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Abstract
Receptor tyrosine kinases (RTKs) are proteins that upon ligand stimulation undergo dimerization
and autophosphorylation. Eph receptors (EphRs) are RTKs that are found in different cell types,
from both tissues that are developing and from mature tissues and play important roles in the
development of the central nervous system and peripheral nervous system. EphRs also play roles
in synapse formation, neural crest formation, angiogenesis and in remodeling the vascular system.
Interaction of EphRs with their ephrin ligands leads to activation of signal transduction pathways
and to formation of many transient protein-protein interactions that ultimately leads to cytoskeletal
remodeling. However, the sequence of events at the molecular level is not well-understood.

We used Blue Native PAGE (BN-PAGE) and mass spectrometry (MS) to analyze the transient
protein-protein interactions that resulted from stimulation of EphB2 receptors by their ephrinB1-
Fc ligands. We analyzed the phosphotyrosine-containing protein complexes immunoprecipitated
(pY-IPs) from the cell lysates of both unstimulated (−) and ephrinB1-Fc-stimulated (+) NG108
cells. Our experiments allowed us to identify many signaling proteins, either known to be part of
EphB2 signaling or new for this pathway, which are involved in transient protein-protein
interactions upon ephrinB1-Fc stimulation. These data led us to investigate the roles in EphB2
signaling of proteins such as FAK, WAVEs, and Nischarin.
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Introduction
Receptor tyrosine kinases (RTKs) are proteins that undergo dimerization and/or
multimerization and autophosphorylation upon ligand stimulation. Eph receptors (EphRs)
are RTKs that are found in different cell types, from tissues that are developing and from
mature tissues and play important roles in the development of the central nervous system
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and peripheral nervous system (1–3), including synapse formation (4), neural crest
formation (5), as well as angiogenesis and vascular system remodeling (6–9). Unlike other
RTKs, EphRs are not known to promote cell growth and differentiation; however, they play
important roles in attractive and repellent interactions between adjacent cells. Furthermore,
activation of Eph receptors is affected by membrane-anchored ephrins that are not soluble,
like the other RTKs. Therefore, during stimulation, EphRs may act as both receptors that are
activated by ephrin ligands and trigger downstream signaling or may act as ligands that
activate upstream signaling in ephrin-bearing cells.

Currently at least 14 different EphRs have been identified. They have been divided into two
classes, depending on the type of ligand with which they interact: EphAs and EphBs (10).
EphA receptors (EphA1-A8 and EphA10) interact with ephrinAs (ephrinA1-A5). EphB
receptors (EphB1-B4 and EphB6) interact with ephrinBs (ephrinB1-B3) (10). All Eph
receptors and ephrinBs are transmembrane proteins that contain extracellular domains.
However, unlike ephrinBs, which contain cytosolic domains, ephrinAs are connected to the
cell surface by glycosylphosphatidylinositol anchors, and therefore do not contain a
cytosolic domain.

Interaction of ephrins with Eph receptors leads to formation of ephrin-Eph receptors; dimers
and multimers that triggers remodeling of the cytoskeleton, which in turn underlies cell
adhesion and motility in cells that contain the ligand and/or the receptor (11–13). However,
intracellular molecular mechanisms leading to activation of signal transduction pathways,
ultimately remodeling the cytoskeleton in cells that contain ephrin ligands and/or EphRs, are
not well understood. Understanding these pathways is further complicated by the
bidirectional signaling that occurs between Eph receptors and their ephrin ligands (1, 2, 14,
15).

Upon activation of signal transduction pathways, many proteins transiently interact with
other proteins (transient protein-protein interactions), leading to the formation of different
protein complexes. These protein complexes are constantly formed and destroyed during
transition of cells from an unstimulated to stimulated state and back to the unstimulated
state. However, the transient protein-protein interactions that result upon ephrin stimulation
are not well understood and information about the interaction of these protein complexes at
both the structural and functional level would lead to a better understanding of ephrin
signaling.

Blue Native PAGE (BN-PAGE) is a variant of electrophoresis that has been used for a long
time to analyze protein-protein interactions and protein complexes (16–21). This method
separates intact protein complexes according to their molecular mass (mass), due to the
external charge induced by Coomassie dye that binds to these complexes. If the BN-PAGE
gel lane containing the intact protein complexes is further separated under reducing and
denaturating conditions in a second dimension (2D) by SDS-PAGE, the subunit composition
of a particular protein complex, and/or the interacting partners of a particular protein may be
revealed. Mass spectrometry (MS) (22–24) is also a method used to dissect signal
transduction pathways through identification of potential interacting partners of a protein or
of protein complexes involved in signal transduction pathways.

Here, we used BN-PAGE and MS to analyze the transient protein-protein interactions that
resulted from stimulation of EphB2 receptors by their ephrinB1-Fc ligands. We analyzed the
phosphotyrosine-containing protein complexes immunoprecipitated (pY-IPs) from the cell
lysates of (−) and (+) NG108 cells, a model for neurons in cell culture. These experiments
allowed us to identify many signaling proteins, either known to be part of EphB2 signaling
or new for this pathway, which are involved in transient protein-protein interactions upon
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ephrinB1-Fc stimulation. These data also led us to further investigate the role of proteins
like FAK, WAVEs, and Nischarin in EphB2 signaling. This approach also should be easily
applicable for analysis of protein-protein interactions in other growth factor-dependent
systems.

Experimental Design
Cell culture, ephrin stimulation, and cell lysis

The NG108 cells (mouse neuroblastoma x rat glioma hybrid) that were stably transfected
with ephB2 gene and that express EphB2 receptors (NG108-EphB2) were grown in
Dubelcco’s modified Eagle’s medium (DMEM) supplemented with 100 units/mL penicillin/
streptomycin, 1x HAT, 10% (v/v) fetal bovine serum and 400 μg gemtamycin/mL (all from
GIBCO, Invitrogen Corporation, Carlsbad, CA). NG108 cells were stimulated with soluble
ephrinB1-Fc (Sigma, St. Luis MO) preclustered with anti-Fc antibodies (Jackson
Laboratory, Bar Harbor, ME) for 5, 10, 15, 20 and 45 minutes at 37°C, according to
published procedures (25, 26). The control (−) cells were treated with soluble IgG-Fc
(Jackson Laboratory, Bar Harbor, ME) pre-clustered with anti-Fc antibodies (Jackson
Laboratory, Bar Harbor, ME). Upon stimulation, the cells were lysed using either NP40
buffer [150 mM NaCl, 20 mM Tris-HCl (pH 8.0), 0.2 mM EDTA, 2 mM NaF, 2 mM
Na3VO4, 1% (v/v) NP40, and Complete protease inhibitor (Roche, Mannheim, Germany; 1
tablet/10 mL buffer)) or DDM buffer [50 mM NaCl, 500 mM 6-amino caproic acid (Sigma,
St. Luis, MO) 20 mM Bistris (pH 7.0), 0.2 mM EDTA, 2 mM NaF, 2 mM Na3VO4, 1% (w/
v) n-dodecyl β-D-maltoside (DDM, Sigma, St. Luis, MO), and Complete protease inhibitor
(Roche, Mannheim, Germany; 1 tablet/10 mL buffer)). The lysates were then incubated on
ice for 20 minutes and the unsolubilized material was removed by centrifugation in an
Epifuge at 14000 rpm/20 min/4°C. The supernates of (−) and (+) NG108 cells were stored at
−80°C and used as starting material for SDS-PAGE, BN-PAGE, or for antibody-based
enrichment (anti-phosphotyrosine immunopurification: pY-IP).

Phosphotyrosine immunoprecipitation (pY-IP)
The cell lysates were incubated overnight at 4°C with 0.1 mg/10 mL lysate agarose-bound
pY99 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and then washed five times
with NP40 or three times with DDM buffer. Phosphotyrosine-containing protein complexes
were eluted with 5 mM phenyl phosphate (Sigma, St. Luis, MO) in NP40 (small scale
experiment) or DDM (larger scale experiment) buffer by incubation in ice for 30 minutes.
The eluates were collected by centrifugation in an Epifuge microcentrifuge for 3 min at
5000 rpm and then stored at −80°C.

SDS-PAGE and Western blotting (WB)
The cell lysates or pY99-IPs were solubilized for 5 minutes in Laemmli sample buffer/95°C,
loaded on 10% Tris-HCl gels (Bio-Rad, Hercules, CA) and separated by SDS-PAGE. The
gels were then Coomassie-or silver-stained, or electroblotted on PVDF membrane
(Millipore, Bedford, MA), immunodecorated with different antibodies and visualized by
enhanced chemiluminiscent (ECL) reaction kit (Pierce, Rockford, IL). All antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA), except antibodies against Flag (Sigma,
St. Luis, MO), EphB2 (Abcam, Cambridge, MA) and Nischarin (a kind gift of Dr. S.K.
Alahari).

BN-PAGE and WB
BN-PAGE was performed using a Protean Xi system (Bio-Rad, Hercules, CA) on a 4–13%
self made linear acrylamide-bisacrylamide gradient, according to published procedures (16,
18, 19), with modifications (16). Immediately before the electrophoresis, the cell lysate or
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pY-IP samples were supplemented with 5% (v/v) of a 5% Coomassie Blue G-250 in 500
mM 6-aminocaproic acid, loaded onto the gel lane, and separated for 3–4 hours at 100 V/
4°C, followed by overnight separation at 150 V and 4°C. The cathode buffer contained 15
mM Bistris, 50 mM tricine, pH 7.0 and 0.02% (w/v) Coomassie G-250. For enhanced
visualization, the initial cathode buffer was replaced after 3–4 hours with a buffer containing
0.002% (w/v) Coomassie G-250. The gel lanes that resulted in the first dimension (1D) were
either Coomassie- or silver-stained or electroblotted, or were reduced and denatured by
shaking in 2% (w/v) SDS and 1% (v/v) β-mercapto-ethanol for 60 minutes and further
separated by denaturing SDS-PAGE (2D). The 2D SDS-PAGE gels were then stained by
silver staining or electroblotted onto PVDF membraqne and analyzed by WB.

Protein digestion and peptide extraction
Proteins separated by either SDS-PAGE or BN-PAGE 1D were stained by Coomassie dye
and then cut in either 14 (SDS-PAGE) or 24 to 32 (BN-PAGE) gel pieces for each condition
(−) and (+) cells. The gel bands were washed in HPLC grade water, cut into small pieces
and destained by incubating three times in 50 mM ammonium bicarbonate, 50 mM
ammonium bicarbonate/50% acetonitrile, and 100% acetonitrile under moderate shaking,
followed by drying in a vacuum centrifuge (27). The gel bands were then rehydrated with 50
mM ammonium bicarbonate containing 15 ng/μL trypsin and incubated overnight at 37°C
under low shaking. The resulting peptides were extracted twice with 5% formic acid/50 mM
ammonium bicarbonate/50% acetonitrile and once with 100% acetonitrile under moderate
shaking. Peptide mixture was then dried by vacuum centrifugation, solubilized in 20 μL of
0.1% formic acid/2% acetonitrile and cleaned with a P10 ZipTip μ-C18 (Millipore
Corporation, Billerica, MA). For HPLC analysis, the samples were resuspended in 10 μL of
0.1% formic acid/2% acetonitrile.

Mass Spectrometry and protein identification
The peptide mixture that resulted upon trypsin digestion was analyzed by reverse phase
liquid chromatography (LC) and MS (LC-MS/MS) using a NanoAquity UPLC coupled
directly to a Q-Tof Premier MS (Waters, Milford, MA). The peptides were loaded onto a
100 μm × 10 mm nanoAquity BEH130 C18 1.7 μm UPLC column (Waters, Milford, MA)
and eluted over a 120 minutes gradient of 10–85% acetonitrile in 0.1% formic acid at a flow
rate of 250 nL/min. In addition, peptides were also eluted over a 180 minute gradient of 5–
40% acetonitrile in 0.1% formic acid at a flow rate of 400 nL/min. The 180 minute gradient
runs also had a channel for lockspray calibration delivered by the auxiliary pump at a flow
rate of 1 μL GluFib peptide/min. The column was coupled to a Picotip Emitter Silicatip
nano-electrospray needle (New Objective, Woburn, MA). MS data acquisition involved
survey MS scans and automatic data dependent MS/MS of 2+, 3+ or 4+ ions. The MS/MS
was triggered when the MS signal intensity exceeded 10 counts/second. In survey MS scans,
the three (120 minutes gradient) or four (180 minutes gradient) most intense peaks were
selected for CID and fragmented until the total MS/MS ion counts reached 10,000 or for up
to 6 seconds each. In the 180 minutes gradient runs, the lockspray channel recorded signals
for one second at every 30 seconds interval. The raw data produced by the 120 minute
gradient were processed using ProteinLynx software with the following parameters:
background subtraction of polynomial order 5 adaptive with a threshold of 35%, two
smoothings with a window of three channels in Savitzky-Golay mode and centroid
calculation of top 80% of peaks based on a minimum peak width of 4 channels at half
height. The raw data produced by the 180 minute gradient were processed with the above-
mentioned parameters, plus lockspray calibration of MS and MSMS using GluFib peptide
(785.8426 Da; 3 scans, mass tolerance of 0.3 Da). The resulting pkl files were submitted for
database searching and protein identification to an in-house Mascot server (version 2.2.1,
Matrix Science, London, UK) using the following parameters: mouse-rat forward and
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reverse databases from NCBI as of 06/07/06 (28), parent mass error of 50 ppm, product ion
error of 0.15 Da, enzyme used: trypsin, one missed cleavage, and no fixed or variable
modifications. Before submission to the database search, the pkl files that resulted from 120
minute gradient runs were re-calibrated post-acquisition as previously reported (28). The
Mascot search identified a list of proteins for each gel band. These lists were exported as csv
files using a significance threshold with p<0.01 to eliminate the false positive results. The
csv files for each individual gel band were then uploaded onto web-based ProteinCenter
software (Proxeon.com). The results from the 120 and 180 minute gradient runs for a
particular gel band were merged and clustered for 98% homology in ProteinCenter and then
exported as csv files. The csv files were then grouped into an excel file according to their
position in the initial gel. Only proteins identified by two or more peptides and with a
Mascot score >50 were considered. Furthermore, to eliminate false positive results from
BN-PAGE carry-over, most of the proteins identified by a Mascot score lower than 100
were eliminated, unless specified. For the proteins identified by only one peptide and
included in the supplemental material, the MSMS spectra of these peptides were manually
inspected to confirm the identity of the peptide. Additional MS runs were performed using
an Eksigent NanoLC-2D coupled to an LTQ-Orbitrap MS (Thermo Scientific, Waltham,
MA) as described in the supplementary methods.

Immunofluorescence (IF)
Cells were grown on coverslips and treated as described above. After treatment, cells were
fixed in 4% paraformaldehyde/20% sucrose/phosphate-buffered saline (PBS) for 10 min at
room temperature. They were then incubated in 50 mM NH4Cl/PBS followed by 0.1%
TritonX-100/PBS. Cells were blocked in blocking buffer (10% normal donkey serum, 2%
bovine serum albumin, 0.25% fish skin gelatin in Tris-buffered saline (TBS)) for 30 min at
room temperature, incubated with the relevant primary antibodies for 30 min in blocking
buffer, washed in TBS/0.25% fish skin gelatin, followed by secondary antibodies
(AlexaFluor-conjugated, 1:1000, Invitrogen) for 30 min in blocking buffer, washed and
mounted in Mowiol. Cells were imaged using a LSM510 laser-scanning confocal
microscope equipped with a 40X Plan Neofluor NA1.3 DIC oil immersion objective (both
Carl Zeiss MicroImaging, Thornweed, NY). Images were processed using ImageJ (NIH).

Western blotting and MS characterization of protein complexes
Two main approaches were used for analysis of protein-protein interactions in NG108 cells:
1) BN-PAGE (2D) and WB of the lysates from (−) and (+) cells and 2) BN-PAGE and MS
of the lysates and pY-IPs from (−) and (+) cells. Separation of stable or transient protein
complexes from cell lysates or pY-IPs was performed by using one-dimensional BN-PAGE
(BN-PAGE; 1D) or two-dimensional BN-PAGE (BN-PAGE; 2D) electrophoresis. The
workflow used for characterization of ephrin signaling is shown in Figure 1. Supplemental
Figure 1 shows a schematic of characterization of the protein complexes upon ephrin
stimulation.

Results and discussion
Investigation of the cell lysates from (−) and (+) cells by SDS-PAGE, BN-PAGE, and WB:
Many proteins become phosphorylated at tyrosine residues upon ephrinB1-Fc stimulation,
which leads to formation of dynamic and transient protein-protein interactions

To identify the differences between the cell lysates from (−) and (−) cells that resulted upon
eprinB1-Fc stimulation, we analyzed them by SDS-PAGE and BN-PAGE.

At first, the cell lysates from (−) cells and from cells stimulated for 45 minutes were
fractionated by SDS-PAGE and then Coomassie- or silver-stained (Supplemental Figure 2),
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or further analyzed by WB (Figure 2A). No detectable differences between the Coomassie-
or silver-stained (Supplemental Figure 2) gel lanes of lysates from (−) and (+) cells were
observed. However, when the SDS-PAGE gels were analyzed by WB using pY99
antibodies, many differences were observed (Figure 2A). More tyrosine phosphorylated
proteins were observed in the lysate from the (+) cells than in the lysate from the (−) ones
(Figure 2A).

To confirm the previous observations and to further our findings, we analyzed the lysates
from both (−) and (+) cells by BN-PAGE. BN-PAGE separates proteins and protein
complexes according to their molecular mass and under native conditions, due to the
external charge induced by Coomassie Blue dye that is added in the separation buffer.
Therefore, in under BN-PAGE conditions, many stable and transient protein-protein
interactions are preserved. To identify the differences (at the protein complex level) between
the lysates from (−) cells and (+) cells that resulted upon ephrinB1-Fc stimulation, we
fractionated the two cell lysates by BN-PAGE in the first dimension 1D or in the second
dimension 2D and visualized them by either Coomassie- or silver staining (Supplemental
Figure 2) or further analyzed them by WB using pY99 antibodies (Figures 2B and C). No
difference could be observed in the Coomassie- (data not shown) or silver-stained BN-
PAGE gel lanes, in either 1D or 2D (Supplemental Figure 2). However, significant
differences between the phosphorylation pattern in the cell lysates of (−) and (+) cells could
be observed in the WB of the BN-PAGE from 1D (Figure 2B) or 2D (Figure 2C).

To further investigate whether ephrin stimulation of NG108 cells determines formation of
dynamic and transient protein-protein interactions, we separated the cell lysate from (−) cells
and from cells stimulated for 5, 10, 15, 20 and 45 minutes by BN-PAGE 1D, SDS-PAGE
2D, and WB with pY99 antibodies (Figure 2C). As observed, dramatic changes happened in
this time-course experiment, suggesting that subunits of stable protein complexes are either
phosphorylated and/or dephosphorylated upon ephrinB1-Fc stimulation.

Investigation of the cell lysates from (−) and (+) cells by BN-PAGE and MS
Initially, we tested the combination of BN-PAGE and MS on cell lysates to analyze well
known stable protein interactions. We observed that both subunit composition and the
masses of both homo- or hetero-protein complexes (Valosin-containing protein or
Proteasome) agree with the previous reports (29, 30) (Supplemental Figures 3 and 4).
Overall, these data suggest that BN-PAGE and MS can be combined into a powerful tool
and used for identification of the mass and subunit composition of a particular protein
complex, and may be the method of choice for investigation of transient protein-protein
interactions.

Well known transient protein-protein interactions may be detected by BN-PAGE and MS:
Small scale analysis of pY99-IPs from (−) and (+) cells by SDS-PAGE, BN-PAGE and MS

To identify transient protein-protein interactions that resulted upon ephrinB1-Fc stimulation,
we analyzed the phosphorylated proteins or protein complexes from the lysates of both (−)
and (+) cells. Specifically, we performed pY99-IPs to enrich for tyrosine phosphorylated
proteins and for proteins associated with tyrosine phosphorylated proteins. In a small scale
experiment, we isolated the pY99-IPs and separated them by SDS-PAGE and MS, or BN-
PAGE and MS. SDS-PAGE and MS analysis identified the differences between the proteins
immunopurified by pY99 antibodies from the (−) and (+) cells, while BN-PAGE and MS
identified the interactions between the proteins already identified by SDS-PAGE and MS.

The proteins that were identified by SDS-PAGE and MS of pY-IPs from (−) cells are shown
in Supplemental Table 1 and from (+) cells are shown in Supplemental Table 2. In the SDS-
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PAGE of pY99-IP of (−) cells, we identified a 130 kDa protein, named focal adhesion
kinase (FAK) or protein tyrosine kinase 2 (PTK2, Supplemental Table 1 and text below).
Among the proteins identified in the pY99-IP of (+) cells analyzed by SDS-PAGE and MS
and known to be involved in ephrin signaling (25, 31), in addition to EphB2 receptor, two
important proteins were identified. The first protein was FAK or PTK2. The second protein
was a 95 kDa protein named breast cancer anti-estrogen resistance 1 or p130Cas. FAK and
p130Cas proteins are known to interact with each other via a SH3 domain (11, 32).
Therefore, identification of 1) FAK and p130Cas in the pY99-IP from the (+) cells and 2)
only of FAK in the (−) cells suggests that FAK and p130Cas interact with each other upon
ephrinB1-Fc stimulation.

To test this hypothesis, we analyzed the pY99-IPs from both (−) and (+) cells by BN-PAGE
and MS. The gel bands that were cut out are shown in Figure 3A (left). A schematic of our
findings is shown in Figure 3A. In the gel bands from (−) cells, we identified FAK/PTK2 in
the 130–170 kDa range (B19(−), mascot score 54) and 190–210 kDa range (B15(−), mascot
score 32), and in the (+) cells in the 150–170 kDa range (B17(+), mascot score 138) and
230–250 kDa range (B13(+), mascot score 50) (Figure 3A, right). In addition, we identified
the 95 kDa p130Cas protein in the 230–300 kDa range in the gel band from (+) cells
(B12(+), mascot score 33 and B13(+), mascot score 63) but not (−) cells (Figure 3A, right).
The outcome of this experiment is summarized in Supplemental Table 3. Since in BN-
PAGE and MS experiments 1) FAK shifted from a molecular weight region consistent with
a monomeric state in the pY-IP of (−) cells to a higher mass consistent with a protein
complex in the pY-IPs of the (+) cells; 2) The 95 kDa p130Cas protein was identified as part
of a protein complex with a mass of 230–300 kDa in the (+) cells but not in the (−) cells; 3)
The calculated mass of FAK/PTK2 is 130 kDa and of p130Cas is 95 kDa, and the calculated
mass of FAK/PTK2-p130Cas protein complex is 225 kDa; 4) FAK and p130Cas were
identified by BN-PAGE and MS in the same BN-PAGE gel band (at about 230–300 kDa);
5) it is well established that FAK/PTK2 interacts with the p130Cas protein, it is possible to
conclude that FAK/PTK2 forms a hetero-protein complex with the 95 kDa p130Cas protein
upon ephrin stimulation. Overall, these data suggest that BN-PAGE and MS of the pY-IPs
from both (−) and (+) cells can be used to identify both transient and stable protein-protein
interactions. We also identified EphB2 receptor in the pY-IP of (+) cells (B13(+), mascot
score 51; B14(+), mascot score 528 and B15(+), mascot score 447), but not in (−) cells.

A larger scale investigation of pY99-IPs from (−) and (+) cells by BN-PAGE and MS
suggests a variety of known and potential new stable and transient protein-protein
interactions

We continued our search for identification of both transient and stable protein-protein
interactions that formed as a result of ephrinB1-Fc stimulation and performed a larger scale
purification of pY-IPs from the (−) and (+) cells and analyzed them by BN-PAGE and MS.
The outcome of this experiment is summarized in Supplemental Table 4 and in Figures 3B
and 4. Most of the MS results shown in Figure 3B and Supplemental Table 4 were further
confirmed using an Eksigent NanoLC-2D coupled to an LTQ-Orbitrap MS and the outcome
regarding the proteins shown in Figure 3B is presented in Supplemental Table 5.

Three categories of proteins were identified in our experiments: 1) previously demonstrated
protein interactions, but in a new context (i.e. after ephrinB1 stimulation) as well as
previously described interactions. 2) proteins found in pY-IPs from either (−) or (+) cells or
both cells that were identified in BN-PAGE and MS experiments, and that shifted their
molecular mass in BN-PAGE from low to high or from high to low. 3) Proteins found by
BN-PAGE and MS in both (−) and (−) cells that did not change in measured molecular mass
(did not shift in BN-PAGE), but changed their abundance by either increase or decrease of
their relative amounts.
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1. Well known protein interactions, but in a new context, as well as well known
events. We identified EphB2 receptor (110 kDa) in the gel bands from (+) (190–
300 kDa range) but not (−) cells (Supplemental Table 4 and Figure 4B), results that
confirmed our previous experiments by SDS-PAGE and MS (Supplemental Tables
1 and 2) and BN-PAGE and MS (Figure 3A), where the estimated mass was 190–
250 kDa (mascot score 528 and 447).

Two proteins identified in our experiment, signal transducing adapter molecule
(STAM1, mass 60 kDa) and hepatocyte growth factor-regulated tyrosine kinase
substrate (HRS, mass 115 kDa), well known to interact with each other and
involved in receptor down-regulation by internalization in the endosomal vesicles
(28, 31, 33–35), but not in EphB2 receptor down-regulation. STAM1 was identified
at about 180–200 kDa in the (−) cells and at 250–300 kDa in the (+) cells, while
Hrs was identified only in the (+) cells at about 250–400 kDa (Supplemental Table
4 and Figure 3B). In addition, these two proteins overlapped with the EphB2
receptor in (+) cells. Since STAM1 and Hrs are known to interact with each other
and were found in the same gel bands only in (+) cells, but not in (−) cells, this
suggests that ephrinB1-Fc stimulation leads to transient interaction of these two
proteins. Furthermore, since 1) STAM1 and Hrs are well known to down-regulate
receptor tyrosine kinases; 2) both proteins were found to overlap with EphB2
receptor; and 3) the calculated mass of STAM1 (60 kDa), Hrs (115 kDa) and
EphB2 (110 kDa) together is 285 kDa, this suggests that ephrinB1-Fc stimulation
leads to a transient interaction between STAM1 and Hrs, which ultimately down-
regulate the EphB2 receptor and attenuates its signaling. Based on this rationale,
we also conclude that the EphB2 receptor identified in BN-PAGE and MS in the
190–300 kDa range is in the monomeric state and may form a complex with
STAM1 and Hrs.

Two other proteins well-known to interact with each other and identified in our
experiment were Cytoplasmic FMR1-interacting protein 1/Specifically Rac1-
associated protein (Cyfip1/Sra1/Shyc; mass 145 kDa) and Nck-associated protein 1
(Nckap1/p125Nap1; mass 129 kDa). Shyc was detected at around 400 kDa and
600–700 kDa in both (−) and (−) cells, while Nckap1 was detected around 600–700
kDa in the (−) cells and around 400 kDa and 600–700 kDa in the (+) cells
(Supplemental Table 4 and Figure 3B). Cyfip1/Sra1/Shyc and Nckap1/p125Nap1
are known to interact with each other and also with Abi-1 (52 kDa) and WAVE 2
(54 kDa), and all of them are components of the WAVE 2 complex (36).
Additional MS experiments of the BN-PAGE gel bands from the 300–900 kDa
range identified WAVE 1/2 protein at about 700 kDa in the (−) cells and at about
600 kDa in the (+) cells, and Abi-1 protein at about 600 kDa in the (+) cells (Figure
3B). The WAVE 2 complex has a calculated mass of about 380 kDa and an
experimentally determined mass of 550 kDa (36). Since the intact WAVE 2
complex was identified at about 600 kDa in the (+) cells and three out of four of its
subunits at about 700 kDa in the (−) cells, this suggests that the WAVE 2 complex
from the (−) cells interacts with additional protein/s and loses it/them upon
ephrinB1-Fc stimulation. However, the components of the WAVE2 complex may
also be involved in other interactions. For example, Shyc/SRA1 and Nckap1/NAP1
interact with each other in a WAVE2 subcomplex, but also are often found together
in other complexes different from WAVE2 complex (37–39). Upon fibronectin
(FN) stimulation, Abi-1 promotes activation of WAVE2 and Abl-mediated tyrosine
phosphorylation is required for WAVE activation. (40). Recombinant WAVE
isoforms co-immunoprecipitate (41). WAVE1 is an A-kinase anchoring protein and
interacts with cAMP-dependent protein kinase (PKA) and Abelson tyrosine kinase
(Abl) (41), and Rac1 or Nck are thought to interact with WAVE1 complexes (37).
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Keeping in mind all these possible interactions and that (except for the case of
WAVE1 complex which is activated by disintegration (37)) in all (−) and EGF or
PDGF(+) cells the integrity of the WAVE2 complex was not altered (36), it is more
likely that the WAVE2 complexes identified in our experiments are intact and the
WAVE2 complex from the (−) cells contains additional subunits.

BN-PAGE and MS also allow us to identify proteins that are not involved in
protein-protein interactions, but specifically phosphorylated. For example, a protein
identified in our experiment was Non-catalytic region of tyrosine kinase adaptor
protein 2 (Nck2; mass 43 kDa). Nck2 was detected as monomer in the BN-PAGE
and MS of pY-IPs of the (+) (at about 50 kDa) but not (−) cells (Supplemental
Table 4 and Figure 3B), suggesting that Nck2 is phosphorylated upon stimulation
and that, at these particular conditions, it does not interact with any protein. At this
point, we would like to point out that phenylphosphate elution used in our
experiments, in addition to elution of the protein complexes, it may also disrupt
specific phosphotyrosine-SH2 domain or phosphotyrosine- phosphotyrosine-
binding domain (PDB) interactions. Before we started our study, we carefully
considered the possibility that phenylphosphate may disrupt the protein-protein
interactions by competitive inhibition. Therefore, we tested different concentrations
of phenylphosphate (5, 10, 20, 50 and 100 mM phenylphosphate) in small scale
phosphotyrosine IP experiments. Specifically, the pY-IP proteins were eluted by
incubation with different concentrations of phenylphosphate and their presence in
the eluates was verified by SDS-PAGE and WB using anti-pY antibodies or by
silver staining. We also verified the presence of the protein complexes in the
eluates by BN-PAGE and WB. We found that the best concentration that we can
use is 5 mM phenylphosphate. At this concentration, phenylphosphate does not
elute all proteins, but we have the best compromise possible, using the lowest
concentration of phenylphosphate in the shortest incubation time and which allows
us to obtain the highest amount of the proteins in our IP.

2. Proteins found in the pY-IPs of either (−) or (+) cells or in both by BN-PAGE and
MS experiments and shifted their molecular mass from low Mw to high Mw or
from high Mw to low Mw. In this category, many proteins were identified, whose
behavior was unknown before this study was performed. For example, Nischarin
(148 kDa and 210 kDa isoforms) a protein reported to be a participant in ephrin
signaling (25) and in cytoskeletal remodeling by inhibition of Rac1 (42–44) was
identified in the pY-IP of the (+) cells at around 600 kDa, but not in the (−) cells
(Supplemental Table 4 and Figure 4A). Nisharin interacts specifically with the
integrin alpha 5 subunit of the fibronectin receptor (45) and with insulin receptor
substrates (IRS, IRS4; (46). Nischarin also interacts with PAK1 and active Rac, in
a ternary complex, or only with active Rac and supresses PAK1-dependent and
PAK1-independent Rac signaling (43, 47). However, it was not known that this
protein is involved in a high Mw (600 kDa) protein complex. Our results suggest
that upon ephrinB1-Fc stimulation, Nischarin either becomes phosphorylated or
interacts with a phosphorylated protein and forms a 600 kDa complex upon ephrin
stimulation.

Ret proto-oncogene (124 kDa) is a transmembrane receptor tyrosine kinase protein
and is involved in neural crest cell migration, neuron maturation and receptor
protein tyrosine kinase signaling pathway, but it is not known whether it is a
component of the ephrin signaling. We found this protein in the pY-IP of (−) (at
around 180–200 kDa), but not in the (+) cells (Supplemental Table 4 and Figure
4A). This suggests that, unlike the EphB2 receptors, Ret proto-oncogene is tyrosine
phosphorylated in the (−) cells (or interacts with a phosphorylated protein) and is
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de-phosphorylated upon ephrinB1-Fc stimulation (or no longer binds to
phosphoprotein upon ephrinB1-Fc stimulation). Since the difference between the
theoretical mass of this protein (124 kDa) and its experimentally determined (180–
200 kDa) is very small, we suspect that this protein is in monomeric form. Another
protein of interest is T-lymphoma invasion and metastasis-inducing protein 1 (Tiam
1, 178 kDa), a RhoGEF protein involved in positive regulation of axonogenesis and
Rac1 activation, and in connection of extracellular signals to cytoskeletal activities
(48). This protein is also predicted to be involved in the ephrin signaling pathway.
We found this protein in the pY-IP of (−) (at around 700 kDa), but not in the (+)
cells (Supplemental Table 4 and Figure 4A). This suggests that, proto-oncogene,
Tiam1 is tyrosine phosphorylated in the (−) cells (or interacts with a
phosphorylated protein) and is de-phosphorylated upon ephrinB1-Fc stimulation
(or no longer binds to phosphoprotein).

3. Proteins found in the pY-IPs of both (−) and (+) cells by BN-PAGE and MS
experiments that did not change in the molecular mass (did not shift in BN-PAGE)
upon ephrinB1-Fc stimulation, but changed their abundance by either increase or
decrease of their relative amounts, as determined by both emPAI score (data not
shown) (49) or spectral counting (50). In this category, we identified proteins that
had an increased, decreased, or unchanged spectral counting score in the pY-IP of
the (+) cells, compared with the (−) cells. Because spectral counting is influenced
by spectral quality and number of peptided identified, it is sometimes used as an
approximate measure of relative quantitation for a particular protein. An increased
spectral counting score in the bands from (+) cells reflects a higher amount of a
protein, suggesting either a higher degree of phosphorylation of that protein, or an
association with a highly phosphorylated protein upon ephrinB1-Fc stimulation.
Conversely, a decreased spectral counting score in the (+) cells reflects a reduction
of the amount of a protein, suggesting either a dephosphorylation event or an
association with a protein with a lower phosphorylation level that resulted upon
ligand stimulation. This information, combined with the results about the mass of
the protein complex that contains that protein, can suggest new hypotheses about
the behavior of these proteins during signaling events.

One protein that had a spectral counting score that increased in the pY-IP of (+) cells,
compared with the (−) cells is Trk-fused gene protein (43 kDa), identified in the mass range
of 500–700 kDa (Figure 4B). This protein is suspected to have signal transducing activity,
but so far has no demonstrated function (51–54). For this protein, the spectral counting score
for this protein in the (+) cells compared with the (−) cells was 1.543. This suggests that
Trk-fused gene is more phosphorylated and/or interacts with other proteins/phosphorylated
proteins upon ephrinB1-Fc stimulation.

Calnexin (62 kDa) is a protein that had a spectral counting score that decreased in the pY-IP
of (+) cells compared with the (−) cells. Calnexin is a calcium-binding protein that interacts
with newly synthesized glycoproteins in the endoplasmic reticulum. This protein was
identified in both (−) and (+) cells, at about 120 kDa (Figure 4B). The spectral counting
score for this protein in the (+) cells, compared with the (−) ones was −0.695. Since
Calnexin does not have a tyrosine phosphorylation motif (this protein has only been shown
to be phosphorylated at serine and threonine residues), this suggests that the Calnexin’s
interactor is dephosphorylated or Calnexin no longer interacts with a phosphoprotein, upon
ephrinB1-Fc stimulation.

A protein that had a spectral counting score that did not change in the pY-IPs of (−) and (+)
cells was actin monomer (43 kDa), a constitutive element of our pY-IPs. In our experiments,
this protein had a spectral counting score very similar in both (−) and (+) cells (−0.065).
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This suggests that Actin, most likely a constitutive contaminant of our pY-IPs, is post-
translationally unaffected by the ephrinB1-Fc stimulation.

To confirm that the three above mentioned proteins had either an increased (Trk-fused
gene), decreased (Calnexin) or unchanged (Actin) level in the (−) cells compared with the
(+) cells, as determined by the spectral counting score, we further compared the intensity of
precursor ions for particular peptides for each protein that were found in both conditions.
For each peak, the intensity scale for the spectra from both conditions was normalized to
identical number of counts. Figure 5 depicts such a comparison. As observed, for the peak
with m/z of 906.52 (2+) that corresponds to a Trk-fused gene peptide, a higher amount of
this peptide is observed in the pY-IP of (+) cells, compared with the (−) cells (Figure 5A).
Conversely, for the peak with m/z of 695.71 (3+) that corresponds to a Calnexin peptide, a
lower amount of this peptide is observed in the pY-IP of (+) cells, compared with the (−)
cells (Figure 5B). Finally, for the peak with m/z of 1107.90 (2+) that corresponds to an
Actin peptide, almost no change in the amount of this peptide is observed in the pY-IP of (+)
cells, compared with the (−) cells (Figure 5C). Taken together, these data suggests that in
our BN-PAGE and MS experiments, changes in the relative amounts of proteins (due to
protein phosphorylation or to interaction with a phosphorylated protein) between the (−) and
(−) cells may be identified.

Comparison of BN-PAGE and MS of the pY-IP with BN-PAGE and WB of the lysates from
both (−) and (+) cells

By comparing the data obtained by BN-PAGE and MS of the pY-IP with the data obtained
by BN-PAGE and WB of the lysates from both (−) and (+) cells, a more comprehensive
picture of the behavior of a particular protein may be obtained. In Figure 6, the profiles of
some proteins (previously identified in our BN-PAGE and MS experiments of the pY-IP
samples) in BN-PAGE and WB of the cell lysates is shown. As observed in the BN-PAGE
and WB experiments of the cell lysates, the EphB2 receptor was detected in both (−) cells
(at around 120 kDa) and (+) cells (at around 120 kDa and 300 kDa) (Figure 6A). While the
EphB2 receptor from 120 kDa band is in a monomeric state, the composition of the
receptor-containing 300 kDa band is not known. If compared with the previous BN-PAGE
and MS experiments of the pY-IPs, this band could contain the phosphorylated receptor that
was identified in the small (Figure 3A) and large (Figure 3B) scale BN-PAGE and MS at
around 200–300 kDa range, as well as with the phosphorylated EphB2 receptor detected by
BN-PAGE and WB of the pY-IP sample from (+) cells (Figure 6A). Therefore, by
comparison of the data that resulted from BN-PAGE and MS experiments of the pY-IPs,
BN-PAGE and WB of the pY-IPs, and BN-PAGE and WB of the lysates, we can conclude
that only a small portion of the receptor is actually phosphorylated and is involved in
transient protein-protein interactions.

We also compared the data that resulted from the experiments using BN-PAGE and MS of
the pY-IPs and BN-PAGE and WB of the lysates from both (−) and (+) cells for other
proteins. For example, most FAK was detected at a molecular weight region in the gels
consistent with a monomer in both pY-IPs and lysates from both (−) and (+) cells (Figures
3A and 6B) and only a small portion of it appears to interact with other proteins (in our case
most likely with p130Cas at around 250 kDa) (Figure 3A). Another protein, p130Cas, was
also mostly detected as a monomer in lysates from both (−) and (+) cells (at around 140
kDa) and apparently associated with another protein (perhaps FAK) in the lysate of the (+)
cells (at around 200–250 kDa; Figure 6B). In BN-PAGE and MS of the pY-IPs, p130Cas
was detected only in the (+) cells, at around 250–300 kDa, at similar apparent molecular
weight as FAK (Figure 3A). This suggests that, although in the lysates and pY-IPs of both
(−) and (+) cells, most of FAK and p130Cas are in monomeric form, and only a small
portion of the pool of these proteins interact with each other as a result of ephrinB1-Fc
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stimulation. However, these results were obtained after IP in the presence of NP40 buffer,
which solubilizes only a small portion of the membrane fraction, and a different buffer with
a different detergent may give us additional information. For example, buffer containing
DDM, used in the large scale pY-IP, solubilizes mostly membrane fraction. In our
experiments, we observed that FAK was identified mostly in apparent protein complex(es)
with masses between 200–500 kDa in the samples from both (−) and (+) cells, with high
abundance in a complex from the (+) cells, with a mass of about 500 kDa (Supplemental
Table 4). Alternatively, these complexes are stable in DDM buffer, but not NP-40 buffer.

In our previous experiments, Nischarin was identified in the BN-PAGE and MS of the pY-
IP from (+) cells at around 600–650 kDa (Figure 4A). The experiments using BN-PAGE and
WB of the lysate from (−) and (+) cells revealed that Nischarin runs in both conditions at
about 300–350 kDa (Figure 6C). At this moment, we were unable to determine whether
Nischarin is permanently in interaction with a different protein, or is in a monomeric state,
but runs anomalously in BN-PAGE, as reported for some proteins with pI below 5 or above
8.5 (18, 19). However, comparison of the BN-PAGE and WB of the lysate and BN-PAGE
and MS of the pY-IP from both (−) and (+) cells suggests that Nischarin is either 1)
phosphorylated and interacts with a protein(s) upon ephrin stimulation and shifts from 300–
350 kDa in the lysate to 600–650 kDa in the pY-IP of the (+) cells; 2) not phosphorylated
but it interacts with a phosphorylated protein(s) upon ephrin stimulation and shifts from
300–350 kDa in the lysate to 600–650 kDa in the pY-IP of the (+) cells.

Nck2 is a protein that was detected only as an apparent monomer in BN-PAGE and WB of
the lysates of both (−) and (+) cells (Figure 6C). Nck2 was also detected as an apparent
monomer in the BN-PAGE and MS of pY-IPs of the (+) but not (−) cells (Figure 3B). By
comparing these data, we may conclude that Nck2 is most likely phosphorylated upon
stimulation and that, under these experimental conditions, it does not stably interact with any
other protein(s). As mentioned previously, it is also possible that during elution,
phenylphosphate disrupted the phosphotyrosine-SH2 domain or phosphotyrosine-PTB
domain interactions of Nck2. As observed in Figure 6C, the size difference of Nck2 as
detected by WB of the lysate of (−) and (+) cells is about 20 kDa. Although it is possible
that Nck2 may indeed interact with a different protein upon stimulation, the size difference
is so small that we believe that it is experimental error.

In BN-PAGE and WB of the lysates, Hrs appeared to be in a monomeric state in the lysates
of both (−) and (+) cells (Figure 6C). In BN-PAGE and MS of the pY-IPs, Hrs was found to
interact with STAM1 and possibly with EphB2 receptor (Figure 3B). Comparison of these
data suggests that, while most of the Hrs may be in a monomeric state, some of it interacts
with STAM1 upon stimulation and minimum one of these two proteins is tyrosine
phosphorylated. Taken together, this suggests that comparison of the data obtained by BN-
PAGE and MS of pY-IPs and BN-PAGE and WB of the lysates from both (−) and (+) cells
may provide more information about the unphosphorylated and phosphorylated populations
of a particular protein.

WAVE1 and WAVE2 co-localize in IF studies and change their intracellular distribution
upon ephrinB1-Fc stimulation

It has been reported that WAVE proteins coordinate actin reorganization (41) and that
lamellipodium is formed when cells are (+) by growth factors (55) or when Rac is activated
(41). For example, in melanoma cells and fibroblasts, WAVE complexes interact with
activated Rac1 and translocate to the plasma membrane (56). Rac may regulate the WAVE2
complex by binding to it and controlling its localization (36). In addition, Abi-1 directs
translocation of WAVE2 to the membrane after FN stimulation and Rac, Abl, Abi-1 and
WAVE2 colocalize at the actin-rich lamellipodial leading edge (40). Furthermore, in
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fibroblasts, WAVE1 assembles in a WAVE1-PKA-Abl complex and migrates from the focal
adhesions to the sites of actin reorganization upon PDGF stimulation (41). In our BN-PAGE
and MS of pY-IPs from both (−) and (+) cells, we identified the intact WAVE2 complex that
shifted from about 700 kDa in the (−) cells to about 600 kDa in the (+) cells (Figure 3B). In
order to investigate whether WAVE proteins and their interactors are also regulated by
ephrin signaling, we employed IF to analyze co-localization of the WAVE1, WAVE2 and
actin in the (−) cells and in the cells (+) with ephrinB1-Fc for 5, 10, 20 and 45 minutes. The
outcome of this experiment is presented in Figure 7.

In the (−) cells, WAVE1, WAVE2 and actin co-localized mainly at the tips of the neurite
extensions where intense staining was observed, while the stain in the cell body for WAVE
proteins was very weak. Upon stimulation, the distribution of WAVE1, WAVE2 and actin
proteins was very dynamic, with the most intense changes 10 and 20 minutes after
ephrinB1-Fc stimulation. If we compare these IF experiments with the BN-PAGE and WB
of the lysates of (−) and time-course (+) cells immunodecorated with pY99 antibodies
(Figure 2C), we observe that the most dramatic changes in the IF experiments (5 and 10
minutes after stimulation) correspond to the highest phosphorylation levels in the BN-PAGE
and WB experiments, suggesting that the most important changes that may be observed in
our system are 5 and 10 minutes, and not 45 minutes, after stimulation.

We also analyzed other proteins known to interact with WAVE proteins and regulate them
such as Abi-1 and Abl. Abl was detected in the cytoplasm and nucleus (57, 58), but also in
the focal adhesions (59). Abl was also found in a complex with WAVE1 and PKA (41) upon
Rac activation (41), and co-localize with Rac, Abi-1 and WAVE2 (40). A similar pattern as
previously described in our IF experiments (Figure 7) was observed when WAVE1, Abl and
actin were analyzed by IF (data not shown), suggesting that Abl is also a player in regulation
of translocation of WAVE proteins at the site of actin re-modeling. Taken together, these
data suggests that dramatic changes happen during ephrin stimulation, detected by both IF
and BN-PAGE and WB of the lysates of both (−) and time-course stimulated cells and that
the most intense changes happen 5 and 10 minutes after stimulation. These data also suggest
that WAVE proteins are activated through a similar mechanism as shown for the PDGF
pathway (they form the same ring-like structure upon ephrinB1-Fc stimulation) (41).

A possible mechanism of ephrin-dependent cytoskeletal remodeling
It is well known that activation of Rac by either growth factors or fibronectin leads to
cytoskeletal remodeling and membrane ruffle formation (36, 41, 55, 60). Among many other
proteins, some important downstream effectors of Rac are WAVE proteins, Arp2/3 complex
and PAK family of kinases. WAVE proteins coordinate actin reorganization by coupling
Rho-related small molecular weight GTP-ases to the mobilization of Arp2/3 complex,
involved in actin polymerization and facilitate dendritic branching of filaments (61). In the
formation of filopodia and lamellipodia, Arp2/3 complex acts downstream of WASP family
of proteins, which include WASP, N-WASP and WAVEs proteins. WASP and N-WASP
lead to formation of filopodia via small GTP-ase CDC42, while WAVEs are responsible for
lamellipodia formation via small GTP-ase Rac (62–65). It was reported that WAVE1 was
found in a complex with Abl and PKA and migrated to the sites of cytoskeletal remodeling
upon Rac activation (41). WAVE1 complex, composed of WAVE1, Nap1, Cyfip2 and
Abi-2, is kept intact in inactive form and activated by dissociation upon Rac activation (37).
It was also reported that WAVE2, together with SRA1, Nap1, and Abi-1 (WAVE2 complex)
interacted and co-localized with activated Rac1 and translocated to the plasma membrane
upon Rac1 activation (36, 56) and that WAVE2 colocalized with Rac, Abl, and Abi-1 at the
actin-rich lamellipodial leading edge (40). The PAK family of kinases has been implicated
in control of actin filaments and in cell motility and is activated by direct interaction with
the active Rac. One target for PAK involved in migration is myosin light chain kinase
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(MLCK), which is phosphorylated and inhibited by PAK. Therefore, MLCK is not able to
phosphorylate MLC anymore, leading to reduction of contractility. Another PAK target is
LIM kinase, that phosphorylates cofilin, an actin severing protein, and thus promoting
filament assembly (42).

In our experiments the WAVE2 complex appears to be constitutive with an apparent
molecular weight of at least 500 kDa, and that both WAVE1 and WAVE2 co-localized at
the tips of the neurite extensions in the (−) cells. In the first 10 minutes after stimulation,
these proteins moved to the leading edge of lamellipodia and over the next 35 minutes
migrated back at the tips of the neurite extensions, into a pattern observed in the (−) cells.
The ring-like structure is most likely a result of Rac activation by ephrinB1-Fc stimulation,
as observed for PDGF stimulation (41), suggesting that ephrinB1-Fc activates Rac in a
manner similar to other growth factors. In the simplest scenario ephrinB1-Fc activates Rac
that binds to WAVE complexes and directs them from the tips of the neurite extensions to
the sites of cytoskeletal re-organization, in our case the ring-like structures. Once
translocated and activated, WAVE complexes activate Arp2/3 complexes, involved in actin
polymerization and branching of filaments (61). However, disappearance of the ring-like
structure in the cells (+) for 20 and 45 minutes and migration of the WAVE proteins/
complexes back to the tips of the neurite extensions suggests that either Rac or one of its
downstream components is inactivated.

It has been reported that Nischarin, a protein highly expressed in neuronal cells, reverses the
effect of Rac on lamellipodia formation in fibroblasts (45). This protein interacts with PAK1
(a downstream effector of Rac) and suppresses it, and this interaction is enhanced by active
Rac, in a ternary complex (43). Nischarin also inhibits LIM kinase, a PAK downstream
effector (66). In addition to supressing PAK1-dependent signaling, Nischarin also inhibits
PAK1-independent Rac signaling by direct interaction with active Rac (42, 47).
Furthermore, Nischarin is heavily phosphorylated upon ephrinB1-Fc stimulation (25), and
co-localize with PAK1 in the membrane ruffles (43). In our experiments, Nisharin was
detected in monomeric form in BN-PAGE and WB of lysates from both (−) and (+) cells
(Figure 6C) and as a 600 kDa complex only in BN-PAGE and MS of pY-IP of (+) cells
(Figure 4A), suggesting that Nischarin is phosphorylated and activated upon ephrinB1-Fc
stimulation and perhaps inhibits formation of Rac-dependent lamellipodia by inhibiting Rac,
PAK or both. Since 1) in the IF experiments, WAVE proteins moved from the lamellipodia
to the tips of the neurite extensions 20 and 45 minutes after stimulation and perhaps Rac was
heavily activated in the ring-like-structures 10 minutes after stimulation, but was inhibited
after 20 and 45 minutes (Figure 7); 2) Nisharin is heavily phosphorylated upon ephrinB1-Fc
stimulation (25) and 3) in our experiments it was found in the pY-IP of (+) cells, this
suggests that in our system Nischarin becomes activated about 10 minutes after stimulation,
most likely by inhibition of Rac-PAK-dependent and Rac-dependent-PAK-independent
pathways. Once Rac is inactivated, WAVE complexes are not controlled by Rac anymore
and may be re-directed at the tips of the neurite extensions, in agreement with our IF
experiments (Figure 7). This is a possible scenario of ephrin-dependent Rac activation and
Nischarin-dependent Rac inactivation, a scenario that takes into account both activation and
inactivation of Rac and previously unreported, but does not take into account other players
from ephrin signaling like Abl, which was shown to interact with WAVE1 (41) and to co-
localize with it (data not shown) or involvement of other pathways not described here, which
we do not rule out.

Concluding remarks
In conclusion, we used BN-PAGE and MS of the pY-IPs, BN-PAGE and WB of the lysates
of both (−) and (+) cells to analyze protein-protein interactions from signal transduction
pathways involved in ephrinB1-Fc stimulation. We also used IF to explore the time-
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dependent localization of proteins in (−) and (+) cells. Initially, we tested the combination of
BN-PAGE and MS to analyze well known stable protein interactions from the cell lysate
and observed that both subunit composition and apparent mass of the protein complexes
(Valosin-containing protein or Proteasome) are in agreement with the published literature
(29, 30). We then applied BN-PAGE and MS to analyze transient protein interactions in the
pY-IPs of the (−) and (+) cells. We concluded that FAK and p130Cas, two proteins well
documented to interact with each other in other systems, also interact with each other upon
ephrinB1-Fc stimulation, which has not yet reported for this system. In the large scale
analysis by BN-PAGE and MS of the pY-IPs of the (−) and (+) cells, we identified many
well known (Hrs-STAM1, WAVE2 complex) protein-protein interactions but new to ephrin
signaling, many new protein-protein interactions (Figures 4A and B), as well as information
about particular proteins (e.g. Tiam1, Nischarin) in terms of size, protein interaction or
phosphorylation. In addition, many proteins identified in our experiments and possibly
involved in ephrin signaling are still waiting to be investigated. For example, Nodal
modulator or Trk-fused gene proteins, found in our experiments in much higher amounts in
pY IPs from lysates of the (+) cells have no demonstrated function. Involvement of some
kinases such as the Ret proto-oncogene or TrkC receptors in ephrin signaling is also
unknown. The combination of BN-PAGE and MS of pY-IPs, BN-PAGE and WB of the
lysates of both (−) and (+) cells also can be applied to the analysis of stable and transient
protein-protein interactions in other ligand-stimulated RTK-dependent signal transduction
pathways.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

RTK Receptor tyrosine kinase

BN-PAGE Blue Native PAGE

WB Western blotting

MS mass spectrometry

pY-IP phosphotyrosine immunoprecipitate

IF immunofluorescence microscopy

1D first dimension

2D second dimension

(−) unstimulated NG108 cells

(+) ephrinB1-Fc-stimulated NG108 cells
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Figure 1.
A workflow for the biochemical and MS characterization of ephrin signaling. Unstimulated
(−) or stimulated (+) cells were lysed and the lysates (and/or the pY99-IPs from the lysate)
were separated by BN-PAGE. The protein complexes were characterized by Western
blotting and/or by MS, followed by comparison with the current literature.
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Figure 2.
Analysis of lysates of (−) and (+) cells by SDS-PAGE and BN-PAGE. The lysates of (−)
and (+) cells were separated by SDS-PAGE (A) and BN-PAGE 1D (B) and blotted to
membranes and analyzed by WB using pY99 antibodies. The gel lanes from BN-PAGE 1D
were excised and further reduced and denatured and separated in 2D SDS-PAGE and
electroblotted by WB and analyzed with pY99 antibodies (C). In (C), the lysates were from
(−) cells (0′) or cells stimulated with ephrinB1-Fc for 5, 10, 15, 20 and 45 minutes. The
direction of migration in BN-PAGE is indicated by arrows followed by either 1D or 2D. The
mass markers are indicated for each gel in 1D or 2D.
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Figure 3.
Representation of the proteins found by BN-PAGE and MS of the pY-IPs of (−) and (+)
cells. A: Identification of well known protein interactions by analysis of small scale pY-IP
in the presence of NP-40 detergent. The pY-IP from (−) and (+) cells were separated by BN-
PAGE and the gel lanes were excised, cut into pieces/bands, digested by trypsin, and
analyzed by MS. The approximate mass of the bands of interest was between 110–130 and
250–300 kDa. The proteins identified are labeled with different colors, shown at the bottom
of the figure. B: as in A, except that identification of well known protein interactions were
performed by analysis of larger scale pY-IP in the presence of DDM detergent. The mass
markers are indicated for each gel.
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Figure 4.
Representation of selected proteins found by BN-PAGE and MS of the larger scale pY IPs
of (−) and (+) cells. A: Proteins found by BN-PAGE and MS in either (−) or (+) cells or in
both and shifted their molecular mass from low to high or from high to lo w. B: Proteins
found by BN-PAGE and MS in both (−) and (+) cells that did not change in measured
molecular mass (did not shift in BN-PAGE) upon ephrinB1-Fc stimulation, but changed
their abundance by either increase or decrease of their relative amounts in the pY IP
experiment.
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Figure 5.
Comparison of the intensities of MS spectra for peaks corresponding to peptides that are part
of proteins found by BN-PAGE and MS. A: The peak with m/z of 906.52 (2+) that
corresponds to a Trk-fused gene peptide QSTQVMAASMSAFDPLK has a higher intensity
of this peptide in the pY-IP of (+) cells, compared with the (−) cells. Total ion count over
one minute retention time was 4.46e3 versus 1.01e3. B: The peak with m/z of 695.71 (3+)
that corresponds to a Calnexin peptide IADPDAVKPDDWDEDAPSK, has a lower intensity
of this peptide in the pY-IP of (−) cells, compared with the (+) cells. Total ion count over
one minute retention time was 1.25e3 versus 6.04e3. C: The peak with m/z of 1107.90 (2+)
that corresponds to an Actin peptide DLYANTVLSGGTTMYPGIADR, had almost no
change in the intensities of this peptide is observed in the pY-IP of both (−) and (+) cells.
Total ion count over one minute retention time was 9.40e3 versus 8.62e3. The intensity scale
for the spectra from both (−) and (+) cells for each individual peptide was identical.
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Figure 6.
Analysis of (−) and (+) cells by BN-PAGE and WB. The lysates or pY-IPs were separated
by BN-PAGE 1D and SDS-PAGE 2D and then analyzed by WB with different antibodies.
A: Analysis of lysates and pY-IPs of both (−) and (+) cells by BN-PAGE and WB using
EphB2 antibodies. B: Analysis of lysates of (−) and (+) cells by BN-PAGE and WB using
FAK and p130Cas antibodies. C: Analysis of lysates of (−) and (+) cells by BN-PAGE and
WB using Nischarin, HRS, Nck2, EphB3, GAPDH, and actin antibodies. The direction of
migration is shown by arrows. The mass markers are shown for the first 1D and second 2D
dimension. L stands for lysate and pY-IP for phosphotyrosine immunoprecipitate.
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Figure 7.
WAVE1 and WAVE2 co-localize and dramatically change their distribution upon ephrinB1-
Fc stimulation. Immunofluorescence analysis of the (−) cells (0 minutes) and cells (+) for 5,
10, 20 and 45 minutes with EphB1-Fc. The cells were analyzed for the presence of Actin
(blue), WAVE1 (green) and WAVE2 (red) proteins. Scale bar, 20 μm.
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