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Abstract. Receptor tyrosine kinases (RTK) are proteins that undergo dimerization and/or mul-
timerization and autophosphorylation in response to ligand stimulation. Members of the RTK
family are receptors for a series of growth factors that, upon stimulation, are able to start signal-
ing events that promote cell growth and differentiation. A class of RTKSs, the Eph receptors
(EphRs), are found in a variety of cell types and play important roles in patterning the central and
peripheral nervous systems, as well as in synapse and neural crest formation. Interaction of Eph
receptors with their ephrin ligands activates signal transduction pathways that lead to cytoskele-
tal remodeling through formation of many stable or transient protein-protein interactions. How-
ever, these intracellular signal transduction pathways that lead to cytoskeletal remodeling are not
well understood. Here, we combined Blue Native PAGE (BN-PAGE) and mass spectrometry
(MS) to analyze protein-protein interactions as a result of ephrin stimulation. We analyzed both
lysates and phosphotyrosine immunoprecipitate (pY99-1P) of unstimulated and ephrin-stimulated
cells. Our experiments allowed us to characterize many constitutive homo- and hetero-protein
complexes from the cell lysate. Furthermore, BN-PAGE and MS of the pY99-IPs from both un-
stimulated and stimulated cells allowed us to analyze protein-protein interactions that resulted
upon ephrin stimulation. Combination of BN-PAGE and MS also has the potential for the analy-
sis of stable and transient protein-protein interactions in other ligand-stimulated RTK-dependent
signal transduction pathways.

1. Introduction

Receptor tyrosine kinases are proteins that undergo dimerization and/or multi-
merization and autophosphorylation in response to ligand stimulation. Members of
the RTK family are receptors for a series of growth factors like epidermal growth
factor (EGF), platelet derived growth factor (PDGF), vascular endothelial growth
factor (VEGF) that, upon stimulation, are able to start signaling events that promote
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cell growth and differentiation. A common feature for these RTKs is that their
growth factor ligands are secreted proteins.

A different class of RTKSs is represented by Eph receptors (EphRs) and is the
largest sub-family of RTKs. These EphRs are found in a variety of cell types from
developing and mature tissues and play important roles in patterning the central
and peripheral nervous systems (Holland et al., 1996, 1998; Wilkinson, 2001),
synapse formation (Dalva et al., 2000), neural crest formation (Robinson et al.,
1997), as well as angiogenesis and vascular system remodeling (Yancopoulos et al.,
1998; Cheng et al., 2002; Adams, 2003; Wang et al., 2006). EphRs differ from other
RTKSs in three regards: (1) EphRs do not promote cell growth and differentiation,
but rather play important roles in attractive and repellent reactions between the
cells. (2) Activation of EphRs is performed by ephrins that, unlike the other RTK
soluble ligands, are anchored to cell membranes. (3) During stimulation, EphRs
may be either receptors that are activated by ephrin ligands and trigger the down-
stream signaling or they may be ligands that activate upstream signaling in ephrin-
bearing cells.

To date, at least 14 different EphRs have been identified, and based on the type
of ligand with which they interact, they have been divided into two classes: EphAs
and EphBs (Gale et al., 1996). EphA receptors comprise nine members: EphA1-AS8
and EphA10. They interact with ephrins A which consist of five members: ephrin
A1-AS5. EphB receptors comprise five members: EphB1-B4 and EphB6. They inter-
act with ephrins B which consist of three members: ephrinB1-B3 (Gale et al., 1996).
Although all EphRs and ephrinBs are transmembrane proteins that contain extra-
cellular and cytosolic domains, ephrinsA are connected to the cell surface by glyco-
sylphosphatidylinositol anchors, and therefore do not contain a cytosolic domain.

It is commonly agreed that interaction of ephrins with Eph receptors leads to a
gradual formation of ephrin-EphRs multimers that trigger cytoskeletal remodeling.
This underlies cell adhesion and motility in the ligand and receptor bearing cells
(Miao et al., 2000; Carter et al., 2002; Vearing and Lackmann, 2005). However,
the intracellular signal transduction pathways that lead to cytoskeletal remodeling
in the ephrin- or EphR-bearing cells are not well understood. Understanding of
these pathways is further complicated by the bidirectional signaling that occurs
between EphB receptors and their ephrinB ligands (Holland et al., 1996; Bruckner
et al., 1997; Holland et al., 1998; Cowan and Henkemeyer, 2001).

Upon activation of signal transduction pathways, many transient protein-protein
interactions occur, leading to the formation of different protein complexes. These
complexes form during the transition of the cells from the unstimulated to stimu-
lated state. Knowledge about the structural and functional interaction of the pro-
teins into protein complexes as a result of ephrin stimulation will lead to a more
comprehensive understanding of ephrin signaling.

BN-PAGE has long been used to analyze protein-protein interactions and
protein complexes (Schagger and von Jagow, 1991; Schagger et al., 1994; Darie
et al., 2005; Darie et al., 2007). This method separates protein complexes based on
external charge induced by Coomassie dye and according to their molecular mass
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(mass). Separation of protein complexes from the BN-PAGE lane by second
dimension SDS-PAGE may reveal the subunit composition of a particular protein
complex, as well as the interacting partners of a particular protein. MS (Aebersold
and Mann, 2003) is another tool that allows scientists to identify not only one but
most potential interacting partners of a protein involved in signal transduction
pathways.

In this paper, we combined BN-PAGE and MS to analyze protein complexes
from the lysates and pY99-1Ps of unstimulated and ephrin-stimulated cells. Our
experiments allowed us to determine the molecular mass and subunit composition
of many constitutive homo- and hetero-protein complexes from cell lysates. Further-
more, BN-PAGE and MS of the pY99-IPs from both unstimulated and stimulated
cells allowed us to analyze protein-protein interactions that resulted from ephrin
stimulation. Combination of BN-PAGE and MS also has the potential to be applied
to the analysis of stable and transient protein-protein interactions in other ligand-
stimulated RTK-dependent signal transduction pathways.

2. Experimental Design

These studies have been designed based on the hypothesis that specific protein
complexes are formed to accomplish cell signaling and that deciphering the com-
position of these complexes will reveal significant insights about mechanisms of
ephrin signaling.

2.1. CELL SYSTEM AND ACTIVATION OF THE SIGNAL
TRANSDUCTION PATHWAYS

The strategy for analyzing protein complexes from EphB2 signaling in unstimulated
and ephrinB1-Fc-stimulated NG 108 cells is shown in Figure 1. Unstimulated NG
108 cells that stably express EphB2 receptors (NG108-EphB2) were stimulated with
soluble, pre-clustered ephrinB1-Fc for 45 min at 37°C, according to a published
procedure (Zhang et al., 2006). The control (unstimulated) cells were treated with
soluble, pre-clustered IgG-Fc. Once the cells had been stimulated and the signal
transduction pathways had been activated, the cells were lysed. The lysates of
unstimulated and stimulated NG 108 cells were separated by BN-PAGE or were
used as starting material for antibody-based purification (phosphotyrosine immuno-
purification: pY99-IP). The pY99-IPs were also separated by BN-PAGE. The
protein complexes that resulted were then subjected to biochemical and/or MS
analysis (BN-PAGE and Western blotting [WB] or BN-PAGE and MS), followed
by comparison of the data that resulted from analysis of unstimulated and stimu-
lated cells and ultimately with the current literature.
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Figure 1. A workflow for the biochemical and MS characterization of ephrin signaling. The
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/protein interactions
were characterized biochemically and/or by MS, followed by comparison with the current
literature

2.2. BIOCHEMICAL CHARACTERIZATION OF PROTEIN COMPLEXES

BN-PAGE was used for separation of stable or transient protein complexes from
cell lysates or pY99-IPs by using one-dimensional (BN-PAGE; 1D) or two-
dimensional (BN-PAGE; 2D) electrophoresis. A schematic of biochemical charac-
terization of the protein complexes is presented in Figure 2. BN-PAGE (1D) gel
lanes were silver stained or electroblotted and analyzed with antibodies against
proteins of interest. In addition, the BN-PAGE gel lanes were used for MS analysis.
The protein complexes that were separated in the BN-PAGE (1D) were also sepa-
rated under reducing and denaturing conditions in (2D) and analyzed by either
silver staining (2D-SS) or WB (2D-WB) (Figure 2A).

The data that resulted from these experiments were interpreted based on differ-
ences between the lysates/pY99-IPs of unstimulated and stimulated cells that
were separated by BN-PAGE and either 2D-SS, 2D-WB or MS. For example, the
simplest scenario for the biochemical analysis of EphB2-associated proteins upon
ephrin-Fc stimulation is schematically represented in Figures 2B and C. It is known
that EphRs assemble into multimers upon ephrinB1-Fc stimulation. Therefore, the
mass of the EphB2-containing protein complex will shift towards a higher mass,
and will be visible as a shift in BN-PAGE (1D-WB) and/or 2D-WB (Figure 2B).
By comparing the WB results from the unstimulated and stimulated cells, the mass
of the EphB2-containing protein complex may be determined. Furthermore, MS
analysis of the BN-PAGE gel bands that contain EphB2 from both unstimulated
and stimulated cells may provide the identity of the EphB2 interactors (Figure 2B).
Another scenario for the biochemical analysis of EphB2-associated proteins upon
ephrin-Fc stimulation is shown in (Figure 2C). In this case, it may be determined
whether two different proteins (e.g., EphB2 and FAK) are or are not part of the-
same protein complex before stimulation and what are their protein interactors.
Furthermore, it may also be determined whether these two proteins associate into
a protein complex or form two different complexes as a result of ephrin-Fc stimu-
lation as well as their subunit composition (Figure 2C).
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Figure 2. Biochemical characterization of ephrin signaling. (A) The starting material (lysate
or pY99-IP) was separated by BN-PAGE (1D) and further used for SS, WB, MS or 2D
analysis. The (2D) gel that resulted from separation of the (1D) gel lane was further used
for SS or WB. (B) Comparison of the data resulting from either BN-PAGE (1D) and MS or
BN-PAGE (2D) and WB of unstimulated and stimulated cells may lead to identification of
the ligand stimulation-dependent protein interactors of a particular protein. (C) As in (B),
except that the two different proteins investigated may interact with each other as a result of
ligand stimulation, or form separate complexes with different interactors

Therefore, combination of the BN-PAGE and MS may provide information
about the size of the protein complex and about the number and identities of the
proteins that associate with EphB2-receptors and other signal transducing mole-
cules. Furthermore, these experiments may allow analysis of both stable and tran-
sient protein-protein interactions as a result of ephrinB1-Fc stimulation.

2.3. MASS SPECTROMETRIC CHARACTERIZATION OF PROTEIN
COMPLEXES

The general strategy for the MS characterization of the protein complexes involved
in ephrin signaling is shown in Figure 3. The BN-PAGE gel lanes that contained
the protein complexes were cut into 20-30 gel pieces and subjected to enzymatic
digestion (tryptic digest). The resulting peptide mixture was then analyzed by rev-
erse phase liquid chromatography and MS (LC-MS-MS/MS: NanoAquity LC and
Waters Q-Tof Premier MS), and the raw data were processed and submitted to a
database search using Mascot for protein identification. These experiments pro-
vided a list of proteins for each gel band that may be part of the same protein
complex. The outcomes from these experiments were compared between the
unstimulated and stimulated cells and then compared with the results obtained
using biochemical analysis of the protein complexes. All these results were ulti-
mately compared with the current literature.
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Figure 3. MS characterization of ephrin signaling. BN-PAGE (1D) gel bands were cut into
pieces, digested with trypsin, and the peptides separated by LC (Nano-Aquity) and analy-
zed by MS (Waters Q-Tof Premier). The identified proteins were compared with the bio-
chemical results and current literature

3. Results

3.1. ANALYSIS BY GEL ELECTROPHORESIS OF LYSATES FROM
UNSTIMULATED AND EPHRINB1-FC STIMULATED CELLS

Initially, the lysates from both unstimulated and stimulated cells were separated
by SDS-PAGE and then stained with either silver (Figure 4A) or Coomassie (data
not shown). No significant or visible differences in the protein pattern between
the two gel lanes were observed. However, when the SDS-PAGE gel was electro-
blotted and incubated with pY99 antibodies, significant differences between the
two lysates were observed. The lysate from the stimulated cells contained more
phosphorylated proteins than the lysate from the unstimulated ones, especially in
the 100-200 kDa range and 60—75 kDa range. This experiment suggested that,
although not visible in either silver- or Coomassie-stained gels, differences bet-
ween the unstimulated and stimulated cells may be detected. Based on these data,
we also concluded that the differences between the unstimulated and stimulated
cells observed by WB were as a result of ephrinB1-Fc stimulation, and that the
signal transduction pathways were activated.

The lysates from both unstimulated and stimulated cells were also analyzed by
BN-PAGE. BN-PAGE separates protein complexes based on the external charge
induced by Coomassie Blue dye under native conditions and according to their
mass. Therefore, under these experimental conditions, both stable and many tran-
sient protein interactions are preserved. In order to determine the differences bet-
ween the lysates from unstimulated and stimulated cells that appeared as a result
of eprinB1-Fc stimulation, we separated these lysates by BN-PAGE (1D) or (2D)
(Figure 5). In the silver-stained BN-PAGE (1D) gel lanes, after visual inspection
and based on the mass markers, we could observe intense bands that corresponded
to protein complexes with a mass of about 750, 670, 600, 440 and 400 kDa (Fig-
ure 5A). In the silver stained (2D) gels (Figure 5B), some proteins with a mass of
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Figure 4. Analysis of lysates of unstimulated (-) and ephrin-stimulated (+) cells by
SDS-PAGE. (A) The gel was silver stained (A, 1 pl loaded/lane) or electroblotted and
incubated with pY99 antibodies (B, 5 pl loaded/lane). The mass markers are shown to the
left of each gel

around 100-150 kDa, corresponded in (1D) gels (Figure 5A) to a mass between
150-700 kDa. This suggests that BN-PAGE separates in (1D) protein complexes
that, upon reducing and denaturing are resolved into their subunits in (2D), with a
mass smaller than the protein complex itself (assuming that the mass standards in
the 1D [BN] gel are equivalent to the mass standards in the second [SDS-PAGE]
dimension).

In order to identify differences between the unstimulated and stimulated cells
as a result of ligand stimulation, we initially inspected the gel lanes that contained
lysates from unstimulated or stimulated cells in either BN-PAGE (1D; Figure 5A)
or 2D (Figure 5B) gels. No significant differences were observed. However, when
the BN-PAGE (1D) gel lanes (data not shown) or (2D) gels (Figure 5C) were elec-
troblotted and incubated with pY99 antibodies, significant differences between-
the lysates from unstimulated and stimulated cells were observed (Figure 5C). The
lysate from the stimulated cells contained more phosphorylated proteins than the
lysate from the unstimulated ones, in agreement with our previous data (Figure 4B)
and current literature (Zhang et al., 2006), and further confirmed that the differ-
ences between the unstimulated and stimulated cells are as a result of ephrinB1-Fc
stimulation. The most significant changes in the lysate from the stimulated cells in
the 2D gels were observed between 100-200 kDa, 60-70 kDa, and 35-50 kDa
(Figure 5C). The phosphorylated proteins from the 2D gels corresponded to a mass
of approximately 100-250 kDa in the BN-PAGE (1D) under native conditions.
This suggests that, under these experimental conditions (native, non-denaturing
conditions), most of the tyrosine phosphorylated proteins (especially the ones with
low molecular mass) observed in (2D) are part of different protein complexes in
BN-PAGE (1D), with a mass ranging from 100-250 kDa (Figure 5C), again assum-
ing the mass determinations based on standards in BN-PAGE are equivalent to
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Figure 5. Analysis of the lysate of unstimulated (—) and ephrin-stimulated (+) cells by
BN-PAGE. The lysates were separated in BN-PAGE (1D) (A) or BN-PAGE (1D) and
SDS-PAGE (2D) (B, C) and either silver stained (A, B) or electroblotted and analyzed with
pY99 antibodies. For (A), 10 ul were loaded/lane. For (B and C), 40 ul were loaded/lane in
(1D). The mass markers are indicated for each gel

those in SDS-PAGE. Taken together, these data suggest that, upon stimulation, the
signal transduction pathways are stimulated and the proteins involved in signaling
may become phosphorylated and transiently associate in protein complexes.

3.2. ANALYSIS OF LYSATES FROM UNSTIMULATED
AND BDNF-STIMULATED NEURONS BY BN-PAGE

To further confirm that BN-PAGE is suitable for analysis of protein-protein inter-
actions as a result of ligand stimulation, we analyzed cell lysates of mouse cortical
neurons that were stimulated by a different ligand, brain-derived neurotrophic factor
(BDNF) that binds to Trk receptors. In this system, we focused on one particular
protein, Hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs, mass
115 kDa). The Hrs protein is involved in endocytic processes and delivers receptors
from endosomes to lysosomes where they are degraded as a result of ligand stimu-
lation (Lu et al., 1998; Kobayashi et al., 2005). Therefore, we separated the cell
lysates of neurons that were treated or not treated with BDNF by BN-PAGE
(2D-WB) and incubated the blot membranes with HRS antibodies, followed by
enhanced chemiluminescence detection. As may be seen in Figure 6, the Hrs anti-
bodies recognized a band in the 2D blot at about 120 kDa, in agreement with the
theoretical mass of Hrs. The Hrs antibody-reactive band corresponded in the native
(1D) blot to a mass close to 200 kDa (unstimulated lysate) or 200 and 500 kDa
(stimulated lysate). It is unclear if the Hrs proteins detected at about 200 kDa in
(1D) are monomers or not.
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Figure 6. Analysis of lysates of unstimulated (—) and BDNF-stimulated (+) primary
neuronal cell cultures by BN-PAGE. The lysates were separated in BN-PAGE (1D) and
SDS-PAGE (2D), electroblotted, and visualized with Hrs antibodies. Forty pl of lysate
were loaded/lane

Taken together, these experiments suggest that, upon stimulation, the Hrs protein
assembles into higher mass complexes as a result of BDNF treatment. These data
also suggest that, regardless of the cell system, as long as there are two different
experimental conditions, they may be compared by BN-PAGE and the differences
between the two states may be determined. Furthermore, the protein interactions
that appear as a result of ligand stimulation (e.g., the protein(s) that interact(s) with
Hrs as a result of BDNF stimulation) may be identified by MS (see below).

3.3. ANALYSIS OF LYSATES FROM UNSTIMULATED
AND EPHRINBI-FC STIMULATED CELLS BY BN-PAGE AND MS

By visual inspection, in the silver-stained (Figure 5SA) and Coomassie-stained
(Figure 7) BN-PAGE (1D) gel lanes we could observe putative protein complexes
with masses ranging from about 750 to about 400 kDa. In order to reveal the
protein composition of some of these complexes, we cut out individual gel bands
that corresponded to masses between 400 and 750 kDa (Figure 7), digested them
with trypsin and analyzed them by LC-MS/MS. Once a subunit of a particular
protein complex with a specified mass was identified, we looked for additional
subunits in the same gel band and further compared these data with the current lit-
erature in terms of subunit composition, mass, protein interactions, growth factor-
dependent inducibility, etc. In these experiments, we identified both homo- and
hetero-complexes, most of them constitutively expressed in many mammalian cells.
Among putative homocomplexes, we identified valosin-containing protein,, also
named transitional endoplasmic reticulum ATPase, an 89 kDa endoplasmic reticulum
membrane protein. This protein was found in bands B3 and B4, which corresponded
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Figure 7. BN-PAGE of lysates of unstimulated (-) and ephrin-stimulated (+) NG108-
EphB2 cells. The gel was Coomassie stained and the gel bands of interest (bands B1 to BS)
were excised and subjected to MS analysis. The approximate masses of the bands were
between 700-750 (band B1) and 350400 kDa (band B8), as shown on the right side of the
gel. The molecular mass markers are shown on the left side of the gel. Eighty microliters of
lysate were loaded/lane

to masses of 550-650 kDa. A report that this 89 kDa protein is usually a homo-
hexamer (DeLaBarre and Brunger, 2003), with predicted molecular mass (under
native conditions) of 540 kDa, is in agreement with the mass determined experi-
mentally by BN-PAGE.

The proteasome (prosome) was among the heterocomplexes identified by BN-
PAGE and MS. This complex is involved in protein degradation and is composed
of 28 alpha (mass 27 kDa) and beta (mass 29 kDa) subunits (McNaught et al.,
2001), of which we identified five different subtypes of subunit alpha (alpha 1, 3,
4, 6 and 7 subunits) and five different subtypes of beta subunit (beta 1, 4, 5, 6 and
8 subunits) in a single experiment. Our experimentally determined mass of the
proteasome was 650—750 kDa (detected in bands B1 and B2), in agreement with its
calculated theoretical mass of 700 kDa. Examples of MSMS spectra of identified
peptides that were part of either valosin-containing protein (Figure 8A) or protea-
some subunits alpha 6 (Figure 8B) and beta 6 (Figure 8C) are shown in Figure 8.
Taken together, these data suggest that the combination of BN-PAGE and MS is
a powerful tool for determining the mass of a particular protein complex and
identity of its subunits.
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Figure 8. MS analysis of the BN-PAGE gel bands B1 (700-750 kDa) and B4 (550-600
kDa). (A) MS/MS of the m/z (2+) 643.33 (calculated 643.35) peak that corresponds to
peptide AINQGGLTSVAVR, which is part of the proteosome alpha subunit 6 (mass 27
kDa), a 700 kDa alpha-beta heterocomplex. (B) MS/MS of the m/z (2+) 586.79 (calcu-
lated 586.81) peak that corresponds to peptide LAAIQESGVER, which is part of the
proteosome beta subunit 6 (mass 29 kDa), a 700 kDa alpha-beta heterocomplex. (C)
MS/MS of the m/z (2+) 1,093.49 (calculated 1,093.43) peak that corresponds to peptide
EDEEESLNEVGYDDIGGCR, which is part of the valosin-containing protein (mass 89
kDa), which forms a 540 kDa homohexamer

3.4. ANALYSIS OF PY99-1PS FROM UNSTIMULATED AND EPHRINBI-FC
STIMULATED CELLS BY GEL ELECTROPHORESIS AND MS

In the previous analyses of the lysates from unstimulated and stimulated cells
using BN-PAGE, we could observe differences between the two states only at the
WB level, with weak signals suggesting low amounts of protein. In order to iden-
tify the protein complexes that resulted upon stimulation, the cell lysates could not
be used for MS analysis, due to the high complexity of the samples, large amounts
of background proteins and low abundance of the proteins of interest. Therefore,
we focused only on the proteins that were tyrosine phosphorylated or associated
with phosphorylated proteins as a result of ephrinB1-Fc stimulation. Specifically,
we performed pY99-IPs from the lysates of both unstimulated and stimulated cells.
Initially we performed a small scale analysis of the pY99-IPs and separated them
by either SDS-PAGE or BN-PAGE, followed by MS analysis. SDS-PAGE and
MS were used to identify the differences between the proteins immunopurified by
pY99 antibodies of the unstimulated and stimulated cells, while BN-PAGE and
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MS were used to determine the interactions between the proteins identified by
SDS-PAGE and MS that resulted upon ephrinB1-Fc stimulation.

Tables 1 and 2 show the proteins identified by SDS-PAGE and MS of pY99-
IPs from unstimulated (Table 1) and stimulated (Table 2) cells. Very few proteins
known to be involved in signal transduction were identified in the pY99-IPs of

TABLE 1. Proteins identified by MS analysis of the SDS-PAGE of the pY99-IP of un-
stimulated cells. The searching parameters were: database: NCBI_mouse rat FR, enzyme:
trypsin, maximum missed cleavages: 1, fixed modifications: cysteine to carbamidomethyl,
variable modifications: none, mass values: monoisotopic, peptide mass tolerance: 0.3 Da,
fragment mass tolerance: 0.6 Da. The pkl files were recalibrated post-acquisition using in-
house designed software. The NCBI accession number, protein name, Mascot score and
molecular mass are shown for each identified protein

Protein Acc. # Protein description Score Miw

gi|51921343 hypothetical protein LOC432987 1445 35144
il29244176 hypothetical protein 4732456N10 752 58230
gi| 19705459 poly(A) binding protein, cytoplasmic 1 648 70656
il 14861844 PL10 protein 507 73095
gi| 13242237 heat shock protein 8 473 70827
gil6E71569 acidic ribosomal phosphoprotein PO 328 34195
5il40068493 DEAD box polypeptide 17 isoform 1 301 72539
gil42558248 GPl-anchored membrane protein 1 267 78121
gi|24429590 DEAH (Asp-Glu-Ala-His) box polypeptide 9 202 149489
gil7949053 g nuciear protein A2/B1 isoform 1 198 35971
il31559916 het nuclear ribonucleoprotein A3 isoform b 193 39628
gil6754256 heat shock protein 9A 191 73483
gil25742763 heat shock 70kD protein 5 177 72302
0i|23956214 plicing factor proline/glutamine rich 175 75394
gil34328400 plicing factor, angini ine-rich 1 (ASF/SF2) 174 27728
il9506497 clathrin, heavy polypeptide (Hc) 168 191477
gil6ETIT41 PTK2 protein tyrosine kinase 2 128 11941
gil 10946928 het nuclear rit I tein H1 110 49168
gil6754222 h g nuciear protein A/B 107 30812
il6754220 het nuclear rit leoprotein A1 isoform a 101 34175
gil7949051 g nuclear protein U 94 87837
il20982845 pigpen 93 52642
gij30794412 TAF15 RNA polymerase Il, TATA box binding protein-associated 93 58566
gil21703842 hypothetical protein LOC28088 B7 55214
gi|31980689 small nuclear rit leof in polypeptide A 81 32245
il 19527256 DEAD (Asp-Glu-Ala-Asp) box polypeptide 1 I B2448
gil 18087805 ribosomal protein 52 75 31212
il9789893 BRG1/brm-associated factor 534 75 47399
il 13385872 interieukin enhancer binding factor 2 74 43035
gi[7305247 P lysozyme structural 66 16783
gil6ET1509 actin, beta, cytoplasmic 62 41710
gil9790109 5 nuclear protei ethy fi like 2 57 42408
il 11024680 GERp35 57 97597
i 13384620 h g nuclear ri I in K 54 50044
il 13507601 regulator of nonsense transcripts 1 51 122606
gil31982724 MYB binding protein (P160) 1a 50 151942
9il13242328 NS1 iated protein 1 isoform 1 50 69727
gil34867525 PREDICTED: similar to T-complex protein 1 subunit theta 48 58550
gil6754254 heat shock protein 1, alpha 47 84735
il33859724 het nuclear ribonucleoprotein R 45 70844
gi| 13592057 ribosomal protein L18 45 21645
gil7305443 ribosomal protein L7a 42 29958
gi|51593084 SWI/SNF related, matrix iated, actin depend g 38 180609
gil6ETTB05 ribosomal protein 54, X-linked 36 29579
gilB567402 licing factor, arginine/serine-rich 3 (SRp20) 36 19318
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TABLE 2. Proteins identified by MS analysis of the SDS-PAGE gel of the pY99-IP of eph-
rinB1-Fc stimulated cells. The searching parameters were: database: NCBI_Mouse _rat_FR,
enzyme: trypsin, maximum missed cleavages: 1, fixed modifications: cysteine to carbamido-
methyl, variable modifications: none, mass values: monoisotopic, peptide mass tolerance: 0.3
Da, fragment mass tolerance: 0.6 Da. The pkl files were recalibrated post-acquisition using
in-house designed software. The NCBI accession number, protein name, Mascot score and

molecular mass are shown for each identified protein

Protein Acc.# Protein description
gil47777351 Eph receptor B2

gil51921343 hypothetical protein LOC432987

gi|13242237 heat shock protein 8

gil6671569 acidic ribosomal phosphoprotein PO

gil6754256 heat shock protein 9A

gil25742763 heat shock 70kD protein 5

gi| 19705459 poly{A) binding protein, cytoplasmic 1

gil47059093 Eph receptor B4

gila506497 clathrin, heavy polypeptide (Hc)

gil29244176 hypothetical protein 4732456N10

gil40068491 DEAD bax polypeptide 17 isoform 2

gil6671509 actin, beta, cytoplasmic

gil42558248 GPl-anchored membrane protein 1

gil6679741 PTK2 protein tyrosine kinase 2

gil9T90069 HLA-B-associated transcript 1A

gil9789893 BRG1/brm-associated factor S3A

gil6753620 DEAD/M (Asp-Glu-Ala-Asp/His) box polypeptide 3, X-linked
gil9790109 g nuclear rib leoprotei fike 2
gil9506371 actin, alpha 1, skeletal muscle

gil 14192922 actin, alpha, cardiac

gilE754222 heterog: nuciear rib jeop AB

gil 7949051 h wous nucear rit protein U

gi|34867525 PREDICTED: similar to T-complex protein 1 subunit theta
gi|31560613 chaperonin subunit 8 (theta)

gi|31980689 small i ide A
gi|8506571 eukaryotic jon initiation factor 2, subunit 1 alpha
gil8393418 gly dehyde-3-phosph yd

gij21450625 eukaryotic translation initiation factor 4A1

gilBE77813 ribosomal protein S8

gi[7305443 ribosomal protein L7a

gi|30794450 ribosomal protein L4

gil6755682 inedth ine kinase p i protein

gi[ 7949053 nuclear ril in A2/B1 & 1
gi|22122585 plicing factor, arginine/serine-rich 7

gil 12018306 nucleolin-related protein

gil27687455 PREDICTED: similar to cytoplasmic beta-actin
gil6981248 nucleolin

gilBE79939 gly yde-3-phosp dehy P
gilEE78469 tubulin, alpha &

gil6754254 heat shock protein 1, alpha

gi|13385998 TNF receptor-associated protein 1

gil46275814 heavy polypeptid

gil6679108 nucleophosmin 1

gil6755110 procollagen-lysine, 2-oxog S-dioxyg 3
gil8393693 laminin receptor 1

gil9507245 tyrosine 3 5 protein,
9i|24429590 DEAH (Asp-Glu-Ala-His) box polypeptide 9

gi|37674216 RIKEN cDNA G430041M01

gil6753324 chaperonin subunit 6a (zeta)

gilE756041 yrosine 3 genaseftryptophan 5 tion protein, zeta
gil31543889 arginine/serine-rich splicing factor 6

gi|31543313 non-catalytic region of tyrosine kinase adaptor protein 2
gil8394018 protein phosp 2a, y it, alpha isoft
gil6678053 small nuclear ribonuclecprotein B

gilEEB004T guanine nucleotide binding protein (G protein), beta polyp 2 like 1
gi|9845257 histone 1, Hic

gil40254593 breast cancer anti-estrogen resistance 1

Score

1120
111

BEhE8BL0LYBBRTRBBINIINNEBB2888

w
b}

Mw

111311
35315
71055
34366
73768
72473
TOs84

110370

193187
58629
46905
42052
78292

119939
49460
47913
73455
43035
42366
42334
30926
88635
60121
60087
32245
36371
36090
46353
24475
30129
47409
38774
36028
27589
77450
42278
77158
48096
50562
85134
80501

115498
327mM1
85439
32917
28456

150914
32354
58424
27925
39120
43008
36156
23811
35511
21254
94455
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unstimulated (Table 1) compared with the stimulated (Table 2) cells. Since we
analyzed pY99-IP samples, these data suggest that many of the proteins from the
unstimulated cells involved in ephrinB1 signaling are not phosphorylated at tyro-
sine residues and not associated with a phosphotyrosine protein (Table 1). On the
other hand, most of the pY99-immunopurified proteins from the stimulated cells
involved in ephrinB1 signaling are either tyrosine phosphorylated, or associated
with a phosphotyrosine protein, or both (Table 2). These data are in agreement
with our previous experiments, in which WB with pY99 antibodies of the lysate
separated by both SDS-PAGE (Figure 4B) and BN-PAGE (Figure 5C) showed a
higher degree of tyrosine phosphorylation of the proteins from the stimulated
cells. These data are also in agreement with a study from our laboratory, in which
SILAC technology was employed (Zhang et al., 2006). Perhaps one of the most
important proteins identified in the SDS-PAGE of pY99-IP of unstimulated cells
is PTK2 (protein tyrosine kinase 2), a 130 kDa protein, also named focal adhesion
kinase (FAK) (Table 1; see below). On the other hand, among the proteins identi-
fied in the SDS-PAGE of pY99-IP of stimulated cells and known to be involved
in ephrin signaling (Zhang et al., 2006), two important proteins were identified:
PTK2 (protein tyrosine kinase 2 or FAK, 130 kDa) and breast cancer anti-estrogen
resistance 1, a 95 kDa protein, also named p130Cas. These two proteins are known
to interact with each other via a SH3 domain (Polte and Hanks, 1995) and their
identification in the pY99-IP from the stimulated cells (but only of FAK in the
unstimulated ones) may suggest that FAK and p130Cas interact with each other
as a result of ephrin stimulation. Since FAK was also identified in the pY99-IP
of unstimulated cells, it is possible that the phosphorylated FAK interacts with
p130Cas (and phosphorylates it) as a result of ephrin stimulation. Alternatively,
FAK may not be phosphorylated in the pY99-IP of stimulated cells, but rather
associated with phosphorylated p130Cas or with other unknown phosphorylated
proteins.

In order to evaluate these hypotheses, we separated the pY99-IPs from both
unstimulated and stimulated cells by BN-PAGE (1D), cut out the gel bands as
shown in Figure 9 (left) and analyzed them by MS (Darie and Neubert, 2008).
Not surprisingly, we identified FAK in the gel bands from unstimulated (estimated
masses in the 130-170 kDa and 190-210 kDa range) and stimulated (estimated
masses in the 150-170 kDa and 230-250 kDa range) cells (Figure 9, right). Since
the mass of FAK is 130 kDa, this suggests that the protein identified at about
130-170 kDa is in a monomeric state, while the 190-210 kDa (from unstimulated
cells) and 230-250 kDa (from stimulated cells) bands contain FAK in protein
complexes. We also identified p130Cas (95 kDa) in the gel band from stimulated
(estimated mass 230-300 kDa) but not unstimulated cells (Figure 9, right), in agree-
ment with the previous SDS-PAGE and MS experiments (Tables 1 and 2). Since
(1) FAK shifted from the monomeric state in unstimulated cells towards a higher
mass in the stimulated cells upon stimulation; (2) p130Cas was identified in both
SDS-PAGE & MS and BN-PAGE & MS as a result of ephrin stimulation; (3) it
is well established that FAK and p130Cas interact with each other; and (4) FAK
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(130 kDa) and p130Cas (95 kDa) were identified in the same BN-PAGE gel band
with an approximate mass of 230-300 kDa, it is reasonable to conclude that FAK
and p130Cas form a heterocomplex as a result of ephrin stimulation. It remains to
be determined which one of these proteins (FAK, p130Cas, neither or both) are
phosphorylated in the FAK-p130Cas complex. Taken together, these data suggest
that SDS-PAGE, MS and BN-PAGE and MS of the pY-IPs from both unstimu-
lated and stimulated cells are a useful system for analysis of both stable and tran-
sient protein-protein interactions.

kDa

669—>

- +
B12, 250-300 kDa
440> B13, 230-250 kDa
B14, 210-230 kDa p130Cas .

B16. 170-210 kDa

O
B17. 150-170 kDa @ O

232> B15, 190-210 kDa
FAK ()

140
= B18, 130-150 kDa

B19. 110-130 kDa
67 =>

Figure 9. Representation of BN-PAGE of the pY99-IPs of unstimulated (—) and ephrin-
stimulated (+) cells. Left: The gel was Coomassie stained and the gel bands of interest
(bands B12 to B19) were excised and analyzed by MS. The approximate mass of the bands
was between 250-300 (band B12) and 110-130 kDa thousand (band B19), as shown on the
right side of the gel. The molecular mass markers are shown on the left side of the gel.
Right: The approximate position in the BN-PAGE gel (mass) of the FAK and p130 Cas
proteins, as determined by MS experiments. The legend of the FAK and p130 Cas proteins
is also shown (right)

4. Discussion

Upon activation of signal transduction pathways, many transient protein-protein
interactions occur, leading to the formation of different protein complexes.
These complexes form during the transition of the cells from the unstimulated to
stimulated state. Analysis of signal transduction pathways generally starts with the
identification of proteins that interact with the activated receptors. Once these pro-
teins are initially identified, further interacting partners may be identified and the
function of these proteins may be studied. A very common method for studying
protein-protein interactions is immunoprecipitation by one antibody followed by
WB of the immunoprecipitate with a different antibody. Unfortunately, this method
may be employed only if preliminary data already exists and candidate proteins
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are identified. For example, if the interaction of two proteins is already established
by a different method such as two-hybrid screen, immunoprecipitation and WB
experiments may be confirmative. Therefore, analysis of protein-protein inter-
actions has been limited to immunopurifications or two hybrid screens (Ito et al.,
2000; Uetz et al., 2000; Gavin et al., 2002; Ho et al., 2002) that led to construction
of interaction networks (Schwikowski et al., 2000; von Mering et al., 2002).

Recent advances in mass spectrometry have allowed scientists to identify by
proteomic approaches not only one but many or most potential interacting partners
of a particular protein involved in a signal transduction pathway by analyzing its
immunoprecipitate by SDS-PAGE and MS (Steen et al., 2002; Wang et al., 2006).
Other methods such as isotope-coded affinity tag (ICAT) (Gygi et al., 1999) and
stable isotope labeling by amino acids in cell culture (SILAC) (Ong et al., 2002;
Blagoev et al., 2003; Ong et al., 2003) have allowed detection and quantification of
the phosphorylation levels of proteins involved in signal transduction from unsti-
mulated and stimulated cells (Zhang et al., 2006). These and similar approaches
are known as functional proteomics.

Although the above mentioned approaches have advanced studies of signal trans-
duction pathways, many questions still remain unanswered due to the technical
limitations of the methodology. For example, combining SDS-PAGE (1D or 2D)
with MS-although a very powerful method—is limited at the gel electrophoresis
level. High or low mass proteins, very hydrophobic proteins, and proteins with
high or low pl may not be identified via 2D PAGE. In addition, in experiments
with unstimulated and stimulated cells, when a particular protein is identified as a
participant in signal transduction pathways, no functional assignment of the pro-
tein is made unless its post-translational modifications such as phosphorylation are
dramatically increased or decreased. Furthermore, even when the interacting part-
ners of the proteins involved in signaling are identified and characterized, the func-
tional significance of the association of these proteins into multi-subunit protein
complexes via ligand stimulation is still missed. Therefore, any optimization of the
current technology would be a great improvement. Analysis of protein complexes
from signal transduction pathways in terms of size, composition, post-translation
modifications, multimerization level, and abundance would also benefit from the
introduction of new methods.

Blue Native PAGE (BN-PAGE) has long been used to analyze protein-protein
interactions and protein complexes (Schagger and von Jagow, 1991; Schagger et al.,
1994; Darie et al., 2005; Darie et al., 2007; Litscher et al., 2008). This method
separates protein complexes based on external charge induced by Coomassie dye
and according to their mass. BN-PAGE experiments may provide information about
the size, number, subunit composition, stoichiometry and relative abundance of
these protein complexes. Compared with previous methods used to study protein-
protein interactions, there are several advantages of BN-PAGE: (1) separation of
the protein complexes takes place under native conditions, so even the transient
interactions between proteins may be identified, (2) separation of the protein
complexes in the second dimension may reveal their subunit composition, (3) the
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method may analyze the association of proteins into protein complexes as a result
of ligand stimulation, independent of their levels of phosphorylation, (4) BN-PAGE
may confirm the results obtained by immunopurification experiments. For example,
if proteins A, B and C co-immunopurify, BN-PAGE will often distinguish between
A-B-C, A-B, A-C, and B-C complexes. (5) By combining BN-PAGE with MS,
both structural and functional information may be obtained (Camacho-Carvajal
et al., 2004; Darie et al., 2005; Aivaliotis et al., 2006; Reifschneider et al., 2006).

In this paper, we analyzed proteins and protein complexes involved in EphB2
signal transduction pathways as a result of in ephrinB1-Fc stimulation by using
SDS-PAGE, BN-PAGE, WB and MS. These experiments allowed us to conclude
that the differences between the unstimulated and stimulated cells in terms of pro-
tein tyrosine phosphorylation are small and detectable only by WB experiments.
These experiments also allowed us to conclude that, upon stimulation, the proteins
involved in ephrin signaling associate into protein complexes that may be studied
by BN-PAGE and MS. In addition, we concluded that BN-PAGE and MS analysis
are suitable for separation of the protein complexes by BN-PAGE, which pre-
serves their integrity, regardless of whether it is a homo- or a hetero-complex.
Furthermore, combination of BN-PAGE and MS to study protein complexes from
unstimulated and ephrin-stimulated cells also has the potential to be applied to
other ligand-stimulated RTK-dependent signal transduction pathways.

The first consequences of EphB2 receptor activation are dimerization and multi-
merization of the receptor, and autophosphorylation of its tyrosine residues from
the cytoplasmic side of the receptor (Vearing and Lackmann, 2005). The phos-
phorylated sites provide docking sites for a number of SH2-domain containing
signaling and adaptor proteins that modulate cytoskeletal plasticity and a number
of proteins that interact directly or indirectly with the phosphorylated EphRs or
mediate downstream signaling have been identified (Vearing and Lackmann, 2005).
Recently, a study of EphB2 signaling from unstimulated and ephrinB1-stimulated
cells has been performed in our lab using SILAC technology (Zhang et al., 2006).
Our group not only confirmed that some known proteins are components of the
EphB2 signaling, but also identified previously unknown members that participate
in the EphB2-dependent pathways (Zhang et al., 2006).

In our SDS-PAGE and MS experiments (Tables 1 and 2) we identified a number
of proteins that became phosphorylated or associated with phosphorylated pro-
teins as a result of ephrin stimulation, some of which are well known to be invol-
ved in ephrin signaling (Zhang et al., 2006). Eph receptors (B2 & B4), PTK2 protein
tyrosine kinase 2/FAK, serine/threonine kinase receptor associated protein, tyrosine
3-monooxgenase/tryptophan 5-monooxgenase activation proteins (gamma & zeta
polypeptides), non-catalytic region of tyrosine kinase adaptor protein 2, protein
phosphatase 2a, G protein and breast cancer anti-estrogen resistance 1/p130Cas
are some of the proteins identified by SDS-PAGE and MS analysis of pY99-1P
of stimulated cells. Two of these proteins were of great interest to us: PTK2 pro-
tein tyrosine kinase 2 (FAK; mass 130 kDa) and breast cancer anti-estrogen resis-
tance 1 (p130Cas; mass 95 kDa). By using BN-PAGE and MS, we were able to
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conclude that these two proteins interact with each other as a result of ephrin
stimulation, in agreement with the published literature (Polte and Hanks, 1995).
Because we analyzed pY99-1P samples, it is likely that at least one of these pro-
teins is phosphorylated on tyrosine. Therefore, the combination of BN-PAGE and
MS is also suitable for analysis of transient protein-protein interactions.

In conclusion, we used BN-PAGE and MS to analyze protein-protein interactions
from signal transduction pathways that resulted upon ephrinB1-Fc stimulation.
These experiments are a starting basis for further analysis of transient protein-
protein interactions in ligand-stimulated cells.
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