IPs (40). Interestingly, SNX1, SNX2 and SNX5 do not
appear to form stable homodimers. This is in close agree-
ment with previous work by Wassmer and colleagues who
also found that both SNX1 and SNX2 showed little propen-
sity for self-association (7). We observed that SNX1 ex-
pressed in bacteria can form homo-dimers at high concen-
trations (data not shown) and note that the crystal structure
of the SNX1 BAR domain homo-dimer was recently solved
(19). However, it was noted that the SNX1 BAR domain
interaction is likely to be unstable because of the presence
of unpaired charged residues at the dimeric interface. The
relatively low affinity between SNX1 monomers, and the
relatively low concentrations at which the proteins are ex-
pressed in the L. tarentolae system could explain the low
binding scores obtained in this study.

Hetero-dimerization of the SNX-BAR may play an important
role in the cell. For example, the subset of SNX1, SNX2,
SNX5, and SNX6 coordinate with each other to regulate ret-
romer mediated endosomal trafficking, and the evidence is
now strong that this involves formation of heterodimeric SNX-
BAR complexes. In our study, the otherwise monomeric
SNX1, SNX2, and SNX5 can associate with other SNX-BAR
proteins, especially SNX6 (7). Multiple interactions that ob-
tained a high score in our AlphaScreen assay have been
previously reported; for example, SNX4 was found to prefer-
entially form hetero-dimers with SNX7 (19). Our systematic
analysis shows that four proteins (SNX2, SNX4, SNX6, and
SNX8) can interact with many other SNX-BARs. Previous
experiments in mammalian cells also showed that SNX8 was
able to co-IP all the tested proteins to a significant extent (19).
Although this could point to nonspecific binding, the lack of
aggregation of these proteins detected by single molecule
brightness analyses, and validation of the SNX8-SNX6 hetero-
dimeric interaction by single molecule coincidence suggests
this is not the case. Our data set suggests that SNX2, SNX4,
SNX6, and SNX8 have a propensity to participate in promis-
cuous complex formation.

One of the most unexpected findings was an apparently
specific interaction of SNX8 with the non-BAR domain protein
SNX3. Single molecule coincidence experiments show that

GFP-SNX8 and Cherry-SNX3 bind to each other with a coin-
cidence peak centered at ~0.35, and inverting the fusion tags
results in a coincidence peak centered at ~0.65. This indi-
cates a very specific interaction, and formation of a complex
containing two molecules of SNX8 and a SNX3 monomer (see
supplemental Fig. S2 and S3). This association is consistent
with proposed roles for both SNX8 and SNX3 in endosome to
Golgi recycling pathways (8, 41, 42), but like the SNX8-SNX6
complex will require further validation in vivo to confirm its
functional importance.

In summary, we have systematically determined the range
of direct interactions that are possible between members of
the SNX-BAR family in vitro, by combining cell-free expres-
sion for rapid protein synthesis and AlphaScreen and single
molecule spectroscopy for sensitive detection of the interac-
tions. One of the key challenges of a post-genomic era will be
the validation of massive PPl data sets from proteomics
screens, and this will be especially true for self-interacting
proteins. The analysis presented here can be performed in a
highly multiplexed format, directly from the protein co-expres-
sion mixture, without any purification or washing steps that
could perturb the protein complexes. Our approach certainly
does not have the throughput of Yeast-2-Hybrid or other
protein complementation assays, but it has the potential to
create high-confidence data sets at a faster pace than tradi-
tional biophysical methods, co-immunoprecipitation and co-
localization microscopy.

We believe it should be a valuable tool for the validation of
protein-protein interaction networks (43).
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