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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 RTKs, 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-IP) 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 RTKs 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 
RTKs 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-A8 
and EphA10. They interact with ephrins A which consist of five members: ephrin 
A1-A5. 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-IPs 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 l loaded/lane) or electroblotted and 
incubated with pY99 antibodies (B, 5 l 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 l were loaded/lane. For (B and C), 40 l 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 l 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 EPHRINB1-FC STIMULATED CELLS BY BN-PAGE AND MS 

By visual inspection, in the silver-stained (Figure 5A) 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 B8) 
were excised and subjected to MS analysis. The approximate masses of the bands were  
between 700–750 (band B1) and 350–400 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-IPS FROM UNSTIMULATED AND EPHRINB1-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 
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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 
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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. 

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 



COSTEL C. DARIE ET AL. 18

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 pI 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-IP 
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-IP 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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