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Profiling Eph receptor expression
in cells and tissues
A targeted mass spectrometry approach
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The Eph receptor tyrosine kinase family includes many members, which are often expressed together in various
combinations and can promiscuously interact with multiple ephrin ligands, generating intricate networks of intracellular
signals that control physiological and pathological processes. Knowing the entire repertoire of Eph receptors and ephrins
expressed in a biological sample is important when studying their biological roles. Moreover, given the correlation
between Eph receptor/ephrin expression and cancer pathogenesis, their expression patterns could serve important
diagnostic and prognostic purposes. However, profiling Eph receptor and ephrin expression has been challenging. Here
we describe a novel and straightforward approach to catalog the Eph receptors present in cultured cells and tissues. By
measuring the binding of ephrin Fc fusion proteins to Eph receptors in ELISA and pull-down assays, we determined that a
mixture of four ephrins is suitable for isolating both EphA and EphB receptors in a single pull-down. We then used mass
spectrometry to identify the Eph receptors present in the pull-downs and estimate their relative levels. This approach was
validated in cultured human cancer cell lines, human tumor xenograft tissue grown in mice, and mouse brain tissue. The
new mass spectrometry approach we have developed represents a useful tool for the identification of the spectrum of

Eph receptors present in a biological sample and could also be extended to profiling ephrin expression.

Introduction

The Eph family of receptor tyrosine kinases regulates many
physiological functions, such as nervous system development and
neural plasticity, angiogenesis, insulin secretion in the pancreas,
bone maintenance, intestinal homeostasis and immune function.’
In addition, the Eph receptors have been implicated in numerous
pathologies, including cancer progression, tumor angiogenesis,
neurological disorders and inhibition of nerve regeneration after
injury."?

The Eph receptors interact with membrane-bound ligands, the
ephrins, at sites of cell-cell contact.” This causes clustering of Eph
receptor-ephrin complexes, triggering “forward” signaling path-
ways that depend on Eph receptor kinase activity and “reverse”
signaling pathways that propagate in the ephrin-expressing cells.
The Eph family comprises 14 receptors in mammals, which are
subdivided into two classes. The nine EphA receptors preferen-
tially bind to five glycosylphosphatidylinositol-linked ephrin-A
ligands, while the five EphB receptors preferentially bind to the
three transmembrane ephrin-B ligands. Interactions within each
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class are promiscuous and, in addition, some interclass interac-
tions can occur.?

Multiple Eph receptors are often co-expressed in the same cells,
where they can be activated by the same ephrins and likely
function in concert.”” The difficulties in identifying the full
repertoire of Eph receptors expressed in cells or tissues of interest
has hindered progress in characterizing the signaling mechanisms
and activities of individual Eph receptors in normal physiology
and disease."” Eph receptor and ephrin expression is also
disregulated during cancer progression, and in many cases
knowing the expression levels of specific Eph receptors and
ephrins could be useful for diagnostic and prognostic pur-
poses.>*'? Profiling Eph receptor and ephrin expression in tumors
may also be helpful in the future to design targeted and
personalized therapies as well as to assess their effectiveness.

Comprehensive characterization of Eph receptor and ephrin
expression has been challenging. Many different techniques can be
used to analyze Eph receptor and ephrin mRNA expression in
cells and tissues, including quantitative PCR (qPCR), northern

blotting and in situ hybridization.”'''® However, these
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approaches are time consuming, use a different probe for each
family member and only assess mRNA levels, which do not always
correlate with protein levels. Immunoblot analysis and immuno-
histochemistry can be used to detect Eph receptor and ephrin
protein expression, but they are limited by the availability and
quality of validated antibodies specifically recognizing each
member of the Eph receptor or ephrin families.” In addition,
detection with antibodies does not provide reliable information on
the relative expression of different family members. Given the
promiscuity of the interactions between Eph receptors and
ephrins belonging to the same class, ephrins (or Eph receptors)
fused to the Fc portion of human IgG1 or to alkaline phosphatase
(AP) can be used as probes to reveal the combined expression of
Eph receptors (or ephrins) of the A or B class.'”** However, this
approach cannot identify the specific Eph receptors or ephrins
expressed.

Mass spectrometry is routinely used for the identification of
specific proteins from complex mixtures. We took advantage of
the ephrin binding promiscuities to develop an approach where
binding to ephrin Fc fusion proteins immobilized on beads is used
to isolate the repertoire of Eph receptors expressed in a biological
sample. Analysis by mass spectrometry then identifies the
individual Eph receptors and estimates their relative levels. This
targeted mass spectrometry approach represents a straightforward
method to catalog the Eph receptors expressed in cultured cells
and tissues. By performing pull-downs with Eph receptor Fc
fusion proteins, the approach could likely be extended to identify
the repertoire of expressed ephrins.

Results and Discussion
Binding of ephrin Fc proteins to Eph receptors. Ephrins fused to

the Fc portion of human IgG1 are commercially available and can
be immobilized on protein A or protein G sepharose beads to pull
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down Eph receptors from cell or tissue lysates.?' Although binding
interactions between Eph receptors and ephrins are well known to
be promiscuous,*” there is some selectivity in the interactions
between not only Eph receptors and ephrins of different classes,
but also of the same class. Therefore, to define the combination of
ephrins that would be most suitable for the comprehensive
isolation of the spectrum of Eph receptors expressed in a
biological sample, we measured the binding of biotinylated ephrin
Fc fusion proteins to Eph receptor Fc fusion proteins immobilized
on ELISA plates. We examined all mammalian ephrins and Eph
receptors, except for the poorly characterized EphA10 receptor. It
should be noted that Fc fusion proteins are dimeric, which
increases their binding avidity.”>** Nevertheless, the apparent Kp
values obtained with this method can be used to compare the
binding strengths of different Eph receptor-ephrin combinations.

We found that ephrin-A4 Fc and ephrin-A5 Fc bind with high
apparent affinity to most EphA receptors with the exception of
EphAl, to which ephrin-A5 binds poorly in agreement with
previous reports (Fig. 1)."”** However, ephrin-Al Fc binds better
than ephrin-A4 Fc and ephrin-A5 Fc to EphA2. Ephrin-A2 Fc
and ephrin-A3 Fc interact more weakly with most EphA
receptors. However, ephrin-A3 can also bind to heparan sulfate
proteoglycans, which enhances the ability of this ephrin to
interact with EphA receptors in cells.”®

Because ephrin-A5 has also been reported to bind to EphB2,*!
we examined the ability of the other ephrin-A Fc proteins to bind
to EphB2. This not only confirmed the interaction of ephrin-A5
with EphB2, but also revealed an interaction of all other ephrin-A
Fc proteins with this receptor. Moreover, we unexpectedly found
that ephrin-A4 Fc binds to EphB2 as well as the ephrin-B Fc
proteins. This is in contrast with previous studies where different
approaches were used, which did not reveal a high binding affinity
of ephrin-A4 for EphB2.*! Further experiments will be needed to
resolve this discrepancy. In addition, we found that ephrin-A4 Fc

mEphrin-A1 mEphrin-A2 hEphrin-A3 mEphrin-A4 hEphrin-A5 mEphrin-B1 mEphrin-B2 hEphrin-B3
hEphA1 6.0+0.18 >50 20 £55 nd nd nd
hEphA2 1.4 +0.10 51510153 nd nd nd
mEphA3 | 3.5+0.55 0.95+0.23 nd nd nd
mEphA4 | 53 +0.91 13+0.84 42+044 12351851
rEphA5 3.3+0.76 0.96 £ 0.25 nd nd nd
mEphA6 6.2 4= 1) 3.6 £0.74 5 EE0N9) (F2PH 0813 0.82£0.17 nd nd nd
mEphA7 | 3.6+0.34 48 +0.58 0.84 £0.10 nd nd nd
mEphAs [H2I0E06EN 34:2.1 nd nd nd
rEphB1 nd nd nd 1.0+ 0.11 0.88 £0.14 6.3 +0.85
mEphB2 | 4.9 £ 0.36 45 +0.63 92+19 1.1+0.21 0.73 £ 0.09 1l 21
mEphB3 nd nd nd 1.3+0.05 1.2+0.18
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nd, not determined.

Figure 1. Binding interactions of ephrin Fc fusion proteins with Eph receptors. Apparent dissociation constant (Kp) values were obtained from curves
measuring the binding of biotinylated ephrin Fc proteins to Eph receptor Fc proteins immobilized on ELISA plates. h, human; m, mouse; r, rat;
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also binds with high apparent affinity to EphB1 and EphB3,
whereas its binding to EphB4 and EphB6 is undetectable (Fig. 1).
This suggests that ephrin-A4 is the most promiscuous of the
ephrins and efficiently binds both EphA and EphB receptors. It
will be interesting to characterize the structural basis and
physiological significance for the binding of ephrin-A4 to EphB
receptors, and whether ephrin-A4 may function as an agonist or
an antagonist for these receptors.

Of the three ephrin-Bs, ephrin-B2 Fc binds best to all EphB
receptors as well as EphA4 (Fig. 1), which can bind both A and B
class ephrins.*'**” Ephrin-B3 Fc binds most weakly to all EphB
receptors but, like ephrin-A3, this ephrin-B can bind heparan
sulfate proteoglycans.*®

Identification of Eph receptors expressed in cancer cell lines.
We next performed pull-down experiments with ephrin Fc
proteins and analyzed them by immunoblotting and 1 dimen-
sional LC/MS/MS mass spectrometry. We initially used PC3
prostate cancer cells, which have been reported to express mainly
EphA2 among the EphA receptors.>*>*° By immunoblotting we
found that EphA2 is pulled down by ephrin-Al Fc and also,
although less efficiently, by ephrin-A4 Fc and ephrin-A5 Fc
(Fig. 2A), consistent with the results of the ELISA assays (Fig. 1).
We also readily detected EphB4 in pull-downs with ephrin-B2 Fc,
in agreement with the reported substantial expression of this
receptor in PC3 cells.***?!

For mass spectrometry analysis, we separated the proteins
associated with ephrin-Al Fe, ephrin-A5 Fc or ephrin-B2 Fc by
SDS-PAGE and used the 80-180 kDa region of the gel for

trypsin digestion and LC/MS/MS mass spectrometry analysis.
This enabled removal of the ephrin Fc proteins used for pull-
down, which would interfere with the identification of the less
abundant associated Eph receptors. Comparison of the spectra
obtained with theoretical spectra from the International Protein
Index human sequence database enabled identification of the
tryptic peptides from the Eph receptors associated with each
ephrin. In a first experiment with ephrin-A1l Fc, we obtained 283
spectra covering 50% of the EphA2 sequence (Fig.2B and C,
ephrin-Al #1). The majority of the peptides identified are from
the EphA2 intracellular region (Fig. 2B), perhaps because of the
higher density of arginine and lysine residues in this portion of
EphA2. Glycosylation in the extracellular region may also affect
the efficiency of trypsin digestion and/or the identification of the
peptides in the mass spectrometer. No other EphA receptor was
identified, although 12 of the spectra are not unique for EphA2
(top, lighter portion of the bar in Fig. 2C, ephrin-Al #1). Some
ambiguity in peptide assignments would be expected, given the
conservation in the sequences of different Eph receptors. We also
obtained 10 unique EphB2 spectra, in agreement with the ability
of ephrin-Al Fc to bind EphB2 (Fig.2C, ephrin-Al #1) and
possibly also due to an association of EphB2 with EphA2.?* These
results were highly reproducible in two subsequent independent
experiments (Fig. 2C, ephrin-Al #2 and #3). The third ephrin-
Al Fc pull-down achieved a slightly higher sensitivity, with 423
unique EphA2 spectra and 16 unique EphB2 spectra, and also
yielded 2 unique EphAl spectra and 1 unique EphB4 spectrum.
The ephrin-A5 Fc pull-down also produced similar results,
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Figure 2. |dentification of Eph receptors expressed in PC3 cells. (A) EphA2 and EphB4 were pulled down from PC3 prostate cancer cells by using

the indicated ephrin Fc proteins and detected by immunoblot analysis. (B) Schematic representation of the EphA2 peptide coverage obtained from
the 1 dimensional LC/MS/MS analysis of EphA2 pulled down with ephrin-A1 Fc in experiment #1 in (C). The extracellular, transmembrane (tm) and
cytoplasmic regions of EphA2 are indicated. The peptides are represented as black lines with thickness proportional to the number of peptides with
the same sequence identified in the sample (spectral counts). (C) The Eph receptors expressed in PC3 cells were pulled down with the indicated ephrin Fc
proteins and identified by 1 dimensional LC/MS/MS analysis. The histograms show the spectral counts obtained for each Eph receptor, with the dark
bottom portion of the bars representing the spectral counts that were assigned only to the indicated Eph receptor and the light top portion of the bars
representing the spectral counts that could also correspond to other Eph receptors identified in the same experiment. The percentage of sequence
coverage by all the peptides identified for each receptor is indicated above the bars. Three independent experiments are shown for ephrin-A1;

the ephrin-A1 #3, ephrin-A5 and ephrin-B2 pull-downs were analyzed in parallel in the same experiment.
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identifying 283 unique EphA2 spectra, 10 unique EphB2 spectra
and one unique EphA7 spectrum (Fig. 2C).

A different pattern of Eph receptors was identified with ephrin-
B2 Fc, with a predominance of EphB4 and EphB3 spectra,
one unique EphB2 spectrum and three unique EphA2 spectra.
Surprisingly, ephrin-B2 Fc pulls down EphB2 from PC3 lysates
slightly less efficiently compared with ephrin-Al Fc and ephrin-
A5 Fc, which however show weaker EphB2 binding in ELISA
assays (Fig.1). Whether this may be due to an association of
EphB2 with the large amounts of EphA2 present in the ephrin-A
pull-downs remains to be determined. Importantly, parallel pull-
downs using equimolar amounts of human Fc did not yield any
Eph receptor-derived peptides in any of the experiments (not
shown). Because spectral counts give information about the
relative abundance of the Eph receptors in a sample,” these data
confirm that EphA2 is by far the most abundant EphA receptor
expressed in PC3 cells. They also indicate that EphB3 and EphB4
are the most abundant B class receptors in these cells.

Immunoblot analyses of pull-downs from the H460 human
lung cancer cell line revealed that ephrin-A1l Fc preferendially pulls

down EphA2 while other ephrin-A Fc proteins pull down several
EphA receptors, including EphA2, EphA3, EphA4 and EphA5,
with preference for different receptors (Fig. 3A). This is in good
agreement with the results of the ELISA binding assays (Fig. 1). A
mixture of all five ephrins pulled down more even amounts of the
different EphA receptors. These results, combined with the
ELISA binding assays, suggest that a mixture of ephrin-Al Fc,
ephrin-A4 Fc and ephrin-A5 Fc would be a good combination of
ephrins to pull down all the EphA receptors. Indeed, a mixture of
these ephrins yielded a pattern of EphA receptors similar to the
mixture of all the ephrin-As (Fig. 3A). Interestingly, substantial
levels of tyrosine phosphorylation were detected in the pull-downs
with ephrin-A3 Fc, ephrin-A4 Fc, ephrin-A5 Fc and the two
ephrin-A Fc mixtures (Fig. 3A). This suggests that some of the
EphA receptors expressed in the H460 cells are activated by
endogenous ephrin ligands. If this is the case, then the ephrin-A
Fc proteins incubated with cell lysates displace endogenous
ephrins bound to the Eph receptors to enable their pull down.
Pull-downs performed using ephrin-B2 Fc, but not ephrin-B1
Fc or ephrin-B3 Fc, identified EphB4 in H460 cells (Fig. 3A),
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Figure 3. Identification of Eph receptors expressed in the H460 and A549 lung cancer cell lines. (A) The Eph receptors expressed in H460 lung cancer cells
were pulled down by using the indicated ephrin Fc fusion proteins, or mixtures of fusion proteins, and detected by immunoblot analysis with

the indicated antibodies. (B and C) H460 or A549 cell lysates were subjected to pull-downs with a mixture of ephrin-A1 Fc, ephrin-A4 Fc, ephrin-A5 Fc and
ephrin-B2 Fc and the associated Eph receptors were identified by 1-dimensional LC/MS/MS analysis. The histograms show the spectral counts obtained
for each Eph receptor, with the dark bottom portion of the bars representing the spectral counts that were assigned only to the indicated Eph receptor.
The percentage of sequence coverage for each receptor is indicated above the bars.
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consistent with the ELISA results and the known preference of
EphB4 for ephrin-B2.** Ephrin-B2 Fc also pulled down EphB4
more effectively than the mixture of all three ephrin-B Fc
proteins, where the amount of ephrin-B2 Fc is less. In contrast,
EphB2 was not detected either in the immunoblots or by mass
spectrometry. A combination of 1/6 ephrin-Al Fc, 1/6 ephrin-A4
Fc, 1/6 ephrin-A5 Fc and 1/2 ephrin-B2 Fc yielded the EphA
receptors as well as EphB4 in a single pull-down (Fig. 3A). Mass
spectrometry analysis of a pull-down obtained from H460 cells
with the mixture of the four ephrin Fc proteins identified
approximately similar levels of EphA2, EphA3, EphA4 and
EphB4 (Fig.3B). Although EphA5 was detected by immuno-
blotting, it was not identified by the proteomics data analysis
software (which indicates that less than two unique peptides
corresponding to this receptor were identified by the search
algorithm). However, 40 of 214 total spectral counts represent
conserved peptides that could be derived from EphA5 (besides
one or more of the other Eph receptors identified). Thus, more
comprehensive sequence coverage revealing unique peptides may
be required to identify EphA5. The discrepancy could also reflect
a higher sensitivity of the EphA5 antibody used as compared with
mass spectrometry. Mass spectrometry analysis of the A549
human lung cancer cell line revealed high levels of EphA2 and
much lower levels of EphB2 and EphB4, with only 1-5 unique
peptides identified for EphA5, EphB1 and EphB3 (Fig.3C).
Although EphB3 has been detected by immunoblotting and
qPCR in both H460 and A549 cell lines (Fig.3A),” mass
spectrometry analysis did not identify this Eph receptor in H460
cells (although 28 of the 214 spectral counts could be derived
from EphB3), while in A549 cells it only identified 2 unique
EphB3 peptides and 13 peptides that could be derived from
EphB3 but also other Eph receptors. This suggests low levels
of EphB3 protein expression in the two lung cancer cell lines
under our experimental conditions.

Identification of Eph receptors expressed in PC3M prostate
cancer xenograft tissue. To determine whether the combination
of pull-down and mass spectrometry analysis can also be used to
identify the repertoire of Eph receptors expressed in tissue
samples, we used PC3M-luc-C6 xenografts grown in nude mice.
Pull-downs with the mixture of four ephrin Fc proteins were
performed using xenograft tissue lysed in Triton X-100-contain-
ing buffer (which is the same buffer that was used to solubilize the
cultured cells) or in modified RIPA buffer (which may more
effectively solubilize Eph receptors from tissue samples because it
contains not only Triton X-100 but also deoxycholate and SDS as
detergents). Immunoblot analysis of the pull-downs shows that
similar levels of EphA2 and EphB4 were isolated from tissue
solubilized with the two lysis buffers (Fig. 4A). Mass spectrometry
analysis using xenograft tissue lysed in modified RIPA buffer
revealed the presence of a number of Eph receptors, including
higher levels of EphA2, EphB2 and EphB4 and lower levels of
EphA3, EphA5 and EphA7 (Fig. 4B). These results are somewhat
different from those obtained with cultured PC3 cells, from which
PC3M-luc-C6 cells are derived.>* Mass spectrometry analysis did
not identify EphA3 and EphA5 in cultured PC3 cells, and EphB2
appears to be present at much lower levels than EphB4 in the PC3
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cells (Fig.2C) compared with PC3M-luc-C6 tumor xenograft
tissue (Fig. 4B).

By immunoblotting we confirmed that cultured PC3M-luc-C6
cells express higher levels of EphA3, EphA5 and EphB2 than PC3
cells (Fig.4C). EphB4 levels are also higher in PC3M-luc-C6
than PC3 cells, as previously reported for PC3M cells,”" while
EphA2 levels are lower. On the other hand, expression of the five
Eph receptors is similar in PC3M-luc-C6 cultured cells and tumor
xenografts, suggesting that 2-dimensional growth in tissue culture
does not substantially alter the pattern of Eph receptor expression
in these cells compared with 3-dimensional growth in vivo. A
second mass spectrometry experiment performed using a different
tumor sample and a mixture of ephrin-Al Fc, ephrin-A4 Fc and
ephrin-A5 Fc to pull down the EphA receptors closely reproduced
these results (Fig.4D). The spectral counts in this second
experiment were also comparable to those in the first experiment
even though approximately one-third as much ephrin Fc proteins
were used for the pull-down, indicating that lower amounts of the
ephrins can be used without compromising the results.

A search of the mouse protein database using the mass
spectrometry data from the experiment shown in Figure 4B did
not identify any peptides unique to mouse Eph receptor
sequences, although it identified a number of peptides that are
common to the mouse and human Eph receptor sequences and
some that are unique to the human sequences (not shown). This
is likely due to the low percentage of stromal cells present in the
tumor sample and to the high conservation in amino acid
sequences between human and mouse Eph receptor orthologs (for
example, the amino acid identity between mouse and human
receptors is 92% for EphA2, 99% for EphB2 and 93% for
EphB4). Although the majority of peptides identified in the
second experiment could also be derived from the human or
mouse Eph receptor sequences, some peptides unique to the
mouse sequences were identified for EphA2 and EphA5 (Fig. 4E),
suggesting that these receptors are present in the stromal
compartment of the tumors. Furthermore, comparing the number
of mouse and human unique peptides suggests that a substantial
amount of the shared spectral counts could be derived from the
mouse Eph receptors. In contrast, because all the EphA3 peptides
identified could be derived from either the human or the mouse
sequence, their origin cannot be unequivocally determined.
Increasing the sensitivity of the mass spectrometry approach to
obtain better sequence coverage or using sorted stromal cells could
help overcome this limitation.

Identification of Eph receptors that bind ephrin-A3 in the
mouse hippocampus. The interaction between ephrin-A3 and
EphA4 in the adult mouse hippocampus has an important role in
the regulation of dendritic spine morphology, glutamate uptake
by astrocytes and synaptic plasticity.'>*”** However, other EphA
receptors have also been reported to be expressed in this brain
region®”*? and could represent additional ephrin-A3 signaling
partners. Immunoblot analysis confirmed the presence of EphA4
in pull-downs performed with mouse ephrin-A3 Fc but not Fc
(Fig. 5A). The same samples were analyzed by mass spectrometry,
which led to the identification of EphA4 as the most abundant
receptor, followed by EphA5 and EphA7 and lower amounts of
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Figure 4. |dentification of Eph receptors expressed in PC3M-luc-C6 tumor xenografts. (A) PC3M xenograft tissue lysed in Triton X-100-containing buffer or
modified RIPA buffer was used for pull-downs with a mixture of ephrin-A1 Fc, ephrin-A4 Fc, ephrin-A5 Fc and ephrin-B2 Fc or Fc as a control (indicated
by C). Immunoblot analysis reveals similar levels of EphA2 and EphB4 pulled down from the two tumor samples. The two top arrows in the panel
showing proteins stained with amido black indicate the ephrin Fc fusion proteins, while the bottom arrow indicates the Fc protein. (B) PC3M-luc-Cé
xenografts lysed in RIPA buffer were subjected to pull-down with a mixture of ephrin-A1 Fc, ephrin-A4 Fc, ephrin-A5 Fc (10 pg each) and ephrin-B2 Fc
(30 pg each) and the associated Eph receptors were identified by 1 dimensional LC/MS/MS analysis. The histogram shows the spectral counts obtained
for each Eph receptor, with the dark bottom portion of the bars representing the spectral counts that were assigned only to the indicated Eph receptor.
The percentage of sequence coverage for each receptor is indicated above the bars. (C) Comparison of Eph receptors expression in cultured PC3 and
PC3M-luc-C6 cells and in PC3M-luc-C6 tumor xenografts. The PC3M-luc-C6 cells and tumor xenograft lysates were analyzed in duplicate. All samples were
lysed in RIPA buffer. (D and E) PC3M-luc-C6 xenografts lysed in RIPA buffer were subjected to pull-down with a mixture of ephrin-A1 Fc, ephrin-A4 Fc,
ephrin-A5 Fc (3 pg each) and the associated Eph receptors were identified by 1 dimensional LC/MS/MS analysis as in (B). The histogram in (D) shows
the spectral counts obtained for each Eph receptor, as described in (B). The histogram in E shows the spectral counts for EphA2 (for which 13 unique
human spectral counts and four unique mouse spectral counts were obtained), EphA3 (for which only spectral counts that could be derived from either
the human or mouse receptor were obtained) and EphA5 (for which one unique human spectral count and two unique mouse spectral counts were
obtained). The bottom portion of the bars represents the spectral counts that correspond only to the human sequence (green) or mouse sequence
(orange) and the top portion of the bars represents the spectral counts that could correspond to either the mouse or the human sequence.

The percentage of sequence coverage for each receptor is indicated above the bars. h, human; m, mouse.

EphA3 and EphA6 (Fig. 5B). Because the ELISA binding assays

using the commercial human ephrin-A3 Fc—which lacks the
most C-terminal region—show weakest binding to EphA4, we
also generated a mouse ephrin-A3 AP fusion protein containing
the entire sequence except for the signal for glycosylpho-
sphatidylinositol linkage. This is the same region contained in
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the mouse ephrin-A3 Fc construct. The ephrin-A3 AP was used in
ELISA assays to determine the apparent binding affinity of this
ligand for the EphA receptors known to be expressed in the
hippocampus and, as a comparison, for EphA2 (Fig. 5C). The
results show that ephrin-A3 AP binds best to EphA3, EphA5 and
EphA7 followed by EphA2 and EphA6. Overall, the relative
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Figure 5. Identification of Eph receptors that bind ephrin-A3 in mouse hippocampus. (A) Ephrin-A3 Fc or Fc as a control were used for pull-downs from
adult mouse hippocampus, which were probed by immunoblotting with anti-EphA4 and anti-Fc antibodies. (B) A mouse hippocampal lysate was
subjected to pull-down with ephrin-A3 Fc and the associated Eph receptors were identified by 1 dimensional LC/MS/MS analysis. The histogram shows
the spectral counts obtained for each Eph receptor, with the dark bottom portion of the bars representing the spectral counts that were assigned only to
the indicated Eph receptor. The percentage of sequence coverage for each receptor is indicated above the bars. (C) Apparent dissociation constant (Kp)
values obtained from curves measuring ephrin-A3 AP binding to Eph receptor Fc proteins immobilized on ELISA plates; the value for EphA4 is
approximate since the ephrin-A3 AP concentration was insufficient to reach maximal binding.

binding strength of mouse ephrin-A3 AP for the different EphA
receptors is consistent with that of biotinylated human ephrin-A3
Fc (Fig. 1). The discrepancy in the apparent Ky values measured
with ephrin-A3 AP and Fc proteins, both of which are dimeric,
may be due to the inaccuracy in determining the concentration of
the AP fusion protein based on AP activity. In any case, the data
show that despite the physiological relevance of the EphA4-ephrin-
A3 interaction and the predominance of EphA4 in the pull-downs,
ephrin-A3 binds most weakly to EphA4 than other Eph receptors.
Likely the high expression of EphA4 in the hippocampus'>*
compensates for the lower binding affinity. These findings also
suggest that besides EphA4, other EphA receptors could be activated
by ephrin-A3 as well as likely contribute to stimulating ephrin-A3
reverse signaling in the adult mouse hippocampus.

Conclusions and Perspectives

We have developed a straightforward mass spectrometry-based
method that can be used for the identification of the Eph
receptors expressed in culture cells and tissue samples. By using a
mixture of ephrin Fc proteins to pull down Eph receptors, this
approach can simultaneously profile the entire repertoire of Eph
receptors expressed in a sample, yielding information that could
be useful for research and diagnostic purposes. Analysis of the
simpler mixture of pulled down proteins rather than the whole
proteome increases sensitivity and facilitates bioinformatic
analysis. In addition, the spectrum of Eph receptors that interact
with a specific ephrin can be identified in a cell line or tissue of
interest. The approach is most suitable to analyze samples that
express substantial levels of Eph receptors and are available in
adequate quantities, while it may not be suitable for primary cells
or tissues available in very limited quantities. For detection of Eph
receptors in such samples more sensitive methods, such as
antibody-based methods, remain preferable provided that vali-
dated antibodies are available. However, antibody detection
will not provide information on the relative abundance of the
receptors. Further refinements of the approach, such as
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developing ways to analyze the pulled down Eph receptors
without performing gel separation, may lead to increased
sensitivity and therefore reduce the amount of sample needed.

This new approach could also be modified to identify Eph
receptor post-translational modifications, such as tyrosine and
serine/threonine phosphorylation sites, proteins that interact with
the pulled down Eph receptors, and ephrin binding partners other
than Eph receptors. Another useful application would be the
identification of ephrin ligands through pull-downs performed
with Eph receptor Fc proteins. However, this may prove more
challenging than the identification of Eph receptors, due to the
smaller size of the ephrins and thus the smaller number of peptides
generated by protease digestion. In addition, the peptides identified
for the Eph receptors are preferentially derived from the cytoplasmic
region, which is absent or much smaller in the ephrin ligands.
Perhaps the use of other proteases besides trypsin or removal of
sugar groups before protease digestion would allow more efficient
identification of peptides from the extracellular regions. Because the
extracellular sequences are more divergent, this may also enable
better distinction of human and mouse sequences, which would be
useful in discriminating Eph receptors and ephrins expressed in
tumor cells vs. the stromal compartment of tumor xenografts.

A possible limitation of the pull-down approach is that
receptors that bind best to multiple ephrins may be preferentially
enriched. We have not identified EphA8, EphA10 and EphB6 in
the limited set of samples examined and we identified only low
levels of other Eph receptors. This may reflect lower expression
levels compared with other Eph receptors in the samples.
Alternatively, it may be the consequence of a weaker ability of
some of these receptors to bind the ephrins used for the pull-
downs. As a consequence, relative expression levels deduced by
pull-down/mass spectrometry analysis may not be completely
accurate, but would nevertheless provide an indication of Eph
receptor abundance. In addition, the method allows comparison
of the abundance of the same Eph receptor in different samples.
In summary, the advantage of our approach, albeit not perfect, is
that it can provide a comprehensive comparison of the relative

Volume 6 Issue 2



Eph receptor protein levels in a straightforward manner and
represents a new tool, complementary to others available, to
characterize Eph receptor expression.

Materials and Methods

Ephrin-A3 Fc and AP constructs. To generate the ephrin-A3 Fc
expression vector, the cDNA sequence encoding amino acids 32
to 213 of mouse ephrin-A3 (GeneBank accession number
NM_010108) was cloned between the Nhel and BamHI sites
of a pcDNA3 vector containing the CD5 signal peptide sequence
upstream of the Nhel site and the Fc portion of human IgGl
downstream of the BamHI site, as done previously to generate Fc
fusion proteins of other ephrins.*** Amino acids 32-213
represent the entire extracellular domain of mouse ephrin-A3
after cleavage of the signal peptide, except for the sequence for
glycosylphophatidylinositol anchor attachment. To generate the
pAPtag-2-ephrin-A3 vector, the sequence encoding the CD5
signal peptide and amino acids 32-213 of ephrin-A3 were
subcloned into the pAPtag-2 vector (GenHunter).*

ELISA assays. To obtain curves for the binding of ephrins to
Eph receptors, Eph receptor Fc fusion proteins (R&D Systems)
were immobilized on high binding capacity 96-well polystyrene
plates (Corning Glass, #3690) by overnight incubation at
approximately 4 pig/ml (see next paragraph) in phosphate buffered
saline (PBS) at 4°C. The wells were blocked for 1 h with 5 mg/ml
bovine serum albumin (Sigma-Aldrich, #7888) in PBS at room
temperature. After washing, the wells were incubated for 2 h with
different concentrations of biotinylated ephrin Fc proteins (R&D
Systems) in TBST (150 mM NaCl, 50 mM TRIS-HCI, pH 7.5
with 0.01% Tween 20) at room temperature, washed, and then
incubated for 30 min with 0.5 pg/ml streptavidin conjugated to
horseradish peroxidase (HRP) (Thermo Fisher Scientific, #21127)
in TBST. Bound HRP was quantified by adding 2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulfonic  acid) (ABTS,  Sigma-Aldrich,
#A1888) in citric acid as a substrate and reading the absorbance
at 405 nm. Absorbance in wells where no ephrins were added was
subtracted as background.

The relative amounts of the Eph receptor Fc fusion proteins
and biotinylated ephrin Fc fusion proteins to be used in the
binding assays described above were verified by coating the
proteins on high binding capacity wells as described above. After
blocking with bovine serum albumin, the wells were incubated
with 1 pg/ml anti-human Fc antibody coupled to alkaline
phosphatase (Promega, #S382B) in TBST. One milligram per
milliliter p-nitrophenyl phosphate (PNPP, Thermo Fisher
Scientific, #34045) in SEAP buffer (105 mM diethanolamine,
0.5 mM MgCl,, pH 9.8) was then added as the substrate, and the
absorbance at 405 nm was measured.

Ephrin-A3 AP binding to EphA receptors was measured using
cell culture medium from HEK293 cells transiently transfected
with the pAPtag-2-ephrin-A3 vector. Medium was collected after
3—4 d and concentrated using an Amicon Ultra centrifugal unit
(Millipore, #UFC903024). Ephrin-A3 AP concentration in the
medium was calculated from the AP activity.”” EphA receptor Fc
fusion proteins were immobilized on protein A-coated 96-well
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plates (Thermo Fisher Scientific, #15132) at 1 pg/ml and for 1 h
at room temperature. Concentrated culture supernatant contain-
ing ephrin-A3 AP was diluted in TBST and incubated with the
EphA receptors at room temperature for 1 h. After washing away
unbound ephrin-A3 AP, 1 mg/ml PNPP in SEAP buffer was
added as the substrate and the absorbance at 405 nm was
measured. All binding curves were analyzed using nonlinear
regression and the program Prism (GraphPad Software Inc.).
Ephrin Fc pull-down assays from cells and tumor tissue. PC3
prostate cancer cells and H460 and A549 lung cancer cells were
obtained from ATCC and PC3-3M-luc-C6 Bioware™ prostate
cancer cells were obtained from Caliper. The cells were grown in
RPMI 1640 medium (Mediatech, #SH20027) with 10% FBS
(Tissue Culture Biologicals, #101) and pen/strep (Omega
Scientific, #AA-40). After reaching confluency, the cells were
collected in Triton lysis buffer (PBS containing 1% Triton X-100
and 10 pg/ml aprotinin, 5 pg/ml pepstatin, 10 pg/ml leupeptin
and 0.75 mM phenylmethylsulfonylfluoride as protease inhibi-
tors). In the experiment shown in Figure3A, phosphatase
inhibitors (10 pM NaF and 1 pM sodium pervanadate) were
also included. PC3-3M-luc-C6 tumors grown subcutaneously in
nude mice were collected in accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health when they reached a volume of
~1 mm’. The tumors were homogenized using a Polytron
PT1600 E homogenizer (Kinematica) in four volumes of Triton
lysis buffer or modified RIPA buffer (1% Triton X-100, 1% Na
deoxycholate, 0.1% SDS, 20 mM Tris, 150 mM NaCl, 1 mM
EDTA with protease inhibitors). Tumor lysates were centrifuged
at 16,000 g for 15 min and the supernatant was used for pull-
down experiments. Protein concentrations were measured using
the BCA protein assay kit (Thermo Fisher Scientific, #23227).
Twenty micrograms of protein lysates were used for detection
of Eph receptors in whole cell or tumor lysates by immunoblot-
ting. For pull-downs to be analyzed by immunoblotting, we used
0.4-0.5 mg protein lysates and 3.75 pg ephrin-A Fc or ephrin-B
Fc. In pull-downs with combinations of multiple ephrin-A or
ephrin-B Fc proteins, we used mixtures containing equal amounts
of each ephrin Fc and a total of 3.75 pg. In pull-downs with
both ephrin-A Fc proteins and ephrin-B2 Fc, we used a total of
7.5 Hg ephrin Fc proteins, including 1.25 pg ephrin-Al Fe,
1.25 pg ephrin-A4 Fc, 1.25 ug ephrin-A5 Fc, and 3.75 pg ephrin-
B2. For pull-downs to be analyzed by mass spectrometry, we used
3—4 mg protein lysates and 30 pg Fc proteins (for ephrin-A Fc or
ephrin-B Fc separate pull-downs) or 60 pg Fc proteins (for
combined ephrin-A Fc and ephrin-B Fc pull-downs). Since only
one third of each sample was analyzed in the mass spectrometer,
approximately 3—4-fold more protein lysate is needed for mass
spectrometry analysis as compared with what would be needed to
profile all 14 Eph receptors by immunoblotting. Cell and tumor
lysates were incubated for 2—18 h with ephrin Fc fusion proteins
or equimolar amounts of control Fc¢ immobilized on 10-20 pl
GammaBind Sepharose beads (GE Healthcare Life Sciences, #17-
0886). The GammaBind sepharose was then washed 4 times with
lysis buffer and the bound proteins were eluted by incubation in
Laemmli sample buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 10%
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glycerol, 5% B-mercaptoethanol, 0.01% bromophenol blue) for
6 min at 100°C.

The eluted proteins were separated by SDS-PAGE and
transferred to a polyvinylidene fluoride membrane for immuno-
blotting or silver stained using the SilverQuest staining kit
(Invitrogen/Life Technologies, #LC6070) for mass spectrometry
analysis. Pull-downs and cell lysates were probed by immunoblot-
ting with an anti-phosphotyrosine antibody (Millipore #05321),
rabbit anti-EphA2 and mouse anti EphA4 antibodies (Invitrogen/
Life Technologies, #347400 and 371600), rabbit anti-EphA3 and
anti-EphA5 antibodies (Santa Cruz Biotechnology, #s¢919 and
sc1014), an anti-human Fc antibody (Jackson Immunoresearch
#309-006-008), and an anti-B-actin antibody (Sigma-Aldrich,
#A3853). Rabbit antibodies to EphB2 and EphB4 were made
using as antigens glutathione S-transferase (GST) fusion proteins
of the carboxyl-terminal tails (including the SAM domain) of
chicken EphB2 and human EphB3.*** The immune sera were
purified on affinity columns containing the antigen used for
immunization and absorbed on columns containing a GST fusion
protein of the equivalent region of a related Eph receptor.

Ephrin-A3 Fc pull-down assay from mouse hippocampus. For
hippocampal extracts preparation, adult mouse hippocampi (from
2 mo old C57BL/6 mice) were collected in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health, and
washed quickly with ice cold PBS. Extracts were prepared by
homogenization of half hippocampus in 1.5 ml Triton lysis
buffer, using a Polytron PT1600 E homogenizer. Homogenates
were sonicated and centrifuged at 14,000 g for 10 min at 4°C;
10 pg of the supernatant were used for immunoblotting and
0.5 mg for each pull-down. Since only one-fourth of each sample
was analyzed in the mass spectrometer, approximately the same
amount of tissue lysate is needed for mass spectrometry analysis as
compared with what would be needed to profile all 14 Eph
receptors by immunoblotting.

To obtain ephrin-A3 protein fused to Fc, HEK293AD cells
(Cell Biolabs Inc. #AD-100) were grown in DMEM (Mediatech,
#10-017-CV) with 10% FBS, pen/strep and 4 mM L-glutamine
(Omega Scientific#GS-60). Cells were transfected with pcDNA3
encoding ephrin-A3 Fc, using Lipofectamine 2000 (Invitrogen,
#11668) according to the manufacturer instructions. Stable clones
were selected with 1.5 mg/ml G-418 (Roche Applied Science,
#04727878001) and ephrin-A3 Fc levels in their culture medium
were measured in ELISA assays. The clone producing the highest
amount of ephrin-A3 Fc was grown to 70% confluency in 15 cm
plates and then grown for 3 d in OpiMEM reduced serum
medium (Invitrogen/Life Science Technologies, #31985). The
medium containing ephrin-A3 Fc was then collected, buffered
with Hepes pH 7.6 to a final concentration of 10 mM,
centrifuged at 1,800 g for 5 min, and incubated with protein A
beads (GenScript, #L00210) for 1 h at 4°C. Approximately
100 pg ephrin-A3 Fc or Fc bound to protein A beads were
incubated with hippocampal extracts for 2 h at 4°C, washed with
lysis buffer and incubated for 5 min at 95°C with Laemmli sample
buffer. The samples were probed by immunoblotting with mouse
anti-EphA4 antibody (Life Technologies/Invitrogen, #37-1600)
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and rabbit anti-human Fc antibody (Jackson Immuno Research,
#309-006-008) or separated by SDS-PAGE and silver stained as
described above for mass spectrometry analysis.

Protein identification from silver stained gel bands by LC/
MS/MS. SDS-PAGE silver-stained gel lanes corresponding to
molecular weights between ~-80-180 kDa were cut into 1 mm X
1 mm pieces and de-stained. Following vacuum drying, proteins
were reduced and alkylated by 5 mM DTT and 15 mM
iodoacetamide treatment prior to digestion with 25 ng/pl trypsin
(Promega, #V5111) in 50 mM ammonium bicarbonate for 1 h at
4°C followed by 16 h at 37°C. The resulting tryptic peptides were
extracted from the gel by adding 300 pl 5% formic acid in water,
sonicating 10 min in a water bath, and then washing 4 times with
50% acetonitrile in 5% formic acid in water and once with 100%
acetonitrile. The extracted peptides were pooled together, vacuum
dried and re-dissolved in 18 pl of 0.1% trifluoroacetic acid (TFA),
before concentrating and desalting them using a Millipore C18
Zip Tip (Millipore, #ZTC185096). The eluted peptides were
then vacuum dried and re-dissolved in 20-24 pl LC/MS loading
buffer (2% acetonitrile in 0.1% formic acid in water).

Five to eight microliters (corresponding to 25-30%) of tryptic
digested samples were analyzed using an automated Nano LC-
LTQ MS/MS mass spectrometer (Thermo Fisher Scientific) with
an ADVANCE ESI source (Bruke-Michrom). The samples were
loaded on the mass spectrometer using an Eksigent Nano 2D LC
system, which includes a C18 trap column (Agilent, #ZORBAX
300SB-C18) in combination with a capillary reverse-phase
column (15 cm in length, 100 pm id) packed with 5 pum
Magic C18 AQ resin (Bruker-Michrom, #CP3/61271/00). A
linear gradient of elution from buffer A (2% acetonitrile in H,O
plus 0.1% formic acid) to 15% buffer A plus 85% buffer B (80%
acetonitrile plus 0.1% formic acid) over 120 min was used. For
samples derived from mouse hippocampus, 12 pl (corresponding
to 25%) of tryptic digested sample were loaded and analyzed
using an automated microLC-LTQ Orbitrap XL mass spectro-
meter (Thermo Fisher Scientific) with an ADVANCE ESI source.
The peptides were separated using a Michrom LC system, which
includes a C18 trap column (Bruker-Michrom) in combination
with a capillary reverse-phase column (15 c¢m in length, 200 pm
id) packed with 5 pm Magic C18 resin. A linear gradient of
elution from 90% buffer A (0.1% formic acid) to 80% buffer B
(acetonitrile plus 0.1% formic acid) over 120 min was used. The
LC/MS run was operated in the data dependent mode. For each
MS spectrum, MS/MS fragmentation data for the four strongest
ions above an ion relative intensity of 5 X 10" were collected with
dynamic exclusion enabled and collision energy set at 35%.

The MS/MS spectra were analyzed by Sorcerer Enterprise v.3.5
release (Sage-N Research Inc.) with the SEQUEST algorithm as
the search program for peptide/protein identification. SEQUEST
was set up to search the target-decoy IPL.Human.v3.73 or IPL
mouse.v3.73 databases (www.ebi.ac.uk/IPI/IPIhelp.html) with
the allowance of up to two missed cleavages, Semi Tryptic search
and precursor mass tolerance of 1.5 atomic mass units. Differ-
ential searches included 16 Da for methonine oxidation and
57 Da for cysteines alkylation. The search results were viewed,
sorted, filtered, and statically analyzed by using the comprehensive
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proteomics data analysis software Peptide/Protein Prophet v.4.4.1
(Institute for System Biology). To minimize false positive
identifications by MS/MS, the minimum trans-proteomic
pipeline (TPP) probability scores for proteins and peptides were
set at 0.95 and 0.9, respectively, to assure low error with
reasonably good sensitivity. In addition, the threshold of cross
correlation (Xcorr) scores was set to 1.5, 2.0 and 2.5 for singly,
doubly and triply charged fully digested peptides, respectively.

It should be noted that due to the high conservation in the
sequences of different Eph receptors, some of the tryptic peptides
identified could be derived from multdple receptors. The results
from the search algorithm are filtered to select only the Eph
receptors for which at least two of the identified peptides could be
derived only from that receptor. Thus, some peptides could also be
derived from Eph receptors that are not selected. These Eph
receptors could nevertheless be present in the samples analyzed. For
simplicity, we refer to the peptides that are not shared among the
Eph receptors positively identified in an experiment as “unique.”
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