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Bimolecular complementation affinity purification
(BiCAP) reveals dimer-specific protein interactions
for ERBB2 dimers
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The dynamic assembly of multiprotein complexes is a central mechanism of many cell signaling pathways.
This process is key to maintaining the spatiotemporal specificity required for an accurate, yet adaptive, re-
sponse to rapidly changing cellular conditions. We describe a technique for the specific isolation and
downstream proteomic characterization of any two interacting proteins, to the exclusion of their individual
moieties and competing binding partners. We termed the approach bimolecular complementation affinity
purification (BiCAP) because it combines the use of conformation-specific nanobodies with a protein-fragment
complementation assay with affinity purification. Using BiCAP, we characterized the specific interactome of the
epidermal growth factor receptor (EGFR) family member ERBB2 when in the form of a homodimer or when in
the form of a heterodimer with either EGFR or ERBB3. We identified dimer-specific interaction patterns for key
adaptor proteins and identified a number of previously unknown interacting partners. Functional analysis for
one of these newly identified partners revealed a noncanonical mechanism of extracellular signal-regulated
kinase (ERK) activation that is specific to the ERBB2:ERBB3 heterodimer and acts through the adaptor protein

FAMS59A in breast cancer cells.

INTRODUCTION

Intracellular signaling networks are the master regulators of processes such
as mitosis, apoptosis, migration, and differentiation. Although the phos-
phorylation of kinase substrates can alter their activity, localization,
or stability, the modulation of protein-protein interactions at these phospho-
rylation sites also serves as a major mechanism to maintain the specificity
and dynamic properties of signaling pathways (/, 2). Consequently, signif-
icant effort has been invested in developing techniques to identify and quan-
tify protein-protein interactions relevant to cell signaling. Affinity purification
coupled with tandem mass spectrometry (AP-MS/MS) has emerged as a
powerful technology to characterize the interactome of any given protein.
Although a number of seminal MS-based studies have greatly increased
our understanding of the dynamic nature of protein-protein interactions
(3-5), these approaches are often limited to the analysis of an individual
protein in all potential binding states. Many proteins are activated or
inhibited upon dimerization or complex formation, considerably altering
the dynamics of a signaling pathway. It is therefore an experimental imper-
ative that further techniques are developed, which can dissect these multi-
protein complexes and characterize the specific function of each modular
component within specific spatial and temporal contexts.
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In response to this challenge, we developed a novel method for the
specific isolation and characterization of the interactome of any binary protein
complex. This approach combines a protein-fragment complementation
assay and affinity purification with a conformation-specific nanobody, which
we have termed bimolecular complementation affinity purification (BiCAP).
This novel technique exploits a neoepitope formed by complementation of
Venus fluorescent protein fragments to specifically isolate any pair of inter-
acting proteins while excluding competing binding partners and those
binding to individual components in isolation. A further advantage of this
approach is the simultaneous visualization of cellular localization of inter-
acting protein pairs. We have applied this approach to characterize the inter-
actome of the receptor tyrosine kinase (RTK) oncogene ERBB2, which can
exist as either a monomer, a homodimer, or a heterodimer with other members
of the epidermal growth factor receptor (EGFR) family (6).

The formation of heterodimers within the EGFR family has long been
thought to diversify the interactome and signaling capacity of these receptors
when compared to receptor homodimers (7—10). In breast cancer cells where
ERBB?2 is amplified, and therefore overexpressed, the formation of ERBB2-
containing heterodimers can be driven in a ligand-independent manner (8, 17).
ERBB?2 is the preferred dimerization partner for EGFR and ERBB3 (/2), and
the signals emanating from these heterodimers are known to be significantly
stronger than those from other EGFR family receptor combinations (6). Each
of these receptors is also a potent breast cancer oncogene and the target of
multiple therapeutic agents (6, 8). Despite promising initial results in clinical
trials, acquired resistance frequently emerges with both antibody and small-
molecule therapies directed toward these EGFR family members (/3). A shift
in the dimerization profile of ERBB2 is recognized as a common mecha-
nism underlying resistance to ERBB2-targeting therapies (13, 14), although
this plasticity of ERBB2 also highlights a broader emerging theme in cancer
research, where a thorough understanding of the dynamic and adaptable be-
havior of signaling networks will be required to ultimately deliver specific
and efficient cancer therapies (15). To date, defining the specific interactomes
of ERBB2-containing homo- and heterodimers has been hindered by
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limitations on the ability to selectively purify receptor dimers while excluding
individual monomers and alternative heterodimers. The application of
BiCAP largely overcomes these limitations, facilitating characterization of the
individual interactome of each of these ligand-independent receptor dimers.

RESULTS

Bimolecular fluorescence complementation

for ERBB2 homodimers

Protein-fragment complementation assays are frequently used to visualize
and quantify the interaction between two proteins in live cells. This technique
relies upon the expression of bait and prey proteins fused to split domains
of a reporter such as luciferase (/6), B-galactosidase (/7), or green fluorescent
protein (GFP) (18). Interaction between bait and prey proteins drives re-
folding of the fused fragments into a functional reporter protein, generating
a measurable signal. In the case of a protein-fragment complementation
assay based on a split fluorescent protein such as GFP (or its variants), the
term bimolecular fluorescence complementation (BiFC) is frequently used
(19). The individual N- and C-terminal fragments of the GFP family pro-
teins are nonfluorescent and associate with low affinity in the absence of
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Fig. 1. Specific isolation of refolded bimolecular fluorescence com-
plementation assay components. (A) Schematic depicting ERBB2 fused to
nonfluorescent N-terminal (V1) and C-terminal (V2) fragments of the Venus
protein, which refold and fluoresce upon interaction. (B) Confocal fluores-
cence microscopy analysis of BiFC signal produced by interaction between
ERBB2-V1 and ERBB2-V2 after transfection into HEK-293T cells. Represent-
ative images from at least three independent experiments are shown. Scale
bar, 7.5 um. (C) HEK-293T cells were transfected with a control plasmid,
ERBB2-V1, ERBB2-V2, or both ERBB2-V1 and ERBB2-V2, and then immu-

an interaction between fusion partners. However, their close colocalization
upon interaction of bait and prey fusion proteins favors refolding of these
split domains into a functional B-barrel structure containing the fluorophore
(18). This is demonstrated using a well-described homodimer formed by
ERBB2. We engineered C-terminal fusions of ERBB2 with complementary
BiFC fragments comprising either the N-terminal (Met'-GIn'*’) or C-terminal
(Lys"*®-Lys>®) regions of the Venus fluorescent protein, which is an engi-
neered derivative of GFP. These vectors were termed ERBB2-V1 and
ERBB2-V2, respectively (Fig. 1A). Transfection of plasmids encoding
these individual fusion proteins into human embryonic kidney (HEK)-
293T cells did not produce any fluorescent signal (fig. S1A). However,
cotransfection of both plasmids generated a predominantly membranous
fluorescent signal, as expected from the formation of an RTK dimer
(Fig. 1B and fig. S1A). This transient transfection approach achieved an
abundance of ERBB2 that was similar to that in ERBB2-amplified
breast cancer cell lines AU565 and SKBR3 (fig. S1B).

Although BiFC enables the visualization of specific ERBB2 homodimers,
the ability to isolate and characterize these dimers (while excluding non-
dimerized ERBB2 monomers and alternative heterodimers) using standard
immunoprecipitation approaches is problematic. For example, whereas we

noprecipitation (IP) with antibodies against the N-terminal region of GFP (V1)
and blotting with the indicated antibodies were performed on the cell lysates.
Blots are representative of three experiments. (D) Structural analysis of the
interaction interface (cyan) between GFP-targeting nanobody (GFP-Trap)
(green) and recombined Venus, showing the position of Venus V1 (gray)
and V2 (orange) fragments (Protein Data Bank accession 30GO). (E)
HEK-293T cells were transfected as in (C), followed by immunoprecipitation
with GFP-Trap and blotting with the indicated antibodies. Blots are represent-
ative of three experiments.
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observed about equal expression of ERBB2-V1 and ERBB2-V2 after co-
transfection of HEK-293T cells, a higher proportion of ERBB2-V1 than
ERBB2-V2 was detected after immunoprecipitation using an antibody raised
against the N-terminal region of GFP (Fig. 1C). Hence, this approach is not
able to adequately enrich for ERBB2 dimers as a fraction of the total ERBB2
population, and the greater presence of ERBB2 monomers or heterodimers
would confound attempts to characterize ERBB2 dimer—specific interac-
tomes and signaling complexes. Thus, a more elegant approach is needed
to facilitate the specific isolation and characterization of ERBB2 binary
protein complexes.

Bimolecular complementation affinity purification
Analysis of the binding epitope of a GFP-Trap (20) suggested that it may
provide a suitable affinity purification matrix for specific enrichment of
ERBB?2 BiFC dimers while excluding monomeric ERBB2. GFP-Trap is a
recombinant antibody fragment (nanobody) that binds with high affinity to
GFP and its derivatives (YFP, CFP, Venus, Citrine, and AcGFP) (20). GFP-
Trap recognizes a three-dimensional epitope on the {3 barrel of GFP created
by noncontiguous amino acid sequences. Closer analysis of this binding
epitope showed that it spans a surface of the fluorescent protein B barrel,
which is composed of both the V1 and V2 BiFC fragments (Fig. 1D). This
suggests that GFP-Trap recognizes a neoepitope that exists on correctly
recombined and folded Venus but that does not exist on the individual
BiFC fragments. Hence, we hypothesized that GFP-Trap would bind spe-
cifically to recombined Venus but not to the individual Venus fragments
used for BiFC.

We tested the ability of GFP-Trap to specifically enrich for ERBB2
dimers after cotransfection of HEK-293T cells with ERBB2-V1 and
ERBB2-V2. The presence of both ERBB2-V1 and ERBB2-V2 in GFP-
Trap eluate from cotransfected cells, but not from cells transfected with
either ERBB2-V1 or ERBB2-V2 alone (Fig. 1E), demonstrates that
GFP-Trap specifically isolated the ERBB2 homodimer but was unable
to bind ERBB2-V1 or ERBB2-V2 in isolation. This unique combination
of a protein-fragment complementation assay with a conformation-specific
nanobody therefore provides a powerful method to isolate protein com-
plexes while excluding the uncomplexed individual components and com-
peting binding partners. A further advantage of this system is the ability to
visualize protein interactions in situ, providing confirmation of cellular
context. We have termed this novel technique BiCAP.

Characterization of dimer-specific ERBB2 interactomes
by BiCAP

BiFC has previously been used to visualize the formation of EGFR family
dimers (27), but here, we sought to demonstrate the utility of the BiCAP
approach by applying it to characterize the specific interactomes of ERBB2
homodimers or ERBB2 heterodimers with EGFR or ERBB3 (Fig. 2A). Ex-
pression of individual heterodimer components was confirmed by Western
blotting cell lysates from HEK-293T cells cotransfected with BiFC-tagged
receptor pairs (Fig. 2B). A prominent membranous fluorescent signal was
observed for each dimer, indicating the formation of plasma membrane—
localized receptor dimers (Fig. 2C). Notably, ERBB3:ERBB2 dimers also
displayed a distinct perinuclear signal. Label-free quantitative MS analysis
of BiCAP-isolated receptor dimers (Fig. 2D) revealed distinct interac-
tomes for each dimer pair (Table 1). Analysis of known protein-protein
interactions using the String database (22) highlighted the existence of a
number of established functional clusters in the individual interactome of
each receptor dimer (Fig. 2E). A prominent core group of 10 proteins was
observed in the interactome of all three receptor dimers (Fig. 3). This core
interactome contains many established components of RTK signaling
pathways, including the adaptor proteins GRB2 and SHCI1, known to in-

teract with various activated RTKs and activate RAS signaling (23, 24)
through the guanine nucleotide exchange factor (GEF) Son of Sevenless
homolog 1 (SOS1) (25). ERBB receptor feedback inhibitor 1 (ERRFII),
otherwise known as mitogen-inducible gene 6 (MIG6), is known to inter-
act with and inhibit the kinase domains of EGFR family members (26-28),
whereas the GEFs VAV2 and VAV3 are established links between EGFR
family members and guanosine triphosphatase activation (29, 30).

A small group of proteins were detected interacting exclusively with
ERBB2 homodimers, consisting of transferrin receptor (TFRC), endoplasmic
reticulum lipid raft associated 1 (ERLIN1), and protein tyrosine phosphatase
nonreceptor type 9 (PTPN9). ERBB2 is a substrate of PTPN9, which at-
tenuates activation of signal transducer and activator of transcription proteins
downstream of ERBB2 (31). Although the specific function of the ERLIN1
and TFRC interactions is not yet known, the presence of these may be sug-
gestive of the localization of ERBB2 homodimers within lipid rafts and re-
cycling endosomes, respectively (32). Another small group of proteins
interacted exclusively with the EGFR:ERBB2 heterodimer. These include
the E3-ligase c-Cbl, which ubiquitinates activated EGFR to promote its deg-
radation (33), and phospholipase C y1 (PLCG1), which drives the activa-
tion of protein kinase C (PKC) after binding to activated EGFR (34). Only
three proteins were observed to interact specifically with both ERBB2 homo-
dimers and EGFR:ERBB2 heterodimers: ubiquitin-associated and Src ho-
mology 3 (SH3) domain—containing B (UBASH3B), SOS2, and ERBB4.
UBASH3B interferes with Cbl-mediated degradation of activated EGFR
(35), which may indicate increased stability of the EGFR:ERBB2 dimer
(32), although the interaction of these dimers with ERBB4 may also indicate
potential formation of higher-order receptor complexes within the EGFR
family (36, 37).

As may be expected, a number of interacting proteins play a role in the
endocytosis, sorting, and recycling of RTKs. For example, CHMPS5, which
interacted with EGFR:ERBB?2, is a component of the endosomal sorting
complex required for transport III (ESCRT-III) and plays an essential role
in trafficking and degradation of growth factor receptors (38). The clathrin
adaptor proteins AP2M1 and AP1M1, which were present in complex
with both the EGFR:ERBB2 and ERBB3:ERBB2 heterodimers, bind to
transmembrane cargo proteins and thus play a major role in trafficking via
clathrin-coated vesicles. The absence of these trafficking-related proteins
from the ERBB2 homodimer is in keeping with the concept that ERBB2,
unlike EGFR and ERBB3, may have an impaired ability to undergo endo-
cytosis due to a lack of C-terminal internalization signals (32).

By far, the largest group of proteins, representing a diverse group of 44
proteins, was found to interact exclusively with ERBB3:ERBB2 heterodimers.
Many of these proteins are associated with the ribosome or RNA bind-
ing and splicing (RBMX, RAEL, EIF3B, STAU1, PRKRA, RSL1DI,
HNRNPC, SNRPD1, SRSF5, HNRNPAO, RPF2, PABPN1, RBM34,
ELAVLI1, RRS1, LTV1, U2AF2, and BRIX1) or to have a role within
the nucleus (NOP2, TPR, RANBP2, LYAR, EBNA1BP2, and SAFB).
There was also a large group of mitochondrial proteins (MRPS22, MRPS34,
AIFM1, MRPS16, MRPS5, MRPS26, MRPS25, MRPS18B, and MRPS9).
Smaller groups of proteins were also identified with more specialized roles as
either cytoskeletal/structural proteins (SPTANI, INA, and DSQG2), tran-
scription factors (TP53 and NKRF), or signaling pathway components
(FAMS59A, PIK3R2, GNAII, and PLCG2).

Within this system, the expanded interactome of ERBB3:ERBB2 may
potentially be influenced by the distinct intracellular localization of this
heterodimer (Fig. 2A). Observations of intracellular ERBB3 are not un-
common, including the detection of functional ERBB3:ERBB2 heterodimers
in the nucleus (39—42). Therefore, the intracellular localization of ERBB3:
ERBB2 heterodimers within this BiFC system does not appear to be an
artefact of transfection because this localization is also consistent with that
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Fig. 2. MS analysis of proteins interacting with specific ERBB2-containing
dimers. (A) Workflow for the isolation and MS analysis of specific ERBB2-
containing receptor dimers. (B) HEK-293T cells were transfected with either a con-
trol plasmid or a combination of ERBB2-V1 and either EGFR-V2, ERBB2-V2, or
ERBB3-V2, with expression confirmed by blotting lysates with the indicated antibo-
dies. Blots are representative of three experiments. (C) Confocal fluorescence mi-
croscopy analysis of BIFC signal produced by interaction between ERBB2-V1

and either EGFR-V2, ERBB2-V2, or ERBB3-V2, after transfection into HEK-
293T cells. Representative images from at least three independent experiments
are shown. Scale bars, 15 um. (D) Protein interaction networks of the ERBB2:
ERBB2 homodimer, EGFR:ERBB2 heterodimer, or ERBB3:ERBB2 heterodimer
with relative abundance of individual components indicated by cyan shading
(darker means more abundant). LC-MS/MS, liquid chromatography-MIS/MS; DAPI,
4',6-diamidino-2-phenylindole.
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Table 1. Label-free quantitative proteomics analysis of ERBB2
dimer interactomes isolated by BiCAP. The table shows the 15
most abundant proteins in each complex. Complete list is in table S3.
Unique peptides are the total number of unique peptides associated with
the protein group (that is, not shared with another protein group). Unique

sequence coverage (%) is the percentage of the sequence that is
covered by the identified peptides of the best protein sequence contained
in the group. PEP, posterior error probability (posterior error probability of
the identification, smaller values are more significant); Q, Benjamini-
Hochberg false discovery rate (FDR)— adjusted P value (FDR < 0.1).

. UniProt Gene . Unique Unique Relative
Bait D D Protein name peptides (%) P (t test) Q abundance
ERBB2:ERBB2 P04626 ERBB2 Receptor tyrosine-protein kinase erbB-2 62 524 616x107 172x107* 835.1

G5E9C8  SOSt Son of sevenless homolog 1 53 479 218x10™* 947x10° 89.3
P52735-3 VAV2 Guanine nucleotide exchange factor VAV2 33 448 485x10° 422x107 375
QOUKW4  VAV3 Guanine nucleotide exchange factor VAV3 23 354 936x10° 652x10° 28.5
Q9UJIM3  ERRFI1 ERBB receptor feedback inhibitor 1 12 39 256x107 9.18x107° 20.0
P62993 GRB2 Growth factor receptor-bound protein 2 23 86.6 397x10° 553x107° 17.1
Q15303 ERBB4 Receptor tyrosine-protein kinase erbB-4 3 22 180x10° 357x107* 10.4
Q96IV0O  NGLY1  Peptide-N(4)-(N-acetyl-B-glucosaminyl)asparagine 9 191 302x10™* 1.05x 102 9.1
amidase
Q07890  SOS2 Son of sevenless homolog 2 9 86 845x107 1.96x107* 8.7
Q8TF42 UBASH3B Ubiquitin-associated and SH3 4 9.2 232x102 831x107? 71
domain—containing protein B
P08670 VIM Vimentin 59 779 882x10° 544x107? 7.1
HOY8C2 RPL22L1 6085 ribosomal protein L22-like 1 3 338 1.13x10%2 59%x10% 6.8
J3QLS3 MRPS7 288 ribosomal protein S7, mitochondrial 4 18.8 1.30x102 635x10% 6.3
P43378 PTPN9 Tyrosine-protein phosphatase nonreceptor type 9 2 4.7 330x 102 980x 102 5.2
P29353-6 SHC1 SHC-transforming protein 1 6 75 501x10° 349x10° 4.9
ERBB2:EGFR P00533 EGFR Epidermal growth factor receptor 67 525 359x107° 500x107 1881.2
P04626 ERBB2 Receptor tyrosine-protein kinase erbB-2 62 524 182x10° 127x10° 421.7
G5E9C8  SOSt Son of sevenless homolog 1 53 47.9 642x10° 597x10*  299.2
P52735-3 VAV2 Guanine nucleotide exchange factor VAV2 33 448 192x10° 243x10™ 137.3
Q9UJIM3 ERRFI1 ERBB receptor feedback inhibitor 1 12 39  976x10° 7.86x10™* 39.7
P62993  GRB2 Growth factor receptor-bound protein 2 23 86.6 176x10° 6.13x10° 35.8
P22681 CBL E3 ubiquitin-protein ligase CBL 9 13.9 351x10° 978x10° 22.9
Q07890  SOS2 Son of sevenless homolog 2 9 86 235x10° 201x102 18.5
Q96IVO  NGLY1  Peptide-N(4)-(N-acetyl-3-glucosaminyl)asparagine 9 191 225x10° 132x107° 17.1
amidase
P08670 VIM Vimentin 59 779  142x10™% 420x10° 16.4
Q9UKW4  VAV3 Guanine nucleotide exchange factor VAV3 23 354 6.15x10° 3.13x102 14.9
P29353-6 SHCH SHC-transforming protein 1 6 75 490x10° 227x107° 11.7
Q15303 ERBB4 Receptor tyrosine-protein kinase erbB-4 3 22 172x10° 165x1072 11.7
Q96CW1  AP2M1 AP-2 complex subunit mu 12 262 127x10° 1.41x 1072 10.7
P07197 NEFM Neurofilament medium polypeptide 20 27.7 376x10° 248x1072 9.7
ERBB2:ERBB3 P21860 ERBBS3 Receptor tyrosine-protein kinase erbB-3 69 539 269x10° 106x10° 814.8
P04626 ERBB2 Receptor tyrosine-protein kinase erbB-2 62 524 126x10° 106x10° 344.3
P52735-3 VAV2 Guanine nucleotide exchange factor VAV2 33 448 216x107 382x107° 94.0
P08670 VIM Vimentin 59 779 214x10° 948x10™* 44.2
Q9H706 FAM59A Protein FAM59A 9 15  150x 107 3.03x107° 28.1
Q9UKW4  VAV3 Guanine nucleotide exchange factor VAV3 23 354 128x10™% 200x10° 27.6
095831  AIFMA1 Apoptosis-inducing factor 1, mitochondrial 16 409 963x10° 273x10° 23.2
P07197 NEFM Neurofilament medium polypeptide 20 27.7 515x10% 435x10° 23.1
G5E9C8  SOS1 Son of sevenless homolog 1 53 479 331x10° 1.06x10° 23.1
Q16352 INA a-Internexin 9 234 1.12x10° 650x107° 17.0
HOY8C2 RPL22L1 60S ribosomal protein L22-like 1 3 338 1.38x107° 8.14x 107 14.5
P62993  GRB2 Growth factor receptor—bound protein 2 23 86.6 3.05x 107°3.09 x 107* 13.5
P29353-6 SHC1 SHC-transforming protein 1 6 75 1.78x1081.06x 107° 13.4
Q9BXS5-2 AP1MH1 AP-1 complex subunit mu-1 19 51.3 2.41x107°948x 107 11.4
C9JJ19 MRPS34 288 ribosomal protein S34, mitochondrial 11 60.4 6.70 x 107°1.34 x 1073 10.2

previously observed for endogenous ERBB3 in breast cancer cells (41).
Costaining with an antibody toward the Golgi body marker GM-130 con-
firmed that a large proportion of the ERBB3:ERBB2 heterodimer coloca-
lizes within the Golgi body, along with the plasma membrane and nucleus
(fig. S2). Additionally, to confirm some of these new and unexpected hits,
we further validated the interaction of ERBB3:ERBB2 with a mitochondrial
associated protein (AIFM1) and an RNA nucleocytoplasmic shuttle protein

(RAEI) in HEK-293T cells (fig. S3A). We also validated the interaction of
these proteins with endogenous ERBB2 by using a proximity-mediated
ligation assay (PLA) in the SKBR3 breast cancer cell line (fig. S3B).

Interactome diversity directs signaling pathway activity
Quantitative analysis revealed varying enrichment of individual proteins
from the core interactome with each of the three ERBB2 receptor dimers
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Fig. 3. Combined analysis of interactome diversity in ERBB2-containing dimers. Baits used for BiCAP are
shown in orange, and core group of 10 proteins observed in the interactome of all three receptor dimers
is shown in blue. Interacting proteins common to two receptor dimers are shown in green.

(Fig. 4A). Given the importance of protein-protein interactions in determining
the specificity of pathway activation, it is likely that the observed diversity in the
interactome of each receptor dimer may underlie their differential signaling
potential. Taking the mitogen-activated protein kinase (MAPK) pathway com-
ponents as an example, quantitative BICAP data indicated that EGFR:ERBB2
dimers bound proportionally more GRB2, and therefore SOS, than did the
other two dimers (Fig. 4B). In contrast, SHC binding was increased for both
the EGFR:ERBB2 and ERBB3:ERBB2 heterodimers (Fig. 4B). In support
of these MS-based observations, we also found that this pattern of inter-
action was recapitulated by Western blotting (Fig. 4C).

Previous studies into signaling pathway activation downstream of the
EGFR family show that homodimers generally have weak signaling capacity
(6, 8) and that ERBB2-containing heterodimers elicit stronger signals than
do other possible combinations (6). Consistent with these studies and the
model of protein-protein interactions mediating signaling pathway activity,
we observed significantly increased extracellular signal-regulated kinase
(ERK) activation downstream of EGFR:ERBB2 and ERBB3:ERBB?2 re-
ceptor heterodimers but not downstream of ERBB2 homodimers (Fig. 4D).
This trend tends to more closely follow the strength of the SHCI1 interac-
tion rather than GRB2, in line with previous observations, suggesting that
interaction with SHCI is essential for MAPK pathway activation by ERBB3
(43). However, a further mechanism driving MAPK activation downstream
of the ERBB3:ERBB2 dimer could also be the interaction with FAMS9A,
which is only observed for this specific heterodimer using BiCAP and
Western blotting (Figs. 3 and 4, B and C). FAM59A, also known as GRB2-
associated and regulator of ERK/MAPK (GAREM), is a recognized com-
ponent of receptor-associated signaling complexes (4, 44) and promotes
ERK activation downstream of EGFR stimulation (45). FAMS9A acts by
binding to the SH3 domains of GRB2 and facilitates ERK activation in an
SOS-independent manner (45). This mechanism is consistent with an ab-
sence of SOS1 or SOS2 in the interactome of ERBB3:ERBB2 heterodi-
mers (Table 1 and Figs. 2D and 3), which nonetheless strongly activated
ERK signaling (Fig. 4D).

FAMS59A drives ERK activation

by ERBB3:ERBB2 heterodimers

To investigate FAMS59A-driven ERK activation from ERBB3:ERBB2 hetero-
dimers in an endogenous setting, we performed Western blotting for

FAM39A, EGFR, ERBB2, and ERBB3
in a panel of 25 breast cancer cell lines
(Fig. 5A). As expected, EGFR was highest
in basal breast cancer lines and ERBB2 was
mostly restricted to clinically defined
ERBB2" cell lines and some luminal lines,
whereas ERBB3 was present mostly in lu-
minal and ERBB2" lines. FAM59A is
known to be ubiquitously expressed (46).
Accordingly, FAMS59A was present across
all breast cancer subtypes, although slight-
ly higher in basal lines. Therefore, FAMS9A
was present in all ERBB2/ERBB3-positive
cell lines, although the increased FAMS9A
in basal breast cancer lines potentially indi-
cates other signaling roles within these cells.

Although we could detect ERBB3:
ERBB2 heterodimers by coimmunoprecipita-
tion in four ERBB2" cell lines (fig. S4), this
technique was unable to detect the interac-
tion between this heterodimer and FAMS59A.
Therefore, to confirm that FAMS9A inter-
acts with ERBB2 in breast cancer cell lines, we used PLA, which has previ-
ously been used to visualize and quantify the interaction between GRB2 and
EGFR (47). Using this technique, the interaction between ERBB2 and
FAMS59A could be observed in the ERBB2- and ERBB3-positive ZR75-30,
SKBR3, and AU656 cell lines (Fig. 5B and fig. S5). Further investigation of
this interaction in the MDA-MB-330 cell line (Fig. 5C) revealed that endog-
enous ERBB2 and ERBB3 were both localized in a punctate manner at the
plasma membrane and in the cytoplasm, whereas endogenous FAMS9A was
also punctate but predominantly cytoplasmic. The dependency of the ERBB2-
FAMS59A interaction upon ERBB3:ERBB2 dimer formation was supported
by analysis of the ERBB2-FAMS59A PLA signal in MDA-MB-330 cells,
where a significant decrease in PLA signal was observed in cells treated with
ERBB3 siRNA compared to cells treated with control siRNA (Fig. 5C). The
functional relevance of this signaling complex was highlighted by a significant
reduction in ERK phosphorylation (Fig. SD) and colony formation (Fig. SE)
after FAMS59A knockdown in MDA-MB-330 cells. These results were also
recapitulated in the SKBR3 cell line using two independent siRNAs against
FAM59A (fig. S6).

Whereas FAM59A knockdown reduced ERK activation, ERBB3
knockdown reduced both ERK and AKT activation in MDA-MB-330 cells
(Fig. 5D). This is consistent with our observed interaction between the
ERBB3:ERBB2 dimer and PIK3R2 (Fig. 2D), and the six high-affinity
binding sites for phosphatidylinositol 3-kinase (PI3K)—p85 within ERBB3
(48-50). This ability of ERBB3:ERBB2 heterodimers to promote signaling
through AKT is thought to drive oncogenic PI3K pathway activation in breast
cancer (57). Through the application of our novel BICAP technique, we have
now demonstrated an additional and specific role for this heterodimer in the
activation of ERK signaling and cell proliferation through a GRB2-FAM59A
signaling axis.

DISCUSSION

The EGFR family members have been the subject of intensive research for
the last few decades, although to date no method has allowed the sensitive
and accurate discrimination of dimer-specific interactomes. Application
of BiCAP to characterize the interactomes of the ERBB2 homodimer
and heterodimers with EGFR and ERBB3 has overcome a number of lim-
itations in existing approaches and revealed that although they share a core
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ent phosphosites on each receptor (48, 49).
This type of motif-based analysis is broadly
consistent with the interactions that we ob-
served for GRB2 but not for interactions
with SHC1. We detected a much higher lev-
el of GRB2 binding by the EGFR:ERBB2
heterodimer than the ERBB2 homodimer
or ERBB3:ERBB2 heterodimer, consist-
ent with motif analysis, which predicts
that EGFR has six GRB2-binding sites,
ERBB2 has only one, and ERBB3 has
two (48). However, this correlation is not ap-
parent when considering SHCI1 binding;
both EGFR:ERBB2 and ERBB3:ERBB2
4 1005 heterodimers bind substantially more
2% 100 SHCI1 than the ERBB2 homodimer, even
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Fig. 4. Quantitative analysis and validation of diversity in ERBB2 dimer interactomes. (A) Heat map showing
the interaction of proteins with either EGFR:ERBB2, ERBB2:ERBB2, or ERBB3:ERBB?2, relative to the Venus
control. (B) Label-free quantification (LFQ) of the interaction between each receptor dimer and the indicated
proteins. Data are means + SD, n = 4 experiments. (C) Western blotting validation for the coimmunoprecipi-
tation of the indicated proteins in lysates from HEK-293T cells transfected with either a control plasmid or a
combination of ERBB2-V1 and EGFR-V2, ERBB2-V2, or ERBB3-V2. Blots are representative of three
experiments. (D) Western blotting for pERK™92Y2%4 and total ERK in lysates from cells transfected as in
(C). Densitometry is normalized to actin. Data are means + SD, n = 3 independent replicates. *P < 0.05,

**P < 0.01, unpaired ttest. a.u., arbitrary units.

group of interacting proteins, each receptor pair also has a unique repertoire
of individual binding partners. The identification of this expected core
group of proteins validates the BICAP approach, although one unexpected
omission from this core group is the adaptor protein GRB7, which is
known to bind with high affinity to ERBB2 through its SH2 domain
(52). Although GRB7 and ERBB2 are coamplified and coexpressed
in some tumor types (53), the use of a HEK-293T transfection model
in this study may have precluded the identification of this particular
interaction.

Each of these receptors in isolation is potentially capable of binding a
diverse set of interacting proteins, the most thoroughly characterized being

- . 750
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GFP C-terminal (V2) | e 25kD

0 though EGFR has six predicted SHC1
< binding sites, whereas ERBB2 has five
‘O@’W and ERBB3 has only one (48). These con-
flicting observations highlight the limita-
tion of motif-based interaction analysis
in isolation, whereas the binding capa-
city of protein dimers in vivo may be
heavily influenced by a combination of
T orthogonal factors.

Although relative interaction ratios may
8 not be accurately predicted by motif-based
T analysis alone, the promiscuous nature of
ERBB3:ERBB2 dimers has been previ-
ously inferred from this method (49).
However, our BiCAP data now confirm
this promiscuity with experimental data ob-
tained using a technique that can specifical-
ly isolate and directly compare these dimers.
The oncogenicity of receptor dimers within
the EGFR family has been shown to be rel-
ative to their promiscuity in binding part-
ners (49), consistent with the observation
that ERBB2:ERBB3 has the most potent
transforming capacity (2, 39, 54). This
increased binding capability of the ERBB3:
ERBB?2 dimer may be due to the unique
C-terminal region of ERBB3, which has
the lowest homology between members of
the EGFR family (48), although, in this
system, it also appears that the expanded
repertoire of proteins interacting with
ERBB3:ERBB2 may also be influenced by the differing subcellular local-
ization of this heterodimer (Fig. 2A).

The ability of the ERBB3:ERBB2 heterodimer to activate AKT
signaling is well established (50), although from the intersection of our
novel interactomics approach and biochemical assays in breast cancer cells
we have now unveiled an additional, noncanonical, SOS-independent
mechanism of ERK activation for this heterodimer that relies on FAMS9A.
In addition to our study, previous proteomics studies have demon-
strated that each of SOS1, SOS2, and FAM59A appears to interact with
GRB2 in a constitutive manner (44), suggesting the existence of an un-
known regulatory mechanism that potentially drives the association of

Relative ERK phosphorylation (a.u.)
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Fig. 5. FAM59A drives ERK activation downstream of the ERBB3:ERBB2
heterodimer in breast cancer cells. (A) Western blotting analysis of ERBB2,
ERBB3, and FAM59A within a panel of 25 breast cancer cell lines, grouped
by clinically defined subtype. Blots are representative of three experiments.
(B) PLA validation of the ERBB2-FAM59A interaction in ZR75-30, SKBR3,
and AU565 cell lines. Scale bar, 25 um. Representative images from three
independent experiments are shown. (C) Immunofluorescence of ERBB2,
ERBB3, and FAM59A localization in MDA-MB-330 cells (left), and PLA anal-
ysis of the ERBB2 and FAM59A interaction in MDA-MB-330 cells treated with

mutually exclusive GRB2 signaling complexes with each specific receptor
dimer.

The development of our novel BiCAP technique has allowed us to dem-
onstrate the remarkable diversity of proteins interacting with different
ERBB2-containing receptor dimers. We also identified a novel determinant
of dimer-specific ERBB2 signaling, which may be relevant to understand-
ing acquired resistance to therapeutics targeting these breast cancer onco-
genes. The ability of BiCAP to specifically isolate and analyze protein
complexes therefore represents an important advance in our ability to dissect
and functionally characterize specific signaling complexes in a variety of
cellular contexts.

www.SCIENCESIGNALING.org

control or ERBB3 small interfering RNA (siRNA) (right). Scale bar, 20 um.
Data are means + SD; n = 200 cells (100 cells for each condition from two
independent experiments). ***P < 0.001, unpaired t test. (D) Western blot
analysis of pERK™292"Y204 and pAKTS473 in MDA-MB-330 cells treated with
siRNA targeting ERBB3 or FAM59A (or control). Densitometry is normalized
to actin. Data are means + SD, n = 3 independent replicates. (E) Colony-
forming assay in MDA-MB-330 cells after treatment with siRNA targeting
FAMB59A (or control). Data are means + SD, n = 3 independent replicates.
*P<0.05 *P<0.01, P < 0.001, unpaired ttest.

MATERIALS AND METHODS

Antibodies, plasmids, and reagents

Antibodies against total ERBB2 (#2165), total EGFR (#4267), total
ERBB3 (#12780), total ERK (#9201), total AKT (#9272), phospho-
ERK™207Y204 (#4370), phospho-AKT 547 (#4060), AIFM1 (#5318), and
GM130 (#12480) were from Cell Signaling. C-terminal GFP monoclonal
antibody (11814460001) was from Roche, and N-terminal GFP monoclonal
antibody (MMS-118P) was from Covance. The actin monoclonal (AC-15)
and RAEI polyclonal (R2905) antibodies were from Sigma-Aldrich, Shc
antibody was from Calbiochem (ST1033), Grb2 antibody was from Santa
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Cruz Biotechnology (sc-8034), FAMS59A antibody was from Novus Bio-
logicals (NBP2-24573), and SOS antibody was from Abcam (ab64595).

pDEST-V1 (Addgene plasmid 73637) and pDEST-V2 (Addgene plasmid
73638) vectors were assembled from various recombinant and synthetic com-
ponents as described in fig. S7. pPDONR223-EGFR (Addgene plasmid
23935), pPDONR223-ERBB2 (Addgene plasmid 23888), and pDONR223-
ERBB3 (Addgene plasmid 23874) constructs (55) were gifts from W. Hahn
(Dana-Farber Cancer Institute) and D. Root (Broad Institute). Vectors expres-
sing V1- or V2-labeled fusions of ERBB2, EGFR, or ERBB3 were generated
by recombination cloning into pDEST-V1 or pDEST-V2 destination vectors
using Gateway LR Clonase enzyme mix (Life Technologies) according
to the manufacturer’ instructions and verified by sequencing. An expression
vector encoding full-length Venus fluorescent protein was a gift from S. Michnick
(University of Montreal). siRNA toward ERBB3 (6504) was from Cell Signaling
Technology. siRNA toward FAMS59A was from Santa Cruz Biotechnology (#1-
sc-77308) and Dharmacon (#2-L-013741-02-0005). Plasmid and siRNA trans-
fection was performed using jetPRIME (Polyplus Transfection) according
to the manufacturer’s instructions.

Cell lines

The HEK-293T cell line was cultured in Dulbecco’s modified Eagle’s me-
dium containing 10% fetal calf serum under standard tissue culture con-
ditions (5% CO,, 20% O,). All breast cancer cell lines were obtained from
the American Type Culture Collection, except for the MDA-MB-231 and
T-47D lines (EG&G Mason Research Institute) and MCF-7 line (Michigan
Cancer Foundation). Cell lines were authenticated by short tandem repeat
polymorphism, single-nucleotide polymorphism, and fingerprint analyses,
passaged for less than 6 months, and cultured as previously described (56).
Colony formation assays were performed as previously described (57).

Western blotting and immunoprecipitation

Lysates for Western blotting and immunoprecipitation were prepared using
normal lysis buffer [SO mM tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA,
1% (v/v) Triton X-100] containing protease inhibitor cocktail (p8340,
Sigma) and 0.2 mM sodium orthovanadate. Immunoprecipitation was per-
formed using either GFP-Trap_A (ChromoTek) or Protein G agarose beads
(Invitrogen) as previously described (58). SDS—polyacrylamide gel electro-
phoresis (SDS-PAGE) and Western blotting were performed using the Nu-
PAGE SDS-PAGE Gel System and NuPAGE Bis-Tris Precast Gels (4 to
12%) (Life Technologies). Western Lightning Plus-ECL, Enhanced Chemi-
luminescent Substrate (PerkinElmer) was used for imaging Western blots on
the Vilber Lourmat Fusion chemiluminescent imaging system.

Confocal microscopy

HEK-293T cells were grown on glass coverslips, transfected with 500 ng
of each BiFC construct, and incubated for 16 hours under standard tissue
culture conditions. The coverslips were prepared for confocal microscopy
by fixation with 1% paraformaldehyde for 5 min at room temperature, fol-
lowed by permeabilization with phosphate-buffered saline (PBS) containing
1% Triton X-100 for 5 min at room temperature. For direct visualization,
the cells were counterstained with DAPI for 5 min, followed by mounting
with Mowiol mounting medium. For antibody staining, the cells were blocked
with PBS containing 3% bovine serum albumin (BSA) for 30 min at room
temperature, followed by staining with the primary antibody (1:200) and Cy5-
labeled secondary antibody (1:1000), both in PBS containing 1% BSA. The
cells were then counterstained with DAPI for 5 min, followed by mounting
with Mowiol mounting medium. The PLA was performed using the Duolink
In Situ Red Starter Kit, according to the manufacturer’s instructions. Images
were collected using the Leica DMI 6000 SP8 confocal microscope and ana-
lyzed using the particle analysis function of Imagel.

Preparation of cell lysates for MS

HEK-293T cells were grown in 10-cm dishes and transfected with 2.5 pg of
each BiFC construct. Cells were harvested by washing twice with warm
PBS and then scraping on ice with ice-cold lysis buffer [S0 mM tris-HCl
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100] supplemen-
ted with fresh EDTA-free protease inhibitor cocktail and 0.2 mM sodium
orthovanadate. Lysed cells were transferred to prechilled microcentrifuge
tubes and incubated for 10 min on ice. Samples were cleared by centrifuga-
tion at 18,000g for 10 min at 4°C to remove cellular debris. Cleared super-
natant was transferred to fresh microcentrifuge tubes and stored at —20°C
for short-term storage or —80°C for long-term storage. Total protein concen-
tration was determined by Bradford assay using Bio-Rad Protein Assay Dye
Reagent Concentrate (Bio-Rad Laboratories)according to the manufac-
turer’s instructions.

GFP-Trap affinity purification

BiFC dimers (or Venus alone as a negative control for nonspecific interac-
tions) were affinity-purified from transfected HEK-293T cell lysates (in
quadruplicate) using GFP-Trap_A agarose beads (ChromoTek GmbH)
according to the manufacturer’s protocol. Briefly, 1 mg of total lysate was
incubated with 35 ul of GFP-Trap_A agarose bead slurry for 2 hours at 4°C
with end-to-end rotation. Beads were extensively washed [10 mM tris-Cl
(pH 7.5), 150 mM NaCl, 0.5 mM EDTA].

Trypsin digest and peptide desalting

GFP-Trap—bound proteins were digested on-bead with trypsin as previously
described (59). Briefly, bound proteins were trypsinized in 60 ul of Buffer
1[2 M urea, 50 mM tris-HCI (pH 7.5), trypsin (5 pg/ml)] for 30 min at 27°C
in a thermomixer shaking at 800 rpm. Trypsin-digested beads were briefly
centrifuged, and the supernatant was collected into fresh LoBind microcen-
trifuge tubes. Beads were then washed twice in 25 ul of Buffer 2 [2 M urea,
50 mM tris-HC1 (pH 7.5), 1 mM dithiothreitol], and the supernatants were
pooled with the trypsin digest. Pooled trypsin digest was incubated overnight
at room temperature to continue digestion. The following day, 20 ul of iodo-
acetamide (5 mg/ml) (Life Science, Sigma-Aldrich, GmbH) was added to the
trypsin digest and incubated for 30 min in the dark. Digested peptides were
acidified with 1 pl of trifluoroacetic acid (TFA) (Fluka BioChemika, Sigma-
Aldrich, GmbH) to inhibit trypsin and to acidify peptides for C18 StageTip
desalting. C18 StageTips were constructed by stacking six layers of 3M Em-
pore solid phase extraction C18 (Octadecyl) membrane with a total binding
capacity of 30 pg (3M; Agilent Technologies) into a 200-ul micropipette tip.
C18 StageTips were prepared by wetting with methanol (Vetec Fine Chemicals),
equilibration with 0.1% (v/v) TFA, 80% (v/v) acetonitrile optima LC/MS
(MeCN) (Fisher Scientific), followed by washes with 0.1% (v/v) TFA. Acidified
peptides were loaded onto the C18 StageTips and then washed with 0.1% (v/v)
TFA. Peptides were eluted using a two-step elution with 0.1% (v/v) TFA,
80% (v/v) MeCN and then dried using a vacuum concentrator. Dried pep-
tides were stored at —80°C.

NanoLC-MS/MS

Desalted peptides were resuspended in 5% (v/v) formic acid, carefully
loaded onto an LC plate, and placed into an EASY-nLC system (Thermo
Scientific). Peptides were loaded onto a 20-cm column with a 75-um inner di-
ameter, packed in-house with 1.9 pm C18 ReproSil particles (Dr. Maisch
GmbH). Peptides were eluted using a linear gradient of acetonitrile at
250 nl/min over 140 min. The EASY-nLC system was connected to an Orbitrap
Velos Pro mass spectrometer (Thermo Fisher Scientific) with a nanospray
source. Positive ions were generated using electrospray and the Orbitrap op-
erated in data-dependent acquisition mode. Up to the 10 most abundant ions
with charge states >+2 were sequentially isolated and fragmented within the
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linear ion trap using higher-energy collisional dissociation. The mass/charge
(m/z) ratios selected for MS/MS were dynamically excluded for 30 s.

MaxQuant software version 1.2.7.4 (60) was used to process raw MS
data (using default settings; tables S1 and S2). The Andromeda search en-
gine integrated into MaxQuant was used for database searching against the
UniProt Human_11_2013 database (61). FDRs for protein, peptide, and
sites were controlled at a maximum of 1%, and one missed cleavage was
tolerated. Data analyses were performed using a modified statistical analysis
workflow based on Perseus analysis workflow in the R software en-
vironment (60, 62, 63). Briefly, LFQ intensities of proteins identified using
MaxQuant were transformed and filtered followed by normalization and
imputation before statistical analysis to identify interacting proteins of each
dimer pair by comparison with Venus control to exclude nonspecific
background binders using Students ¢ test and Benjamini-Hochberg correction
for multiple comparisons (analysis workflow is summarized in fig. S8 and
complete data set is in table S3) (60). Nonunique peptides corresponding
to highly conserved regions of EGFR and ERBB2 were excluded. Data quality
was confirmed by comparison of individual histograms, multiple regression,
and hierarchical clustering. Data were deposited into the ProteomeXchange
database (accession PXD004148).

Functional pathway analysis

Gene names of BiFC dimer—interacting proteins were loaded into String
(v9) protein interaction database (64). An interaction network was gener-
ated, which showed all known protein-protein interactions based on exper-
imental evidence (excluding computational predictions) with a confidence
score of 0.7 (high). The interaction network was imported into Cytoscape
(65) for visualization and further analysis.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/9/436/ra69/DC1

Fig. S1. BiFC detection of ERBB2 dimers.

Fig. S2. BiFC analysis of ERBB3:ERBB2 heterodimer and costaining with an antibody
toward the Golgi body marker GM-130.

Fig. S3. Validation of novel interactors from MS data.

Fig. S4. ERBB2 coimmunoprecipitation of ERBB3.

Fig. S5. PLA controls.

Fig. S6. Validation of FAM59A knockdown in SKBR3 cells.

Fig. S7. BiFC vector construction.

Fig. S8. Pegasus statistical analysis workflow.

Table S1. MaxQuant parameters.

Table S2. MaxQuant output.

Table S3. LFQ proteomics analysis of ERBB2 dimer interactomes isolated by BiCAP.
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