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ABSTRACT. Autophosphorylation regulates the function of receptor tyrosine kinases. To dissect the
mechanism by which Eph receptors transmit signals, we have developed an approach using matrix-assisted
laser desorption-ionization (MALDI) mass spectrometry to map systematically their in vivo tyrosine
phosphorylation sites. With this approach, phosphorylated peptides from receptors digested with various
endoproteinases were selectively isolated on immobilized anti-phosphotyrosine antibodies and analyzed
directly by MALDI mass spectrometry. Multiple in vivo tyrosine phosphorylation sites were identified in

the juxtamembrane region, kinase domain, and carboxy-terminal tail of EphB2 and EphB5, and found to
be remarkably conserved between these EphB receptors. A number of these sites were also identified as
in vitro autophosphorylation sites of EphB5 by phosphopeptide mapping using two-dimensional
chromatography. Only two in vitro tyrosine phosphorylation sites had previously been directly identified
for Eph receptors. Our data further indicate that in vivo EphB2 and EphB5 are also extensively
phosphorylated on serine and threonine residues. Because phosphorylation at each site can affect receptor
signaling properties, the multiple phosphorylation sites identified here for the EphB receptors suggest a
complex regulation of their functions, presumably achieved by autophosphorylation as well as phospho-
rylation by other kinases. In addition, we show that MALDI mass spectrometry can be used to determine
the binding sites for Src homology 2 (SH2) domains by identifying the EphB2 phosphopeptides that bind
to the SH2 domain of the Src kinase.

The Eph receptors are a large family of receptor tyrosine of tyrosine residues in the intracellular domains of both the
kinases that regulate a variety of key processes duringreceptor and the ligand18, 14). Thus, formation of a
embryonic development, including axon pathfinding, ar- complex of an ephrin-B ligand and an EphB receptor has
borization and pruning, the organization of cellular bound- been proposed to initiate bidirectional signaling cascades,

aries, and the formation of the circulatory system-7). which propagate in both the receptor-bearing cells and the
Abnormally expressed Eph receptors have also been sugiigand-bearing cells. Tyrosine phosphorylation of EphB
gested to contribute to carcinogenesis-11). receptors likely occurs at least in part by autophosphorylation,

On the basis of sequence homology, the 14 known Eph whereas the ephrin-B ligands, which lack a kinase domain,
receptors are divided into two groupE). Receptors of the  are presumably phosphorylated by an associated tyrosine
EphA group bind preferentially the glycosylphosphatidyl- kinase. Because each phosphorylation site may differentially
inositol (GPIL)-“nked ephrin—A |igandS, and I’eceptOI’S of the affect the signa“ng properties of an ephrin_B ||ga_-ra)hB
EphB group bind preferentially the transmembrane ephrin yeceptor complex, it is important to identify the specific
B ligands. The binding of ephrin-B ligands to EphB receptors tyyosines that become phosphorylated in order to understand
presumably requires a celtell interaction, because both are ;4 regulatory mechanisms of this complex. We have focused
transmembrane proteins, and results in the phosphorylation,, identifying the tyrosine phosphorylation sites of EphB
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ylenediaminetetraacetic acid; PBS, phosphate-buffered saline; GST,Eph receptor signals. Signal transduction may also occur
glutathioneStransferase; MALDI-TOF, matrix-assisted laser desorp- through Eph receptor kinase activity. Activated EphB2, for
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dermal growth factor. phosphorylation of these proteins by activated Eph receptors

10.1021/bi991628t CCC: $18.00 © 1999 American Chemical Society
Published on Web 10/05/1999



EphB Receptor Phosphorylation Biochemistry, Vol. 38, No. 43, 19994397

may influence their function, thereby causing changes in cell tides 1896-3147 of EphB5 were obtained by PCR from a
behavior. partial EphB5 cDNA 27) with the sense primer CC-
On the basis of phosphopeptide mapping of the receptors GGATCCTTCAAGAGTAAAAGGCGAG, containing a
EphA4 and EphB2, two conserved tyrosines in the juxta- BamHl site (underlined), and the antisense primer ACTT-
membrane region of Eph receptors were identified as CTCGAGTCACACTTCAACTGGTTCA, containing Xhd
autophosphorylation sites. In both EphA4 and EphB2, one site (underlined), and cloned into expression vector pGEX-
tyrosine (Y611 in EphB2) appeared to be more highly 4T-1. An EphB5 fragment obtained by digestion of the PCR
phosphorylated than the other (Y605 in EphB2},(23). product in pCRII at the introducedsp/18 site and at an
The existence of additional autophosphorylation sites in Eph endogenousSal site at position 529, together with%al to
receptors has been suspected, however, because some phdscdRI fragment from EphB5 cDNA (nucleotides 53@284)
phopeptides remained unassigned in the phosphopeptidd25), and aEcaRl to Xhd fragment from the PCR product
maps of EphB223). Furthermore, a conserved tyrosine in iN pPGEX-4T-1 (nucleotides 22853147) were ligated into
the carboxy-terminal tail of the EphB receptors, EphB1, has Asp/18- andXhd-digested pcDNA3.
been indirectly identified as a phosphorylation site because Site-Directed MutagenesisSTo mutate tyrosines in the
mutation of this tyrosine disrupted the binding of the adaptor Cytoplasmic domain of EphBS5, site-directed mutagenesis was
protein, Grb10, which contains an SH2 domag#)( The performed by sequential PCR steps using appropriate EphB5
presence of another tyrosine phosphorylation site in the CONAs in pBluescript as templates and overlapping primers
kinase domain of EphB1 was inferred on the basis of the encoding the mutatior2g). The PCR product encoding the
phosphorylation-dependent association with the adaptormutation was then inserted into pcDNA3-EphBS5 via unique
protein, Grb2, which also contains an SH2 domaid) ( restriction sites and sequenced to confirm the desired

Previous studies did not determine whether the two COnstruct.

tyrosines identified as in vitro phosphorylation sites of Eph 10 generate the Y610F mutant, the overlapping sense
receptors are actually phosphorylated in vivo. Indeed, no Primer AGTATTTCATTGATCCTTCC and antisense primer

direct efforts to identify in vivo phosphorylation sites of Eph  TCAATGAAATACTTCACTCC (mutated codons are indi-

receptors have been reported so far. We have used a two¢ated in bold) were used together with the T7 and M13
dimensional phosphopeptide mapping approach to identify '€vVerse primers to amplify the _EphBS cDNA in pBluescript.
the in vitro autophosphorylation sites of the EphB receptor, 1he final PCR product was digested witipl and ECoRI
EphB5, and a mass spectrometry approach to identify the in@nd ligated into theBlpl- and EcoRlI-digested pcDNA3-
vivo phosphorylation sites of EphB5 and the related receptor, EPNBS plasmid. The Y592F, Y599F, Y609F, and Y616F
EphB2. We also report an approach for identifying the mutants were generated in the same manner by using the

binding sites for SH2 domains using matrix-assisted laser following overlapping primers: CTCCRTCACAGAC-
desorption-ionization time-of-flight (MALDI-TOF) mass CGCCTG and TCTGGAATGGAGTCTCTCG (YS592F),

spectrometry. AGCAGTTT ATCAGTACACGAG and CTGATRAACT-
GCTGCAGGCG (Y599F), TGAAGTT TACATTGATC-
EXPERIMENTAL PROCEDURES CTTC and ATGTAAAACTTCACTCCAAG (Y609F), and

CCACGITT GAAGATCCCAATG and TCTT@®AACGTG-

Materials. Cellulose plates and the Hunter HTLE-7000 GAAGGATC (Y616F). The Y610F/Y616F mutant was
Thin Layer Electrophoresis System were purchased from C. produced similarly by using the final Y616F PCR product
B. S. Scientific. Protease inhibitors, TPCK-trypsin, anti- as a template and the overlapping primers containing the
phosphotyrosine antibodies coupled to agarose (clone PT-Y610F mutation. The Y609F/Y610F mutant was constructed
66), and protein A-peroxidase were obtained from Sigma by using the overlapping primers TGAAGTTTC AT-
Chemical Co. Endoproteinases used in mapping by massTGATCCTTCC and TCAATGAAAAA CTTCACTCCAAG,
spectrometry were sequencing grade from Promegda: 1- which contained both mutant codons. The Y609F/Y610F/
Octyl pB-p-glucopyranoside (98%),a-cyano-4-hydroxy-  Y616F mutant was produced by using the final Y616F PCR
cinnamic acid, and 2,5-dihydroxybenzoic acid were obtained product as a template and the overlapping primers containing
from Aldrich Chemical Co. Chemicals used for mass the Y610F/Y609F mutation.
spectrometry experiments were HPLC grade or the bestgrade To obtain the Y944F mutant, the overlapping primers
available. The Voyager MALDI-TOF mass spectrometer was GTCGTTTCAAGGAGAATTTTG and TCCTTGAAAC-
from PerSeptive Biosystems. Anti-phosphotyrosine antibod- GACCCATCTTG were used together with the flanking
ies conjugated to horseradish peroxidase were from Trans-primers ATGAACTATGTGCATCG and ACTTCTCGAGT-
duction Laboratories. The enhanced chemiluminescenceCACACTTCAACTGGTTCA (containing aXhd site, un-
system was from Amersham Life Sciences. GammaBind Plusderlined) to amplify the EphB5 cDNA fragment in pGEX-
Sepharose was from Pharmacia Biotech. 4T-1 described above. The final PCR product containing the

Plasmids Encoding Eph Receptofhe pcDNA3-EphB2 mutation was digested witRflml at an endogenous site and
plasmid has been described8]. The cDNA encoding Xhol and ligated with anEcoRl to Pflml EphB5 cDNA
chicken EphB5 Z5) was cloned into pcDNAS3 as follows.  fragment (nucleotides 228%2552) into theEcdRI- andXhd-
Nucleotides 107556 of EphB5 were obtained by PCR digested pcDNA3-EphB5 plasmid. To produce the Y794E
amplification from an 11-day-old chicken embryonic retina mutant, overlapping primers CCAGAGACTGGA-
cDNA library (26) with the sense primer ATTGGTACCG- GCTCTGGG and CCAGTTCAGTGGGATTTGAAG were
GTGGAGTCTACAGAGAATC, containing alspr18 site used together with the flanking primers ATCCACCTG-
(underlined), and the antisense primer CTGGCAGTTCCT- GAGGGCGTGGTC and ACTTCTCGAGTCACACTTC-
GAGAGGCT, and cloned into the TA vector pCRII. Nucleo- AACTGGTTCA (containing aXhd site, underlined) to
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amplify the EphB5 cDNA fragment in pGEX-4T-1. The final vanadate and 10 mM NaF, and three times in 0.1%@-1-
PCR product containing the mutation was digested with octyl 3-p-glucopyranoside (98%) and 100 mM NHCO;
EcaRIl andPflml at endogenous sites and ligated witRfaml (pH 7.5). Samples were boiled for 3 min, cooled on ice, and
to Xhd EphB5 fragment (nucleotides 2288147) into an centrifuged. Proteolytic digestions of the receptors were
Ecarl- and Xhd-digested pcDNA3-EphB5 plasmid. To performed with sequence grade proteases according to one
generate the Y841F and Y857F mutants, overlapping primersof the following methods. Trypsin digests (50 nb) were
GACCTTTCTGGGACATGTCC and TCCCBSAAAG- carried out in 10QL of 100 mM NHHCO; (pH 8) at 37
GTCTCTCACC for Y841F and AGGATTT CGCCTGC- °C overnight, followed by a secdrb h digestion. Endopro-
CACCAC and AGGC@AAGTCCTGGTCAATG for Y857F teinase Glu-C/trypsin digests were carried out in 400of
were used together with flanking primers to amplify the 100 mM NHHCO; (pH 8) at 37 °C overnight with
EphB5 cDNA in pGEX-4T-1. The final PCR products were endoproteinase Glu-C (50 nd/) first, followed by a 6 h
digested withEcaRl and Xhd and ligated into arEcoRI- tryptic digestion at 37C (50 ng/L). Endoproteinase Glu-
and Xhd-digested EphB5-pcDNAS3 plasmid. C/Arg-C digests were carried out by digesting first with
Ephrin-B2 Fc Chimera.The sequence encoding the endoproteinase Glu-C (50 ng/) overnight at 37°C in 100
extracellular domain of chicken ephrin-B2 (nucleotides452  uL of 100 mM NHHCO; (pH 8), drying the sample in a
1046) (GenBank accession number AF180729) was ampli- speed vac, dissolving the sample in 10 mM Tris (pH 7.5),
fied by PCR with the sense primer ACTCGCTAGC- 2.5 mM dithiothreitol, and 1 mM Cagland digesting with
CAAGTCCATCGTTTTAGAC containing anNhd site endoproteinase Arg-C (50 nd/) for 6 h at 37°C. Endopro-
(underlined) and the antisense primer CGGGATCCACT- teinase Glu-C/Lys-C digests were carried out by digesting
TCTGAACCCAGTATAC containing éanHI site (under- first with endoproteinase Glu-C (50 nd/) overnight at 37
lined). The PCR product was digested withd andBanH| °C in 100 uL of 100 mM NHHCO; (pH 8), drying the
and cloned into pcDNAS3 containing the CD5 signal peptide sample in a speed vac, dissolving the sample in 25 mM Tris
and the Fc portion of human IgG1 as described previously (pH 7.7) and 1 mM EDTA, and digesting with endoprotein-
(26, 29). The Fc chimera was purified from cell culture ase Lys-C (50 ngl) for 6 h at 37°C. Endoproteinases were
supernatants of stably transfected 293 cells as describeddenatured by boiling for 5 min and further inhibited with
previously @6, 29). PMSF (100ug/mL) or, in the case of endoproteinase Lys-
Cell Culture and Transfection§he 293 human embryonal  C, with 1 mM N*-p-tosyl-L-lysine chloromethyl ketone. The
kidney cells were cultured in Dulbecco’s modified Eagle’s digested samples were centrifuged, and the supernatants were
medium (DMEM) supplemented with 10% fetal bovine removed. The sedimented beads were washed once with 100
serum (FBS), 100 units/mL penicillin, 100y of strepto- uL of 100 mM NHHCGO; (pH 8), and the supernatant and
mycin, and 1 mM sodium pyruvate. Transient transfections wash were combined with 10L of anti-phosphotyrosine
were performed by the calcium phosphate method asantibodies conjugated to agarosd)(or to GST-Src SH2
previously described2@). bound to glutathione agarose for incubation &C4for 6 h.
Phosphopeptide Mapping by Two-Dimensional Chroma- The beads were washed four times with 100 mMsNBO;
tography.Phosphopeptide mapping was performed as previ- (pH 8) and once with water and dried in a speed vac.
ously described23, 30) using wild-type and mutant forms MALDI-TOF Mass SpectrometryMass spectra were
of EphB5 immunoprecipitated from transiently transfected collected on a Voyager MALDI-TOF mass spectrometer
293 cells. After elution of the appropriate band from gel using the delayed extraction mode. The bound phosphopep-
slices,y-3?P-autophosphorylated receptor was digested with tide mixtures were analyzed in linear and reflector mode.
0.4uglul TPCK-trypsin. Three thousand counts per minute Sixty-four to 128 shots from a nitrogen laser (337 nm) were
of each digest were resolved in two dimensions on 480 averaged to yield each recorded mass spectrum. Spectra were
x 20 cm x 20 cm thin-layer cellulose plates by electro- externally calibrated with angiotensin | (MH= 1296.6853)
phoresis followed by ascending chromatography. Electro- and adrenocorticotropic hormone fragment8B; MH" =
phoresis was performed at pH 1.9 in 50:156:1794 88% 3657.93). The matrix solution was prepared immediately
formic acid/glacial acetic acid/water for 40 min at 1000 V before use by mixing 20 mg ef-cyano-4-hydroxycinnamic
on a Hunter HTLE-7000 Thin Layer Electrophoresis System, acid and 4 mg of 2,5-dihydroxybenzoic acid in 500 of
and ascending chromatography was carried out in 750:500:0.1% trifluoroacetic acid (TFA) in 50% CJ&N/dH.0O,
150:600 n-butanol/pyridine/glacial acetic acid/water. The vortexing for 1 min, centrifuging for 1 min, and subsequently
plates were exposed to X-ray film for 3 days-at0 °C with diluting the clear supernatant 1:4 with 0.1% TFA in 50%
an intensifying screen. CH3CN/dHO. Five microliters of the diluted matrix solution
Preparation of Receptors for Mass Spectromefitye 293 was mixed with the dried, tyrosine-phosphorylated peptides
cells transiently transfected with EphB2 or EphB5 were lysed bound to anti-phosphotyrosine agaro$d)( and a 1ulL
in 1% Brij 97 in Tris-buffered saline (TBS) containing suspension was spotted on the target and allowed to air-dry
protease inhibitors and 5 mM EDTA. Untransfected 293 cells completely before mass analysis.
were used as a control. Lysates were incubated with100 For interpretation of the mass spectra, a list of predicted
of GST—Src SH2 bound to glutathione agarosel(ug/ulL molecular weights was generated by theoretical cleavage with
protein) for 30 min at £4C. GST-Src SH2 and GSF¥Grb10 specific endoproteinases using the MS-Digest program
SH2 (nucleotides 19682276) were prepared as described available at the University of California, San Francisco
previously @3). Alternatively, lysates were incubated with  (http://prospector.ucsf.edu/ucsfhtmli3.2/msdigest.htm). Each
50 ug of ephrin-B2 Fc bound to 10L of GammaBind Plus  peptide was assumed to contain at least one phosphate group.
Sepharose for 30 min at°€. The sample was washed three The masses of the peaks recorded in the mass spectra were
times in 1% Brij in TBS containing 1 mM sodium ortho- matched to the calculated masses withif.1% or better.
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Experiment #1
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Experiment #2 Y609/610F  Y609/610/616F  Y794E
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Ficure 1: Tryptic phosphopeptide maps of wild-type and mutant forms of EphB5. Wild-type and mutant receptors expressed in 293 cells
were immunoprecipitated, autophosphorylated witdP]JATP, and resolved by SDFPAGE. Radioactive bands representing phosphorylated
forms of EphB5 were excised, digested with TPCK-trypsin, and subjected to two-dimensional chromatography. Maps were exposed to film
for 3 days at—70 °C with an intensifying screen. Starting at the origifn)( electrophoretic separation is from left to right, and ascending
chromatography is from bottom to top. Thirteen phosphopeptides are ladbetadn both wild-type panels. An additional phosphopeptide
(labeledn) appeared only in certain mutants. Peptides containing identified phosphorylated tyrosines are indicated on the left in two schematic
representations, one for each set of experiments.

Immunoblots.Samples separated by SBBAGE were detected with affinity-purified polyclonal antibodies recog-
electrotransferred to PVDF membranes (Millipore) and nizing the carboxy terminus (dg/mL) (25), and EphB2 was
incubated with primary antibodies for-2 h in 3% bovine detected with affinity-purified polyclonal antibodies recog-
serum albumin (BSA) and 0.1% polyoxyethylenesorbitan nizing the carboxy terminus (dg/mL) (32) or the extracel-
monolaurate (Tween 20) in TBS. Tyrosine phosphorylation lular domain (1«g/mL), followed by protein A-peroxidase
was detected with anti-phosphotyrosine antibodies conjugated(1:10000 dilution). An enhanced chemiluminescence system
to horseradish peroxidase (1:10000 dilution). EphB5 was was used for detection. Reprobing was performed after
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100 mM mercaptoethanol, and 62.5 mM Tris (pH 7.5). A GST-Src SH2
200—
RESULTS 130— -—
wm

Mapping in Vitro Autophosphorylation Sites of the EphB5 70— q
Receptor.To determine which of the 16 tyrosines in the 60—
cytoplasmic domain of the EphB receptor, EphBS)( are
sites of autophosphorylation, we used two-dimensional 40— .
phosphopeptide mapping in conjunction with site-directed
mutagenesis23, 30). EphB5 was immunoprecipitated from 30—
transiently transfected 293 human embryonal kidney cells T EphB5 Tvr EphB2
and autophosphorylated in vitro in a kinase buffer containing piyr P pty P
[y-32P]ATP. Following gel electrophoresis, the radiolabeled
EphB5 was extracted from the gel and digested with trypsin. )
After the resulting tryptic peptides had been resolved by two- B Ephrin-B2-Fc
dimensional chromatography, 13 distinct phosphopeptides
(a—m) were detected (Figure 1). 200 —

To identify the phosphorylated tyrosines within the tryptic 188_ - o« - -
peptides, the tyrosines in the juxtamembrane region (Y592F, - bnd
Y599F, Y609F, Y610F, and Y616F) and carboxy-terminal 70— -
tail (Y944F) were mutated to phenylalanine because in other 60—
receptor tyrosine kinases many autophosphorylation sites are 40—
located in these region4¥, 33). Because Y609, Y610, and
Y616 cannot be separated into different tryptic peptides, we 30—
also generated Y609F/Y610F, Y610F/Y616F, and Y609F/
Y610F/Y616F (double and triple EphB5 mutants) to better pTyr EphB5 pTyr EphB2

detect autophosphorylation at these sites. Tyrosine 794 in
the kinase domain was mutated to phenylalanine because i
corresponds to a conserved tyrosine in the activation loop
that is phosphorylated in other tyrosine kinasks; 83, 34).

FIGURE 2: Tyrosine-phosphorylated EphB5 and EphB2 isolated

Using the SH2 domain or the ephrin-B2 ligand. (A) A GST fusion

protein of the SH2 domain immobilized on glutathione sepharose
and (B) an Fc fusion protein of the extracellular domain of ephrin-

The Y794F mutant, however, could not be analyzed becauseB2 immobilized on GammaBind Plus Sepharose were incubated

of insufficienty-32P incorporation. We, therefore, generated

with lysates of 293 cells expressing EphB5 and EphB2. Bound
proteins were resolved by SB®AGE and labeled by immuno-

a glutamic acid mutant (Y794E), which exhibited sufficient  potting with antibodies specific for phosphotyrosine (pTyr), EphBS,
y-32P incorporation for mapping analysis. Finally, Y841 and or EphB2, as indicated.

Y857 in the kinase domain were mutated because they were
predicted to be possible binding sites for the SH2 domains presence of phosphopeptidé the Y616F mutant suggests
phosphatidylinositol 3-kinase (Y841) and Shc (Y853%,( that either Y609, Y610, or both are phosphorylated.

36), which interact with EphB5 (unpublished data). Because maps of the EphB5 mutants Y841F, Y857F, or

Tryptic phosphopeptide maps of the EphB5 mutants were Y944F contained the same phosphopeptides as the wild type,
similar to those of wild-type EphB5, except for the absence we concluded that either these tyrosines are not autophos-
of certainy-3?P-labeled phosphopeptides in some mutants phorylation sites or the peptides containing these tyrosines
(Figure 1). The most dramatic case was the Y794E mutant,are not detected in our peptide maps. Taken together, the

which lacked a number of major phosphopeptidesd, h,
andi), consistent with Y794 being a major autophosphor-
ylation site.

Phosphopeptiden was absent in the Y592F mutant, and
phosphopeptidgpwas absent in the Y599F mutant, indicating

results of these mapping experiments indicate that Y592,
Y599, Y609 and/or Y610, and Y616 in the juxtamembrane
region and Y794 in the kinase domain are in vitro autophos-
phorylation sites of EphB5. Additional autophosphorylation

sites may exist in EphB5, since phosphopeptigesnd f

that Y592 and Y599 are both phosphorylated. Phosphopep-fémain unidentified.

tidese, k, I, andn all appear to contain Y609, Y610, and
Y616, because they are absent in the Y609F/Y610F/Y616F
mutant. The absence of phosphopeptiteand | in the

Mapping in Vo Tyrosine Phosphorylation Sites in the
EphB5 ReceptorTo determine whether the autophosphor-
ylation sites that we identified for EphB5 in vitro are also

mutant Y616F suggests that they represent peptides monophosphorylated in the cellular environment, as well as to

phosphorylated at Y616. Consistent with this assignment,
peptidesk andl are also absent in maps of the Y610F/Y616F
mutant. Phosphopeptides and n appear to represent
alternative forms of the same peptide that probably differ in
their degree of phosphorylation. Phosphopeptideigrates
vertically with the same mobility as phosphopeptitgebut
resolves differently on the basis of charge, and is absent in
the maps containing phosphopeptitie Moreover, the

identify possible additional tyrosine phosphorylation sites,
we used a mass spectrometric approach. EphB5 was isolated
from transiently transfected 293 cells, where this receptor is
expressed in its tyrosine-phosphorylated form (Figure 2A),
by using two alternative approaches. In the first approach,
EphB5 was isolated by binding to immobilized glutathione
Stransferase (GSHSrc SH2 domain (Figure 2). As ex-
pected, a number of tyrosine-phosphorylated proteins bound
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to GST-Src SH2, although the major phosphorylated band A
was EphB5. Immobilized ephrin-B2 Fc was also successfully
used to isolate EphB5 (Figure 2), although ephrin-B2 has 10000
not been reported to be a high-affinity ligand for EphB5.
The proteins bound to GSTSrc SH2 or ephrin-B2 Fc were
digested with various combinations of endoproteinases.
Tyrosine-phosphorylated peptides were selectively isolated
from the resulting complex mixture of peptides by using anti-
phosphotyrosine antibodies conjugated to agarose, and
directly analyzed by MALDI-TOF mass spectrometry. 15000 -
Representative examples of the mass spectra for EphB5
that was purified with either GSTSrc SH2 or ephrin-B2
Fc are shown in Figure 3. The observed masses were§’°°°°‘
compared to a database of masses predicted for appropriateg
proteolytic digests of EphB5 (top halves of Tables3). O 5000 1
Because the peptides were purified with anti-phosphotyrosine
antibodies, at least one phosphate group was included in
calculating the masses of the predicted fragments. Peak 2000 2400 2800
assignments indicate that EphB5 peptides were often phos-
phorylated at multiple sites. Many of the peaks in the spectra
could be mapped to phosphorylated sequences in EphB5,
and the corresponding observed masses are denoted in the 5000
spectra shown in Figure 3. Peaks observed in spectra obtained
from the material purified from untransfected cells were i sl ol
denoted as “background” (B) peaks. 3200 3600 4000 4400
Only a small number of peaks remained unassigned, which Mass (m/z)
are presumably due to nonspecific cleavages, unknown
modifications, and damage that may occur to the receptor B
during the experiment. Some of the unidentified peaks in
the GST-Src SH2 domain-purified samples may be phos-
phopeptides from cellular proteins phosphorylated by EphB5. 20000
The spectra from GSTSrc SH2-purified samples indeed 15000
contained more unassigned peaks than those from ephrin-
B2 Fc-purified samples. Furthermore, although fewer experi-
ments were carried out with ephrin-B2 Fc, the patterns of 5000
tyrosine-phosphorylated peptides were similar to those
obtained with GS¥Src SH2. Nine of the 17 peptides
identified in the ephrin-B2 Fc experiments were identical to )
those identified in the GSTSrc SH2 experiments (footnotes 40000 -
e and f in Tables 1 and 2), and all the phosphorylated .
tyrosines, except for Y944, were represented in the peptides ~ 30000
from ephrin-B2 Fc-isolated EphBS5. In a few instances, peak 20000:
assignments were ambiguous, because two different EphB5 g
phosphorylated peptides could account for an observed peak 10000 +
“?”in Tables 1-3). The peak at/z2153.84 in Figure 3A, ]

5000

1000 1400 1800

10000

25000

10000

1200 ' 1600 ' 2000

Counts

for example, could represent two isobaric phosphopeptides, 2200 2600 3000
one from the juxtamembrane region (Table 1) and the other Mass (m/z)
from the kinase domain (Table 2). FiGURE 3: MALDI mass spectra of EphB5 phosphopeptides. EphB5

Many phosphorylated peptides were from the juxtamem- bound to (A) the GSFSrc SH2 domain or (B) ephrin-B2 Fc was
brane region of EphB5, which contains five tyrosines (Table digested with endoproteinase Glu-C and trypsin. Tyrosine-phos-
1). Several of these phosphopeptides contain only onePhorylated peptides were isolated from the resulting peptide mixture

. - R . . by binding to anti-phosphotyrosine antibodies conjugated to agarose,
tyrosine (either Y592 or Y599), indicating, in agreement with a%d analszed by IF\)/IALBI mnz,iss spectrometry in tr{egreflector r%ode.

our in vitro mapping experiments, that Y592 and Y599 are peaks corresponding to tyrosine-phosphorylated peptides of EphB5
phosphorylated in vivo. Because some short peptides con-are denoted by their masses and identified in Table8. Peaks

taining Y592 are phosphorylated at multiple sites, threonines marked wih a B are from background ions.
590 and 593 were also identified as phosphorylation sites. . .

Some of the largest observed peaks, such as thatzat ~ ©Only two of these tyrosines are phosphorylated in the same
2025.96 in Figure 3B, correspond to peptides containing Peptide. On the basis of the mapping studies described in
Y609, Y610, and Y616. Assignment of the tyrosine phos- the previous section, Y616 is likely to be one of the
phorylation sites in this region of EphB5 is ambiguous, Phosphorylated tyrosines.
however, because there are no suitable proteolytic sites From the kinase domain, we isolated many phosphorylated
between the three tyrosines. Our data suggest that at mospeptides that contained Y794 in the activation loop, con-
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Table 1: Juxtamembrane Peptides from in Vivo Phosphorylated EphB5 and EphB2 Identified by Mass Spectrometry

tyrosine measureavz Meaicd %A peptide proteage
EphB5 peptide

592 1120.78 1121.30 0.046 ETPYTDR-3P E, T
592 1197.71 1197.43 0.023 RETPYTDR-2P ™

592 1569.99 1568.66 0.085 SKRRETPYTDR-2P E, R
592 4328.96 4330.20 0.026  LPLIVGSALGGLAFLVIAAIAILAIIFKSKRRETPYTDR+2P ™

599 1088.81 1088.51 0.028 LQQYISTR-1P E,T
592/599 ?(2) 2107.00 2107.00 0.000 RETPYTDRLQQYISTR1P ™

592/599 ? (5) 2356.77 23561 0.028 TPYTDRLQQYISTRGLGVK-2P E,T*
592/599 2422.71 2423.63 0.013 RRETPYTDRLQQYISTR-3P E, T
592/599 ? (9) 2422.99 2423903 0.002 RRETPYTDRLQQYISTR3P E,T
592/599 2434.61 2436.08 0.060 TPYTDRLQQYISTRGLGVK-3P E, T
592/599 2436.12 2436.08 0.002 TPYTDRLQQYISTRGLGVK-3P E,T
592/599 2484.27 2485.15 0.035 ETPYTDRLQQYISTRGLGVK-2P E,TF
592/599 2882.09 2882.71 0.022 RETPYTDRLQQYISTRGLGVK-5P E, T
592/599 ? (6) 2957.65 295892 0.043 RRETPYTDRLQQYISTRGLGVK-4P E, T
609/610/616 2024.81 202585 0.051 YYIDPSTYEDPNEAIR-1P E, P
609/610/616 2025.96 202585 0.005 YYIDPSTYEDPNEAIR-1P E, T
609/610/616 2026.07 202585 0.011 YYIDPSTYEDPNEAIR-1P ™

609/610/616 2104.79 210581 0.048 YYIDPSTYEDPNEAIR-2P E, T
609/610/616 2105.94 210581 0.006 YYIDPSTYEDPNEAIR-2P E,T
609/610/616 ? (2) 2106.25 210581 0.021  YYIDPSTYEDPNEAIR-2P i

609/610/616 2139.66 213992 0.012 GLGVKYYIDPSTYEDPNE-1P E,T
609/610/616 ? (4) 2153.84 215489 0.049  YYIDPSTYEDPNEAIRE-1P E,T*
609/610/616 2155.00 215489 0.005 YYIDPSTYEDPNEAIRE-1P E, T
609/610/616 2234.74 223486 0.005 YYIDPSTYEDPNEAIRE-2P E, T
609/610/616 2234.93 223486 0.003 YYIDPSTYEDPNEAIRE-2P E,T
609/610/616 2501.05 2501909 0.002 YYIDPSTYEDPNEAIREFAK-1P E, T
609/610/616 2581.18 2581906 0.005 YYIDPSTYEDPNEAIREFAK-2P E,TF
609/610/616 2610.28 260948 0.042 GLGVKYYIDPSTYEDPNEAIRE-1P E, R
609/610/616 ? (6) 2957.65 2957¢17 0.016 GLGVKYYIDPSTYEDPNEAIREFAK-1P E,TF
599/609/610/616 3371.18 3371927 0.003 LQQYISTRGLGVKYYIDPSTYEDPNE-4P E, P
599/609/610/616 3373.19 3371927 0.057 LQQYISTRGLGVKYYIDPSTYEDPNHE-4P E,R
592/599/609/610/616 3615.34 361663 0.036 ETPYTDRLQQYISTRGLGVKYYIDPSTYHE-2P E, R

EphB2 peptide

586 1167.54 1168.29 0.064 ADSEYTDKt+3P T

586 1245.46 1244.42 0.084 RADSEYTDK+2P E, T
586 1325.52 1324.39 0.085 RADSEYTDK+3P E, T
586 1325.66 1324.39 0.096 RADSEYTDKt+3P E, K
586 ? (11) 1808.70 1809.79 0.060 RRGFERADSEYTDK1P E,T
593 1667.72 1667.71 0.000 LQHYTSGHMTPGMKt1P T

593 1667.79 1667.71 0.005 LQHYTSGHMTPGMK-1P E,T
586/593 2733.75 2733.18 0.021 RADSEYTDKLQHYTSGHMTPGMK-1P E, K
605/611 1775.86 1775.65 0.012 IYIDPFTYEDPNB-2P E,T
605/611 2021.55 2021.89 0.017 IYIDPFTYEDPNEAVRF1P E,T
605/611 2021.89 2021.89 0.000 IYIDPFTYEDPNEAVRF1P E,T
605/611 2101.48 2101.86 0.018 IYIDPFTYEDPNEAVRF2P E T
605/611 2101.88 2101.86 0.001 IYIDPFTYEDPNEAVR-2P T

605/611 2102.02 2101.86 0.008 IYIDPFTYEDPNEAVR-2P E,F
605/611 2150.43 2150.93 0.023 IYIDPFTYEDPNEAVRE-1P E,T
605/611 2151.07 2150.93 0.007 IYIDPFTYEDPNEAVRE-1P E,F
605/611 2151.17 2150.93 0.011 IYIDPFTYEDPNEAVRE-1P E, K
605/611 2180.84 2181.82 0.045 IYIDPFTYEDPNEAVR-3P E, T
605/611 2230.50 2230.90 0.018 IYIDPFTYEDPNEAVRE-2P E,T
605/611 2231.02 2230.90 0.005 IYIDPFTYEDPNEAVRE-2P E,TF
605/611 2231.05 2230.90 0.007 IYIDPFTYEDPNEAVRE-2P E, K
605/611 2628.48 2627.97 0.027 IYIDPFTYEDPNEAVREFAKE-1P E, T
586/593/605/611 4390.91 4389%6 0.031  YTDKLQHYTSGHMTPGMKIYIDPFTYEDPNEAVRE-3P E, K

2 Percent difference between measured mass and calculated®riagssin (T) and endoproteinases Glu-C (E), Arg-C (R), and Lys-C (K).
¢ Monoisotopic mass! Average mass’ Receptor purified by GSTSH2 domainf Receptor purified by ephrin-B2 F&.? indicates pairs of candidate
peptides corresponding to the same peak, identified by the same number in parentheses.

sistent with the in vitro mapping experiments, and Y662, Several of the phosphopeptides that were isolated contain
Y673, Y750, Y756, and Y814 (Table 2). Y662, Y673, and Y944, the only tyrosine in the carboxy-terminal tail of EphB5
Y814 were determined to be phosphorylated because somgTable 3), consistent with this tyrosine being phosphorylated.
phosphopeptides included only one of these tyrosines. Y750These peptides were phosphorylated at multiple sites,
and Y756, however, could not be separated into different indicating that the carboxy-terminal tail of EphB5 is phos-
peptides, and it is not known whether one or both are phorylated on serine/threonine residues as well.
phosphorylated. Some of the peptides from the kinase domain Mapping in Vo Tyrosine Phosphorylation Sites in the
have multiple phosphorylation sites, indicating the presence EphB2 ReceptorTo determine whether tyrosine phos-
of several serine/threonine phosphorylation sites. phorylation sites are conserved in different EphB receptors,
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Table 2: Kinase Domain Peptides from in Vivo Phosphorylated EphB5 and EphB2 Identified by Mass Spectrometry

tyrosine measureavz Mealicd %A peptide proteage
EphB5 peptide

662 1139.65 1139.49 0.014 REYTVAIK+2P T

662 1404.94 1405.58 0.046 EYTVAIKTLK+3P ™

662 1482.71 1481.72 0.067 REYTVAIKTLK+2P E, T
673 (1) 7? 1377.76 1377.61 0.011 TLKSGYTDEQRF1P ™

673 (8)? 1377.82 1377.61 0.016 TLKSGYTDEQR-1P E, T
673 1956.14 1956.68 0.028 SGYTDEQRREFLSE3P E, P
662/673 2090.03 2088.71 0.063 YTVAIKTLKSGYTDE+5P E, T
662/673 (9) ? 2422.99 242194 0.043 EYTVAIKTLKSGYTDEQR+4P E,T
662/673 2919.93 2917.81 0.090 HPGKREYTVAIKTLKSGYTDEQRt2P ™

750/756 (1) ? 1377.76 137757 0.014 YLSDMNYVHR+1P T

750/756 (8) ? 1377.82 137757 0.018 YLSDMNYVHR+1P E,T
750/756 4196.72 4200.70 0.095 EGQFSVLQLVGMLRGIAAGMRYLSDMNYVHRDLAAR+2P E,TF
750/756 4199.21 4200.70 0.036 EGQFSVLQLVGMLRGIAAGMRYLSDMNYVHRDLAAR+2P ™

750/756 4325.16 4328.88 0.086 KEGQFSVLQLVGMLRGIAAGMRYLSDMNYVHRDLAAR+2P E, T
750/756 (3) ? 5094.72 5091%00.059 GIAAGMRYLSDMNYVHRDLAARNILVNSNLVCKVSDFGLSRFLE+2P E, R
794 1673.20 1672.60 0.036 DDASNPTYTGALGCK-2P E, T
794 2070.01 2071.95 0.094 DDASNPTYTGALGCKIPIRF1P E, P
794 (4)? 2153.84 2151.92 0.089 DDASNPTYTGALGCKIPIR-2P E, T
794 2230.01 2231.89 0.084 DDASNPTYTGALGCKIPIR-3P E, P
794 2461.20 2462.69 0.060 FLEDDASNPTYTGALGCKIPIR-1P T

794 3086.83 3084.96 0.061 VSDFGLSRFLEDDASNPTYTGALGCK4P E, P
794 3243.02 3244.92 0.059 VSDFGLSRFLEDDASNPTYTGALGCKG6P E,T*
794 (7)? 3824.81 3824.99 0.005 FLEDDASNPTYTGALGCKIPIRWTAPEAVQYR-3P E, P
794 5209.60 5209.65 0.000 DLAARNILVNSNLVCKVSDFGLSRFLEDDASNPTYTGALGCKIPIR-3P E,R
814 715.40 716.31 0.128 AVQYR+1P E,R
814 843.93 844.4 0.057 AVQYRKH1P E,T*
814 1300.97 1300.57 0.031 WTAPEAVQYR+1P E, T
814 1429.05 1428.67 0.027 WTAPEAVQYRKH1P E,T
814 1429.74 1428.67 0.075 WTAPEAVQYRK+1P T

814 1509.09 1508.63 0.030 WTAPEAVQYRKt2P E, R

EphB2 peptide

668 1392.46 1391.47 0.071 TLKSGYTEKQR-1P E, P
668 1649.31 1649.86 0.033 IFVAIKTLKSGYTE+1P E, K
668 (11) ? 1808.70 1809.99 0.060 IFVAIKTLKSGYTE+3P E,T
668 1956.15 1955.73 0.021 SGYTEKQRRDFLSE3P E, P
668 2222.78 2223.03 0.011 REIFVAIKTLKSGYTEK+3P ™

668 2269.82 2271.32 0.057 EIFVAIKTLKSGYTEKQR+2P E, T
668 4151.46 4151.45 0.000 SGYTEKQRRDFLSEASIMGQFDHPNVIHLEGVVTK2P E, Kk
745/751 1361.45 1361.57 0.009 YLADMNYVHR+1P E, T
745/751 1361.52 1361.57 0.004 YLADMNYVHR+1P E, P
745/751 (10) ? 1441.74 1441540.014 YLADMNYVHR+2P E,T*
745/751 2070.27 2069.87 0.019 GIAAGMKYLADMNYVHR +2P E, P
745/751 3087.89 3087.50 0.013 YLADMNYVHRDLAARNILVNSNLVCK +1P E, Kk
789 1609.45 1607.65 0.112 DDTSDPTYTSALGGK-1P E, T
789 1996.48 1996.84 0.018 FLEDDTSDPTYTSALGGK-1P E,T
789 2156.98 2156.78 0.010 FLEDDTSDPTYTSALGGK-3P T

789 2087.32 2086.97 0.017 DDTSDPTYTSALGGKIPIR-1P E, P
809 858.28 858.42 0.017 AIQYRK+1P E, K
809 (10) ? 1441.74 1442.68 0.065 WTAPEAIQYRK+1P E, P
809 1875.79 1873.88 0.102 IPIRWTAPEAIQYR:-2P T

809 1920.67 1922.01 0.070 IPIRWTAPEAIQYRK-1P ™

809/821 2876.79 2877.18 0.014 AIQYRKFTSASDVWSYGIVMWE-3P E, K

apercent difference between measured mass and calculated’iagssin (T) and endoproteinases Glu-C (E), Arg-C (R), and Lys-C (K).
¢ Monoisotopic mass! Average mass: Receptor purified by GSTSH2 domain! Receptor purified by ephrin-B2 F&.? indicates pairs of candidate
peptides corresponding to the same peak, identified by the same number in parentheses.

we investigated the in vivo tyrosine phosphorylation sites ions, and their peptide assignments are summarized in the
of EphB2 @7), a receptor closely related to EphB5. Tyrosine- bottom halves of Tables-13.

phosphorylated peptides from EphB2 were isolated as Manv phosphooentides were from the iuxtamembrane
described for EphB5, since both the SH2 domain and ephrin- . y Pnosphopep Juxt .

B2 bind phosphorylated EphB2 (Figure 2). In addition, a region of EphB2 (T_able 1). Of the four tyrosines in the
GST fusion protein of the SH2 domain of the adaptor Grb10 Juxtamembrane region of EphB2, all appear to be phos-
was used for some of the experiments. Similar mass spectra?horylated. Peptides including tyrosines 605 and 611, such
were obtained by purifying EphB2 with GSBrc SH2 or as that gtm/z 2101.48 in Figure 4, correspondi to some of
GST-Grb10 SH2. Representative examples of the massthe major peaks observed for EphB2. Serine 584 and
spectra for EphB2 that was purified with either GSSrc threonine 587 in EphB2, like the corresponding threonines
SH2 or ephrin-B2 Fc are shown in Figure 4. Most of the 590 and 593 in EphB5, also appear to be phosphorylated.
peaks in these spectra were identified as phosphopeptide$n the basis of one peptide (atz 2180.84), threonine 610
predicted from proteolytic digestion of EphB2 or background was also determined to be phosphorylated.
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Table 3: Carboxy-Terminal Tail Peptides from in Vivo Phosphorylated EphB5 and EphB2 Identified by Mass Spectrometry

tyrosine measureaz Meaicd %A peptide protease
EphB5 peptide
944 1587.96 1589.76 0.113 WLDAIKMGRYKE+1P E, R
944 2197.55 2196.04 0.069 YKENFDQAGLITFDVISR+1P T
944 (5) ? 2356.77 2355.97 0.034 YKENFDQAGLITFDVISR+3P E, T
944 2698.11 2700.23 0.075 MGRYKENFDQAGLITFDVISR-3P E, P
944 3767.64 3768.88 0.033 MGRYKENFDQAGLITFDVISRMTLEDLQRF4P E, T
944 (7) ? 3824.81 3823.23 0.041 WLDAIKMGRYKENFDQAGLITFDVISRMTLE+2P E, P
944 (3) ? 5096.54 5100.57 0.079 KPSALKATGTGSSRPSQPLLSNSPPDFPSLSNAHEWLDAIKMGRY¥RP E, R
944 5227.47 5229.689 0.042 KPSALKATGTGSSRPSQPLLSNSPPDFPSLSNAHEWLDAIKMGRYKEP E, R
EphB2 peptide
939 816.39 816.24 0.018 MSQYK+2P E, T
939 864.27 865.32 0.121 MSQYKE+1P E, P
939 864.45 865.32 0.101 MSQYKEF1P E,T
939 1591.59 1591.72 0.008 WLDAIKMSQYKE+1P E, R
939 3614.19 3613.01 0.033 WLDAIKMSQYKESFASAGFTTFDIVSQMTVE-1P E, R
939 3610.50 3613.01 0.069 WLDAIKMSQYKESFASAGFTTFDIVSQMTVE-1P E, k
939 5096.55 5096.96 0.000 TIPDYTSFNTVDEWLDAIKMSQYKESFASAGFTTFDIVSQMTVE1P E, R

apercent difference between measured mass and calculated’iagssin (T) and endoproteinases Glu-C (E), Arg-C (R), and Lys-C (K).
¢ Monoisotopic mass! Average mass’ Receptor purified by GSTSH2 domainf Receptor purified by ephrin-B2 F&.? indicates pairs of candidate
peptides corresponding to the same peak, identified by the same number in parentheses.

In the kinase domain, several different phosphopeptides Many phosphopeptides corresponding to major peaks in
contained the conserved Y789 in the activation loop (Table the mass spectra were from the juxtamembrane region of
2). Other phosphopeptides indicate that Y668, Y745, Y751, EphB2 and EphB5, consistent with juxtamembrane tyrosines
and Y809 in the kinase domain of EphB2 are also phos- being major in vivo phosphorylation sites. We previously
phorylated. The kinase domain of EphB2 appears to beidentified Y605 and Y611 of EphB2 as in vitro autophos-
phosphorylated on multiple serine/threonine residues as well.phorylation sites by using two-dimensional phosphopeptide

In the carboxy-terminal tail, there are two tyrosines in mapping 23). Our mass spectrometry data indicate that either
EphB2. On the basis of the phosphorylated peptides that wereY605, Y611, or both are also phosphorylated in vivo. Of
isolated (Table 3), we concluded that Y939 is phosphorylated the corresponding tyrosines in EphB5, we have identified
and Y921 is not phosphorylated. Carboxy-terminal phos- Y616 and possibly Y610 as phosphorylation sites by two-
phopeptides from EphB2 appear to be less heavily phos-dimensional phosphopeptide mapping and by mass spec-
phorylated on serine/threonine residues than those fromtrometry. These two juxtamembrane tyrosines are highly
EphB5. conserved in the Eph receptors, and evidence suggests that

Mapping the Binding Site(s) for the SH2 Domain by Mass their phosphorylation has functional significance. First, it is
SpectrometryTo determine whether a modification of the required for Eph receptor association with the SH2 domains
procedure described above for identifying protein phos- of different signaling proteins, including Src, as we show
phorylation sites can be used to identify binding sites for here, and other Src family kinases, the Ras GTPase activating
protein interaction domains, we mapped the binding site(s) protein (RasGAP), and the adaptors Crk and N2k @3,
in EphB2 for the SH2 domain of the Src kinase. Tyrosine- 38, 39). Second, phosphorylation of Y605 and Y611 of
phosphorylated EphB2 was initially purified with GSBrc EphB2 has been proposed to regulate kinase activity, because
SH2. In contrast to the original method, the protease-digestedpreventing phosphorylation by mutating them to phenyl-
fragments were purified with GSTSrc SH2 immobilized alanine severely impaired receptor kinase activi®p)(
on glutathione agarose, rather than anti-phosphotyrosineMutation to glutamic acid, which like phosphotyrosine is
antibodies. The mass spectrum obtained from the peptidesnegatively charged, instead resulted in an active receptor
bound to the SH2 domain exhibited a few peaks (Figure 5). (unpublished data).

These peaks correspond to phosphorylated peptides contain- The two other tyrosines present in the juxtamembrane
ing Y605 and Y611 in the juxtamembrane domain, except region of both EphB2 (Y586 and Y593) and EphB5 (Y592
for a minor peak corresponding to a peptide containing Y668 and Y599), which are conserved in all other EphB receptors
in the kinase domain (Table 4). but not in the EphA receptors, were also identified as in vivo
phosphorylation sites. Their significance is not known,
DISCUSSION however, and their sequence context does not suggest

By systematica”y mapping the tyrosine_phosphorwated, association with SpECiﬁC SH2 or phosphotyrosine-binding
proteolytic fragments of two EphB receptors, we found that (PTB) domains 5, 36).
these receptors are extensively phosphorylated in vivo. Ten The tyrosine in the activation loop of EphB2 (Y789) and
of the 15 tyrosines in EphB2 and 4Q2 of the 16 tyrosines  EphB5 (Y794) appears to be a major phosphorylation site
in EphB5 were identified as phosphorylation sites (Figure both in vitro and in vivo, because many phosphopeptides
6). Phosphorylation of serine and threonine residues was alsdrom both in vitro autophosphorylated EphB5 and in vivo
detected in these receptors. Often, a peptide presented severghosphorylated EphB2 and EphB5 contained this tyrosine.
phosphorylation states, suggesting complex in vivo patternsPhosphorylation at this site has not been previously reported
of EphB receptor phosphorylation in which different sites for Eph receptors. The corresponding tyrosine, however, is
are differentially phosphorylated. a major phosphorylation site in other receptor tyrosine
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FIGURE 5: Mapping the SH2 domain binding site(s) in EphB2 by
25000 - mass spectrometry. EphB2 bound to GSrc SH2 was digested
with endoproteinase Glu-C and trypsin. SH2 domain-interacting
T peptides were isolated from the resulting peptide mixture by binding
to GST-Src SH2 bound to glutathione agarose, and analyzed by
MALDI mass spectrometry in the reflector mode. Peaks corre-
sponding to tyrosine-phosphorylated peptides of EphB2 are denoted
by their masses and identified in Table 4.

Table 4: Peptides Bound to the SH2 Domain of Src from in Vivo
2200 2600 3000 Phosphorylated EphB2

measured
tyrosine  m/z Meaca  %0A2 peptidé

668 1730.57 1729.820.043 IFVAIKTLKSGYTE+2P
605/611 1774.71 1775.650.053 IYIDPFTYEDPNB-2P

4390.91

Ta%00 | 3600 . 4000 | 4400 605/611 2101.78 2101.860.004 IYIDPFTYEDPNEAVR-2P
Mass (m/z) 605/611 2151.78 2150.930.040 IYIDPFTYEDPNEAVRE-1P
605/611 2230.70 2230.900.020 IYIDPFTYEDPNEAVRE-2P
a Percent difference between measured mass and calculated mass.
B b EphB2 was isolated on the GSBrc SH2 domain and digested with
endoproteinase Glu-C and trypsin. The resulting peptide mixture was
10000 purified on the SH2 domain of Sré Monoisotopic mass.
3 2 g S
800043 3 3 2 S . .
> = BB < = and Src family kinases have indeed shown that tyrosine
60004 | i1 | 5 B phosphorylation in the activation loop stabilizes an active
4000 TN conformation of the kinase domai#, 46). Our data suggest
2000 L bl h a regulatory role for phosphorylation of Y794 in the

activation loop of EphB5, because its mutation to phenyl-
2} T T ) alanine essentially abolished in vitro autophosphorylation of
S 1000 1400 1800 EphBS.
3 The tyrosines in the amino-terminal portion of the kinase
domain were also identified as in vivo phosphorylation sites
of EphB receptors. In the amino-terminal, ATP-binding lobe
of the kinase domain3@, 47), we detected phosphorylation
of Y668 of EphB2, the corresponding Y673 of EphB5, and
the nonconserved Y662 of EphB5. In the carboxy-terminal,
larger lobe of the kinase domain, we detected phosphoryl-
) . ; , . ation of Y745 and Y751 of EphB2 and the corresponding
2000 2400 2800 Y750 and Y756 of EphB5, which are located near the
Mass (m/z) catalytic loop 83, 47), and Y809 of EphB2 and the
FiGURE 4: MALDI mass spectra of EphB2 phosphopeptides. (A) corresponding Y814 of EphB5, which are located near the
EphB2 bound to GSTSrc SH2 was digested with endoproteinase activation loop. We did not obtain evidence, by mass
Glu-C and endoproteinase Lys-C, and (B) EphB2 bound to ephrin- spectrometry or two-dimensional phosphopeptide mapping,

‘I?irozfngygrslogé%%srﬁgtevgighepet{:jdec;pvrvc:at%nigggt;:l:‘;gmiﬂg rtergﬁﬁ:ﬂg for phosphorylation of the other four tyrosines in the kinase
domain of EphB2 or EphB5.

peptide mixture by binding to anti-phosphotyrosine antibodies g o ) )
conjugated to agarose, and analyzed by MALDI mass spectrometry ~Extensive autophosphorylation in the amino-terminal por-
in the reflector mode. Peaks corresponding to tyrosine-phos- tion of the kinase domain has not been previously reported
phorylated peptides of EphB2 are denoted by their masses andigr other receptor tyrosine kinase&5( 33). A tyrosine
gﬂentlfled in Tables +3. Peaks marked wWita B are from corresponding to Y668 of EphB2 is present in most Eph
ackground ions. . - : .

receptors, but not in other families of tyrosine kinases, and
kinases 15, 33). Phosphorylation of this tyrosine has been Y662 of EphB5 is not conserved within the Eph family itself.
proposed to regulate kinase activity, because its mutation toThese, therefore, may be unique Eph receptor phosphoryl-
phenylalanine has inactivating effects in a number of tyrosine ation sites. It should be noted that previous mutagenesis
kinases 15, 40—44). Structural studies on the insulin receptor studies on tyrosine kinases focused on tyrosines outside the
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EphB2 EphB5 however, do not conform to predicted binding sites for SH2
or PTB domains 5, 36).
_l—l_/,,&s_"l'—w The single conserved tyrosine in the carboxy-terminal tail
Juxtamembrane —53%, 833 of Eph receptors, Y939 in EphB2 and Y944 in EphB5, was
Region —NPE11* Pg}gjg identified as an in vivo phosphorylation site by mass
spectrometry. This tyrosine, however, was not detected as
662 an in vitro autophosphorylation site of EphB5 by two-
673

dimensional phosphopeptide mapping. This discrepancy
suggests that this tyrosine may be phosphorylated by a kinase
present in vivo and not in the EphB5 immunoprecipitates.
Tyrosine phosphorylation in the carboxy-terminal tail of Eph
756 7 receptors has been proposed to regulate binding of effector
proteins, such as the adaptor Grb10 and LMW-PJ®? Z4).
In addition, tyrosine phosphorylation in the carboxy-terminal
814 tail may regulate Eph receptor dimerizatid6(57).
EphB2 contains a second tyrosine (Y921) in its carboxy-
terminal tail, which does not appear to be phosphorylated.
Notably, the crystal structure of the carboxy-terminal tail of
|| EphB2 indicated that Y921 anchors interfaces in the dimer-
- ized structure and is, therefore, unlikely to be phosphorylated

Kinase Domain

Carboxy-| [ p gag | b gas (56, 57). The hydroxyl group of Y939 is instead exposed to
Te"m.'P:iI the solvent and therefore accessible for phosphorylation.

Although serine/threonine phosphorylation has not been
|| L previously reported for Eph receptors, our data indicate that

FIGURE 6: Tyrosine phosphorylation sites in the cytoplasmic region in vivo .EphBZ an_d EphB5 are substantially phOSphorylateq
of EphB2 and EphBS. Tyrosine residues are represented by aOn serine/threonine residues throughout the cytoplasmic
horizontal line; P indicates a phosphate group. In vivo tyrosine region. Serine/threonine phosphorylation was observed in the

phosphorylation sites identified by mass spectrometry are indicatedjuxtamembrane region of both EphB2 and EphBS5. In other

by their residue number. In vitro autophosphorylation sites of EphB2 ; ; ; ;
(23) and EphB5 identified by two-dimensional phosphopeptide receptor tyrosine kinases, such as the receptors for insulin,

mapping are marked with asterisks. Tyrosines whose levels of EGF’ and hepatoc}’te growth faCtorj phosphorylatlon of
phosphorylation could not be conclusively demonstrated are denotedjuxtamembrane serine and/or threonine residues regulates
with 2. kinase activity 15, 58—60).

The phosphorylation of threonine 802 in the kinase domain
kinase domain as well as the conserved tyrosine in the of EphB2, and the corresponding threonine 807 in EphB5,
activation loop, because these tyrosines were thought likely is intriguing. This threonine is conserved in the Eph receptors
to be phosphorylated. At least one other example of tyrosine and the non-receptor tyrosine kinases, while it is a methionine
phosphorylation in the amino-terminal lobe of the kinase in the other families of receptor tyrosine kinas@d)( The
domain has been reported, however. This is Y703 in the nature of this residue influences substrate specifiéily §2),
epidermal growth factor (EGF) recepteatg]. Interestingly, consistent with its location in the4PL loop, which con-
this is not an autophosphorylation site but rather a site thattributes a binding surface for the substradé,(47). Phos-
can be phosphorylated by the Src kinase both in vitro and phorylation of this threonine may, therefore, disrupt substrate
in vivo. Src family kinases can interact with Eph receptors binding or result in a shift in substrate specificity, and thus
(16), and perhaps some of the phosphorylation sites that weprovide a novel mechanism for regulating which downstream
have detected in vivo are phosphorylated by these kinasessignaling pathways are activated.

Tyrosines corresponding to Y745, Y751, and Y809 of  MALDI mass spectrometry has proven to be a fast and
EphB2 are present in other families of tyrosine kinases, sensitive method for determining the complicated in vivo
where they may be phosphorylated. Indeed, Y803 of the EGF phosphorylation patterns of EphB receptors and has allowed
receptor, which corresponds to Y745 of EphB2, has been us to identify many Eph receptor phosphorylation sites that
shown to be a site of autophosphorylation that can also bewere previously unknown. It should be noted that our
phosphorylated by Srat@, 50). approach could be sensitive enough to allow identification

Tyrosine phosphorylation sites in the kinase domain of of sites that are phosphorylated at low levels. Because peak
Eph receptors may affect catalytic activity. For example, size in the mass spectra does not necessarily correlate with
phosphorylation of tyrosines in the ATP-binding lobe may the amount of the corresponding peptide, alternative ap-
influence the affinity for ATP, and phosphorylation of proaches will be needed to accurately compare the extent of
tyrosines near the catalytic and activation loops may influ- phosphorylation at different sites and/or determine their
ence the activation state of Eph receptors. Phosphotyrosingphysiological relevance. Similar patterns of phosphorylation
residues in the activation loop of the insulin receptor have sites were determined for two EphB receptors on the basis

also been implicated in binding signaling proteib4-{53). of the masses of their different sets of peptides, which is
Similarly, the NPXY;94 sequence of EphB5 may represent a consistent with an accurate identification of the sites.
PTB domain binding site when it is phosphorylatéd, 55). Furthermore, many of the same tyrosine phosphorylation sites

The sequence motifs surrounding other phosphorylatedwere identified by comparing radiolabeled peptides from
tyrosines in the kinase domain of EphB2 and EphB5, wild-type and mutated EphB5.
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Unlike other approaches used to identify phosphorylation drasen Soans for EphB5 antibodies, and Patricia Menzel and
sites, mass spectrometry does not require mutagenesis oAndrew Freeman for their excellent technical support in
selected amino acid residues. This is preferable because th@reparing the ephrin-B2 Fc plasmid, GST fusion proteins,

results are not biased by preconceived ideas regarding whichand antibodies used in this study.

residues are likely to be phosphorylated nor affected by

possible changes in protein folding caused by the mutation. REFERENCES

Furthermore, mutation of an amino acid can influence the
phosphorylation of other sites, as we have observed after
mutating Y605 and Y611 of EphB28) and Y794 of EphB5

to phenylalanine. MALDI mass spectrometry also does not
require radioactive labeling of the phosphorylated residues.
2P labeling may cause artifactual patterns of phosphorylation
because of the low ATP or phosphate concentrations and
possible lack of equilibration between the radioactive and
nonradioactive phosphate pools.

We were able to separate the tyrosine-phosphorylated
peptides from a complex mixture of peptides by using a final
purification step with anti-phosphotyrosine antibodies con-
jugated to agarose bead3l), or GST-Src SH2 domain
bound to glutathione agarose. The peptides bound to the
agarose beads were mixed with matrix and directly subjected
to MALDI analysis 63). This approach did not require
HPLC separation of individual tyrosine-phosphorylated pep-
tides prior to mass spectrometric analysis, as previously
described for mapping phosphorylation sites of other large
proteins 81, 64, 65). Remarkably, the GSTSrc SH2
domain, which was not covalently attached to agarose, did
not suppress ionization of the bound phosphopeptides. The
approach we have used, therefore, appears to be suitable for
identifying the tyrosine-phosphorylated binding sites for the
SH2 domains of other signaling proteins, provided that the
binding site is not cleaved by the endoproteinases that are
used.

In this study, we have identified the in vivo phosphoryl-
ation sites of EphB2 and EphB5 from transiently transfected
293 human embryonal kidney cells as a first step toward
elucidating the molecular mechanisms underlying Eph recep-
tor function. Untransfected 293 cells do not express detect-
able levels of endogenous EphB2 or EphB5, but they express

at least one EphB receptor, EphB4. They, therefore, represent 1

a suitable cell line for analyzing EphB receptor signaling
properties. By immunoblotting extracts of transfected 293
cells, we found that the expression levels of EphB2 and
EphB5 appeared to be comparable (unpublished data).
Transfected EphB2 and EphB5 were constitutively tyrosine-
phosphorylated, presumably because of either their high
levels of expression or the presence of endogenous ephrin-B
ligands in 293 cells. In vivo, in some embryonic tissues,
EphB2 and EphB5 are also highly expressed and constitu-
tively tyrosine-phosphorylate®$, 66). Refinements of the
mass spectrometry approach that we describe here should
allow characterization of the phosphorylation patterns of Eph
receptors isolated from embryonic tissues. This will deter-
mine whether the complicated pattern of EphB receptor
tyrosine phosphorylation that we have observed in cultured
cells is also present in tissues, consistent with a complex
physiological regulation of Eph receptor function during
developmental processes.
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