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ABSTRACT: The cytoplasmic domain of B ephrins plays a central role in bidirectional signal transduction
processes controlling pattern formation and morphogenesis, such as axon guidance, cell migration,
segmentation, and angiogensis. In particular, the extremely conserved last 33-residue cytoplasmic subdomain
was shown to bind to both a PDZ domain for one signaling pathway [Lu et al. (2001)Cell 105, 69-79]
and an SH2 domain from an alternative signaling network [Cowan and Henkemeyer (2001)Nature 413,
174-179]. To date, no structural information is available for the cytoplasmic domain of ephrin B proteins.
We report here a detailed NMR study on the structural and dynamic properties of the cytoplasmic domain
of human ephrin B2. Our results reveal the following: (1) the N-terminal region of the cytoplasmic domain
from residues 253 to 300 lacks the ability for structure formation and is particularly prone to aggregation;
and (2) the C-terminal functional subdomain from residues 301 to 333 assumes two distinctive structural
elements with residues 301-322 adopting a well-packed hairpin structure followed by a flexible C-terminal
tail. Furthermore, the backbone15N relaxation data demonstrate that the hairpin structure has significantly
limited backbone motions, indicating a high conformational stability for the folded structure. Therefore,
while the flexible C-terminal tail is suitable for binding to the PDZ domain, the folded hairpin may represent
a latent structure requiring phosphorylation-induced conformational changes for high-affinity interactions
with the SH2 domain.

Signal transduction through receptor tyrosine kinases plays
an essential role in the development of multicellular organ-
isms. Recently, the Eph receptor tyrosine kinases and their
ephrin ligands have been implicated to function at the
interface between pattern formation and morphogenesis (1,
2), a critical step for neural development (3-5) and vascular
morphogenesis (6-8). Eph-ephrin-mediated signaling is
conserved among metazoans, and related receptors and
ligands have been identified inC. elegans, Drosophila,
Xenopus, and other vertebrates. In the Eph-ephrin signaling
systems, the distinction between receptors and ligands is not
absolute since accumulating genetic and biochemical evi-
dence supports the scenario that ephrin ligands can also in
some cases act as “receptors”. In other words, the same Eph
and ephrin proteins can either send or receive signals,
depending on the developmental context of the “receptor”
(8-10). So far, eight mammalian ephrins have been identi-
fied, which can be grouped into two structural and functional
families. Five ligands (ephrin-A1 to ephrin-A5) belong to
family A which are linked to the cell membrane by a

glycosylphosphatidylinositol (GPI) moiety, while there are
three ligands (ephrin B1 to ephrin B3) in family B. B ephrins
and their Eph receptors transmit signals bidirectionally, thus
mediating contact-dependent cell-cell interactions involved
in the guidance and assembly of cells (11, 12).

The B ephrin family proteins are anchored to the cell
surface, having an extracellular domain, a transmembrane
fragment, and a cytoplasmic domain. The cytoplasmic
domains contain approximately 82 amino acids and are
conserved among the ephrin B family (Figure 1). In
particular, the last 33 amino acids are extremely conserved,
showing a remarkable 90-100% identity within the 3
members, but with no detectable sequence homology with
other proteins (13-18). The striking conservation of the
cytoplasmic domains alone, especially the last 33 residues,
strongly suggests a unique functional role for the C-termini
of the B ephrin molecules. Indeed, functional studies have
identified the cytoplasmic domain of ephrin B as involved
in the bidirectional signaling (6, 19-21). During the course
of our NMR1 study, peptides corresponding to the C-terminal
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33 residues of ephrin B were also experimentally identified
to bind to the PDZ domain of a novel PDZ-RGS protein
(20) and to the SH2 domain of the Grb4 adaptor protein (21).
At the same time, the bidirectional signaling mediated by
interactions between B ephrins and the Eph receptor tyrosine
kinases is only starting to be understood in structural terms.
For example, the three-dimensional structures of the extra-
cellular domain of ephrin B2 and its complex with Eph were
reported recently (9, 22). However, the structural properties
of the cytoplasmic domain involved in the other half of the
bidirectional signaling still remain completely unknown.

Our work reported here has focused on the structure
characterization of the entire cytoplasmic domain and its
dissected fragments by use of NMR spectroscopy. We found
that the entire cytoplasmic domain or residues 253-333 and
a subfragment encompassing residues 253-300 lack the
ability to fold into uniquely defined three-dimensional
structures and are especially prone to aggregation. Very
unexpectedly, the functional subdomain over the last 33
residues, which contains all functionally important binding
sites identified so far, is structured and adopts a well-packed
hairpin followed by a flexible turn structure at the C-terminal
region. Furthermore, in complete agreement with structure
determination, backbone15N NMR relaxation data demon-
strate that the two structural elements of the C-terminal
functional subdomain have distinctive backbone motional
properties. These results from our study provide valuable
insights into the oligomerization property and functional
interactions involving the cytoplasmic domain of B ephrins.

EXPERIMENTAL PROCEDURES

Cloning and Expression of the Cytoplasmic Domain and
Its Subfragments.The DNA fragment encoding the cyto-
plasmic domain (residues 253-333) of human ephrin B2
(designated as ephrin-B2253-333) was obtained by PCR on
the vector pBTM116-SVC containing the human ephrin B2
gene. The PCR fragment was cloned into the expression
vector pET-15b (Novagen) withNdeI/BamHI restriction sites.
The DNA sequence was confirmed by automated DNA
sequencing. The recombinant His-tagged protein was ex-
pressed in BL21 and was subsequently purified by use of a
Ni-agarose affinity column.

The DNA fragments encoding both ephrin-B2253-300 and
ephrin-B2301-333 with amino acid sequences of253RRRHRKH-
SPQ262 HTTTLSLSTL272 ATPKRSGNNN282 GSEPSDIIIP292

LRTADSVF300 and301CPHYEKVSGD310 YGHPVYIVQE320

MPPQSPANIY330 YKV 333, respectively, were obtained by
PCR and subsequently cloned into the pGEX-5X-1 expres-
sion vector as glutathioneS-transferase fusion proteins with
EcoRI/XhoI restriction sites. The cloned expression vectors
for ephrin-B2253-300 and ephrin-B2301-333 were transformed
into theEscherichia colistrain BL21 to express GST-fusion
proteins which were subsequently purified using glutathione
Sepharose (Pharmacia). The cleavage of the fusion proteins
was performed by incubating the fusion proteins with bovine
factor Xa for 12 h. The purified ephrin-B2253-300 peptide was
obtained by rebinding the released GST protein to the
glutathione Sepharose column while the released ephrin-
B2301-333 peptide was further purified on an HPLC system
using a reverse C8 column. For heteronuclear NMR experi-
ments, the ephrin-B2253-300 and ephrinB2301-333 fragments
were prepared in15N-labeled form using a similar expression
protocol except for growingE. coli cells in the M9 media
instead of the 2YT media. The (15NH4)2SO4 salt was used
for 15N labeling. The identity of the ephrinB2301-333 peptide
was confirmed by MALDI mass spectrometry.

Peptide Synthesis and Purification.A peptide derived from
residues 301-333 of human ephrin B2 was also chemically
synthesized using standard FMOC chemistry at the Protein
Chemistry Group of the Biotechnology Research Institute.
The synthetic peptide was purified by a reverse-phase HPLC
C18 column eluted with an acetonitrile gradient of 10-50%.
The identity of the synthetic peptide was verified by
electrospray mass spectrometry and NMR signal assignments.

NMR Sample Preparation.The NMR samples of the
recombinant cytoplasmic domain ephrin-B2253-333 and the
subfragment ephrin-B2253-300 were prepared by exchanging
the purified samples into 400µL of 50 mM sodium
phosphate buffer (pH 6.8). The concentrations of the15N-
labeled ephrin-B2253-300 and ephrin-B2301-333 peptides are
∼60µM and 0.9 mM, respectively. Samples of the synthetic
33-residue peptide with peptide concentrations of∼2.5 mM
were prepared by dissolving the lyophilized peptides in 400
µL of either H2O or D2O aqueous buffer containing 50 mM
sodium phosphate. The pH or pD values of the NMR samples
were adjusted to 6.8, and deuterated DTT was added to the
samples to a final concentration of 15 mM to prevent the
formation of intermolecular disulfide. The deuterium lock
signal for the NMR spectrometers was provided by the
addition of 50µL of D2O. The cocktail of protease inhibitors
was also added to inhibit the activities of any residual
proteases not removed by the purification procedure.

FIGURE 1: Schematic representation of the domain organization
of human ephrin B2. (a) Entire human ephrin B2 protein is
composed of an N-terminal extracellular domain (residues 1-233)
that binds EphB receptors, a transmembrane region (residues 234-
252), and the cytoplasmic domain (residues 253-333). Within the
cytoplasmic domain, the functional role of residues 253-300
remains completely unknown, but residues 301-333 are highly
conserved in the ephrin B family and are responsible for binding
to all intracellular partners identified so far. (b) Expanded region
of the cytoplasmic functional subdomain ephrin-B2301-333 carrying
all five functionally important tyrosine residues (Tyr304, Tyr311,
Tyr316, Tyr330, and Tyr331). The phosphorylated N-terminal
region of ephrin-B2301-333 was identified to bind to the SH2 domain
of the Grb4 protein, thereby mediating cytoskeletal dynamics (21),
while the C-terminal part was found to interact with the PDZ
domain of the PDZ-RGS protein, controlling the signaling for
cellular guidance (20).
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NMR Experiments and Resonance Assignments.NMR
experiments were carried out on Bruker Avance-500 or
Avance-800 spectrometers equipped with a 5 mmtriple-
resonance probe with pulse field gradient accessories. Phase-
sensitive detection by time-proportional phase incrementation
was employed for both the two-dimensional Overhauser
effect NOESY (23) and the total correlation TOCSY (24)
experiments. Mixing times of 120 and 200 ms were used
for NOESY experiments, and a mixing time of 65 ms for
TOCSY experiments. A set of two- and three-dimensional
heteronuclear experiments, including HSQC, TOCSY-
HSQC, and NOESY-HSQC (ref25 and references cited
therein), were collected for the15N-labeled protein fragments
ephrin-B2253-300 and ephrin-B2301-333 at 288 K. Spectral
processing was carried out using the XwinNMR spectrometer
software (Bruker). Sequence-specific assignments of the
proton resonances for the synthetic 33-residue peptide ephrin-
B2301-333 were achieved through identification of spin
systems in the TOCSY spectra combined with sequential
NOE connectivities in the NOESY spectra (26, 27). The
assignment of the15N-labeled peptide ephrin-B2301-333 was
achieved by use of HSQC and three-dimensional hetero-
nuclear NMR experiments, HSQC-TOCSY, and HSQC-
NOESY. The dihedral angle (φ) constraints were converted
from 3JRH-NH coupling constants calculated from the separa-
tion of cross-peak extrema of a DQF-COSY spectrum
acquired at pH 6.8 and 288 K (28).

Structure Calculations and Comparison.The structure
calculation was based on two NMR data sets at 288 and 298
K. The NOESY spectra for both H2O and D2O at two
temperatures were peak-picked manually by use of nmrView
(29). The obtained peak lists were combined with the proton
chemical shift assignments using a procedure which excluded
all diagonal and probable intraresidue peaks and generated
an initial list of ambiguous and unambiguous restraints (30).
The restraint lists were used as input for ARIA calculations
(31), together with a list ofφ dihedral restraints based on a
DQF-COSY analysis at 15°C. An iterative series of ARIA
runs using CNS 1.0 (30, 32) was performed, each with the
standard 8 iterations. The NOE peaks corresponding to
violated restraints were rechecked in the spectra to eliminate
noise and artifacts. After the first two runs, NOESY spectra
were simulated by an in-house program, PDB2NOE, from
the five best structures by assuming the correlation time to
be 1500 ps. Based on the difference between the simulated
and experimental spectra, the assignments were rechecked
and corrected until the simulated spectra strongly resembled
the real ones.

Visualization and comparison of structures were carried
out by use of the Sybyl molecular graphics program (Tripos
Inc.) and the Insight II software package. The coordinates
for the three-dimensional structures of the peptide-PDZ and
peptide-SH2 complexes were obtained from the Protein
DataBank with file names of 1BE9, 1D4W, and 1FU5.

Backbone15N NMR Relaxation Measurements.15N T1 and
T2 relaxation times and{1H}-15N steady-state NOEs were
determined on the 800 MHz spectrometer at both 278 and
288 K as described previously (33, 34). 15N T1 values were
measured from HSQC spectra recorded with relaxation
delays of 20, 80, 150, 230, 330, 500, 650, 850, 1110, and
1400 ms.15N T2 values were determined with relaxation
delays of 14.4, 43.2, 72.0, 115.2, 158.4, 201.6, 244.8, 288.0,

331.2, and 374.4 ms.{1H}-15N steady-state NOEs were
obtained by recording spectra with and without1H presatu-
ration of duration 3 s plus a relaxation delay of 5 s at 800
MHz. The presence of microsecond to millisecond scale
conformational exchange processes was assessed by CPMG-
based NMR experiments at 288 K, with the repetition rates
(or effectiveB1 field strengths) of the CPMG pulse train
varying from 100 to 1000 s-1 as described previously (34-
36).

RESULTS

NMR Characterization of the Ephrin B2 Cytoplasmic
Domain and Ephrin-B2253-300, Ephrin-B2301-333 Subfrag-
ments.The 81-residue cytoplasmic domain of human ephrin
B2, expressed and purified as a His-tagged protein, was found
to form a gel-like solution and had broad and narrowly
dispersed proton NMR signals (not shown), indicating the
lack of structure formation and the tendency for aggregation.
The formation of the gel-like solution still persisted at pH
5.0 and therefore may not be due to isoelectric precipitation
because the pI value of ephrin-B2253-333 is predicted to be
9.73. The entire cytoplasmic domain was further dissected
into two subfragments: ephrin-B2253-300and ephrin-B2301-333.
The expressed ephrin-B2253-300 fragment aggregated rapidly
at neutral pH even at a very low peptide concentration of
∼60 µM and even though its pI value is 11.34 in the very
basic region. An HSQC spectrum of a freshly prepared15N-
labeled ephrin-B2253-300 sample at a concentration of∼30
µM again showed very broad and narrowly dispersed NMR
signals, only∼0.8 ppm for the proton and∼17 ppm for the
15N resonances (Figure 2a). Moreover, the peptide sample
continued to precipitate even at 4°C, with only about half
of the peptide remaining in solution after 2 weeks. Taken
together, these results reveal that the ephrin-B2253-300 peptide
is also not uniquely structured in solution and is prone to
aggregation even at very low concentrations.

In contrast, the expressed ephrin-B2301-333 fragment had
a well-dispersed1H-15N HSQC spectrum (Figure 2b) with
the HSQC peaks easily assignable to specific residues. The
sharp and well-dispersed HSQC cross-peaks indicate the lack
of detectable aggregation for the ephrin-B2301-333 fragment.
Furthermore, a synthetic form of the ephrin-B2301-333 frag-
ment showed no detectable changes of its proton NMR
spectra at three peptide concentrations:∼2, 1, and 0.5 mM.
Also, a MALDI mass spectrum indicated the absence of
intermolecular disulfide formation under the experimental
conditions (data not shown). Taken together, these results
suggest that residues 301-333 of human ephrin B2 may fold
into a defined conformation whether in the expressed or
synthetic form.

Solution Structure of the Synthetic Ephrin-B2301-333 Pep-
tide.Figure 3 shows selected regions of the NOESY spectra
containing a large number of medium- and long-range NOEs.
In Figure 3a, the NOEs between theRH proton of Asp310
and the NH proton of Gly312, and between theRH proton
of Tyr311 and the NH proton of His313 indicate a loop or
turn conformation. In Figure 3b, long-range NOEs between
His303 and Val318, His303 and Gln319, Lys306 and Tyr316,
Glu305 and Tyr316 further reveal the presence of a hairpin
structure. The solution conformation of the synthetic ephrin-
B2301-333 peptide was therefore assessed in further detail
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through structure calculations. A final cluster of 60 structures
was generated from 14 dihedral angle constraints and 607

unique and 300 ambiguous constraints. The lowest-energy
structures with distance violations less than 0.2 Å and
dihedral angle violations less than 5° were selected (a total
of eight structures as shown in Figure 4) for the following
analysis. The calculation statistics of the eight selected

FIGURE 2: 1H-15N HSQC spectra of two subfragments of the
cytoplasmic domain of human ephrin B2. (a) HSQC spectrum of
the15N-labeled ephrin-B2253-300 in 50 mM phosphate buffer at pH
6.8 and 288 K. (b) HSQC spectrum of the15N-labeled ephrin-
B2301-333 in 50 mM phosphate buffer at pH 6.8 and 288 K, with
corresponding residues labeled. The additional residues Ile(-4),
Glu(-2), and Phe(-1) are from the linker sequence GIPEF attached
to the ephrin-B2301-333 fragment after the factor Xa cleavage of
GST-ephrin-B2301-333 fusion protein.

FIGURE 3: Homonuclear NOESY spectra of the synthetic ephrin-
B2301-333 peptide. (a) NH-RH region of the NOESY spectrum with
a mixing time of 200 ms in H2O at pH 6.8 and 288 K, with
sequential assignments and several medium-range NOEs labeled.
(b) Aromatic side chain region of a NOESY spectrum with a mixing
time of 200 ms in D2O at pH 6.8 and 288 K. Many key medium-
and long-range NOEs are present among specific residues (as
labeled), indicating extensive side chain packing interactions.
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structures are presented in Table 1. The low values of
distance and dihedral restraint energy terms indicate that the

selected eight structures are all consistent with the experi-
mental NMR data. Moreover, the idealized geometry is
respected as indicated by the low rms deviations for the bond
lengths (0.002 Å) and valence angles (0.34°).

The solution conformation of the ephrin-B2301-333 peptide
appears to consist of two distinctive structural elements, a
well-packed hairpin structure for residues His303-Ile317
followed by a short turn at the C-terminal region over
residues Pro326-Lys332. The orientation between these two
structural elements seems to be poorly defined, as shown
by Figure 4a,b, due to the absence of NOE connectivities
between the two segments. The absence of NOE connec-
tivities between the two structural elements most likely
results from the flexibility of the ephrin-B2301-333 molecule,
as indicated by the15N backbone relaxation data (Figure 5).
To further assess the orientation between N- and C-terminal
regions, we attempted to extract residual dipolar coupling
constants from HSQC spectra of the15N-labeled ephrin-
B2301-333 without proton decoupling at both 500 and 800
MHz (37). We did not use phages or membrane mimetics
to induce alignments since the small and relatively flexible
ephrin-B2301-333 may interact with membrane surfaces which
makes the coupling constants extremely difficult to interpret.
The measured residual dipolar coupling constants are all less
than 1 Hz, and there is no specific pattern appearing over
the sequence (data not shown). This could result from limited
alignment and/or averaging of residual dipolar coupling
constants by internal motions. Therefore, it appears that the
measurements of residual dipolar coupling constants are not
suitable for flexible proteins/peptides such as ephrin-
B2301-333, as pointed out recently (38).

The hairpin structure is defined by two strand residues,
His303-Val307 and His313-Ile317, linked by a long loop
over residues Ser308-Gly312. The average backbone rms
deviation among eight structures is only 0.7 Å for the entire
hairpin over residues 303-317, and the conformation of the
loop Ser308-Gly312 is similar to the omega-loop as
described previously (39). The hairpin structure appears to
lack a classicâ-sheet backbone conformation because
characteristicRH-NH, RH-RH NOEs between the two
strands were not observed. As a consequence, not allΨ, Φ
angles for hairpin residues were located in theâ-sheet region
of the Ramachandran plot. In contrast, extensive side-chain
interactions between two strands were found among the

FIGURE 4: Solution structure of the functional subdomain ephrin-
B2301-333. (a) Ribbon representation of the eight lowest-energy
structures superimposed over residues 303-317, with the side
chains of Tyr304, Tyr311, and Tyr316 displayed in stick mode and
colored in red. Bright yellow is used to color residues 301-322,
which is identical to the binding region of ephrin B1 for the SH2
domain of the Grb4 protein when phosphorylated (21). Cyan is
used to color the PDZ binding motif Tyr330-Tyr331-Lys332-
Val333. The rest region is colored in blue. (b) Same eight structures
superimposed over residues Pro326-Tyr331. Side chains of Tyr330
and Tyr331 are displayed in stick mode and colored in red. Side
chains of Pro326 and Val333 are also displayed in stick mode and
colored in gray and blue, respectively. (c) Surface representation
of the lowest-energy structure with five functionally important
tyrosine residues colored in pink and Val333 in blue.

Table 1: Statistics of the Refined Solution Structures of
Ephrin-B2301-333

structural constraints determined by nmr
unique distance constraints

sequential 187
medium- and long-range 420

ambiguous distance constraints 300
Φ dihedral angle constraints 14

energetic parameters
E(total) 67.2( 2.9
E(NOE) 13.1( 1.3
E(bond) 2.4( 0.2
E(angle) 17.2( 1.0
E(improper) 2.2( 0.4
E(VdW) 32.1( 2.2

rms deviations from idealized geometry
bond lengths (Å) 0.002( 0.000
angles (deg) 0.341( 0.010
improper angles (deg) 0.223( 0.020
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aromatic and hydrophobic residues, such as Pro, His, Tyr,
Val, and Ile residues (Figure 3b). Strikingly, this hairpin
structure even persisted in a truncated fragment over residues
301-317 (Song et al., unpublished data). This observation
suggests that the hairpin structure may be mostly stabilized
by a side chain packing network. Interestingly, the strategy
to stabilize side chain interaction, in particular those between
tyrosine and proline, was successfully used recently to design
a 20-residue miniprotein (40). It is very surprising that the
N-terminal part of the ephrin-B2301-333 peptide can form such
a well-defined hairpin structure since this hairpin structure
is not commonly found for linear peptides in the absence of
a disulfide constraint (41). The hairpin structure, therefore,
is another member of the very small and unusual group of
naturally occurring linear peptide sequences which form
hairpin conformations.

In contrast, the region over residues Val318-Ser325 is
not well-defined, with a backbone rms deviation of 2.4 Å
over residues Val318-Ser325. However, as shown in Figure
4b, the C-terminal region over residues Pro326-Lys332 is
again well-defined, with an average backbone rms deviation
of 0.75 Å among the structures. The secondary structure for
Pro326-Tyr330 resembles a distorted turn, which may be
stabilized again by the extensive side chain interactions
between Pro326 and Tyr330. Moreover, as seen in Figure
4c, out of five functionally important tyrosine residues, the
C-terminal two, Tyr330 and Tyr331, are well-exposed while
the other three, Tyr304, Tyr311, and Tyr316, are relatively
buried in the hairpin fold.

15N Relaxation Measurements and Conformational Dy-
namics of Ephrin-B2301-333. Figure 5 presents the15N relax-
ation data of backbone amide nitrogens of the expressed
ephrin-B2301-333 fragment, including{1H}-15N NOE intensi-
ties andT1 and T2 relaxation times. Most residues have
positive heteronuclear NOEs (Figure 5a) with averaged
values of 0.28 at 288 K and 0.39 at 278 K, which are quite
large for peptides of this size as compared to those reported
previously (34, 42, 43). Generally, the heteronuclear NOEs
show a similar pattern at both 278 and 288 K, and NOE
intensities at 278 K are slightly larger than those at 288 K.
However, it appears that even residues 301-333 can be
divided into the N-terminal and C-terminal segments.
Residues of the N-terminal part have much larger hetero-
nuclear NOEs than those of the C-terminal part. More
precisely, residues His303-Ile317, which adopt a well-
packed hairpin structure in the synthetic ephrin-B2301-333

peptide (Figure 4), all have heteronuclear NOEs larger than
0.4 at 278 K, with those of Lys306, Gly312, and His313
even larger than 0.5. Also, residues in the N-terminal and
C-terminal parts show differential temperature dependence
for their heteronuclear NOE intensities. Residues in the
C-terminal part show much more profound increases in
heteronuclear NOEs at the lower temperature than those in
the N-terminal part (Figure 5a), indicating that the N-terminal
region of ephrin-B2301-333 is much better structured than the
C-terminal region (43), in complete agreement with structure
calculations (Figure 4). This conclusion is further supported
by the 15N T2 relaxation times (Figure 5c), which again
indicate that ephrin-B2301-333 is comprised of two distinctive
elements. Residues 303-320 have averagedT2 values of
0.167 s at 278 K and 0.235 s at 288 K, which are much
smaller than those for residues 22-31, with averaged values
of 0.262 s at 278 K and 0.367 s at 288 K. Interestingly, no
significant response of the15N T2 values to the CPMG pulse
delays was observed at 288 K up to the CPMG repetition
rate of 1000 s-1 for all residues (data not shown), indicating
that the conformational exchange for ephrin-B2301-333 may
either occur on the microsecond time-scale or involve other
conformations with small chemical shift deviations, or both
(35).

DISCUSSION

The present study shows that the entire cytoplamic domain
and its N-terminal fragment, ephrin-B2253-300, lack the ability
to fold into a well-defined three-dimensional structure and
are particularly prone to aggregation. Interestingly, clustering
of intact ephrin B molecules has been suggested to be critical
for its functions (9, 22, 44-46). Moreover, it has been found
that Eph receptors can even discriminate specific oligomer-
ization forms to determine alternative signaling pathways
(45). It has been demonstrated that the extracellular domain
of ephrin B2 plays an important role in ligand oligomeriza-
tion/clustering (9,22). We thus speculate that the cytoplasmic
domain may also contribute to the oligomerization/clustering
of the ephrin B2 molecule relevant to its biological function.
Interestingly, the highly conserved 33-residue C-terminal
subdomain has no detectable aggregation at concentrations
up to 2.5 mM and adopts a well-packed hairpin followed by
a mobile tail. It is therefore likely that even the small
cytoplasmic domain of ephrin B may consist of two

FIGURE 5: Backbone15N relaxation data of15N-labeled ephrin-
B2301-333 at pH 6.8 and different temperatures. (a){1H}-15N steady-
state NOE intensities. (b)15N T1 relaxation times, and (c)15N T2
relaxation times. The yellow bars are used to indicate data at 288
K, and the blue bars are for those at 278 K.
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functional subdomains. The C-terminal 33-residue subdomain
may be primarily responsible for interactions with its binding
partners such as the PDZ and SH2 domains (20, 21), while
the N-terminal 48-residue subdomain may mainly participate
in ephrin multimerization in response to the binding interac-
tions involving the C-terminal region (20, 21).

The central themes for the cytoplasmic half of the
bidirectional signaling are interactions between the cyto-
plasmic domain and its intracellular ligands. The last 33
residues of the cytoplasmic domain, which is the most
conserved region among ephrin B molecules, contain all 5
functionally important tyrosine residues and carry all binding
sites identified so far (20, 21). More specifically, the
C-terminal residues of the ephrin-B2301-333 fragment, Tyr330-
Tyr331-Lys332-Val333, have been identified as the binding
motif for a PDZ domain of the PDZ-RGS protein (20). The
PDZ domains are known to recognize C-terminal sequences
in extended conformations (47, 48), as exemplified by the
peptide structure bound to the third PDZ domain of the PSD-
95 protein (49). In the solution structure of the ephrin-
B2301-333 fragment, residues Tyr330-Tyr331-Lys332-Val333
are well-exposed and relatively mobile (Figure 4), making
them available for binding interaction. On the other hand,
all three ephrin B cytoplasmic tails were found to interact
with an SH2 domain of the Grb4 protein in a phosphoryla-
tion-dependent manner, and the binding region of ephrin B1
is identical to residues 301-322 of ephrin B2, which form
a well-packed hairpin structure (Figure 4a) (21). Previously,
both phosphorylated and nonphosphorylated peptides bound
to SH2 domains have been found to adopt extended
conformations (50-53). Therefore, the well-packed free-state
hairpin structure in the ephrin-B2301-333 peptide may not be
suitable for SH2 binding in the absence of phosphorylation-
induced conformational changes (21). If one considers that
protein tyrosine-phosphorylation usually disrupts or desta-
bilizes the existing secondary structures (54-56), it is
reasonable to assume that conformational changes may also
occur upon phosphorylation in a hairpin structure of the
ephrin B2 cytoplasmic domain. However, since the in vivo
phosphorylation of ephrin B molecules appears to be very
complex (57), the nature of such conformational changes will
still remain obscure until the functionally relevant phospho-
rylation sites required for SH2 binding can be identified in
future studies.

In conclusion, our NMR study provides the first insights
into the structural basis for how different functions can be
incorporated into the small cytoplasmic domain of human
ephrin B2. Even the 33-residue C-terminal functional sub-
domain can assume two structural elements with distinctive
structural and dynamic properties, one serving as a docking
site for the PDZ domain of the PDZ-RGS protein and the
second for binding to the SH2 domain of the Grb4 protein,
connecting to an alternative signaling pathway. The PDZ
docking site is located on the exposed and flexible C-
terminus, ready for the binding interaction, while the SH2
docking site may be kept cryptic by a well-packed hairpin
structure, requiring activation by tyrosine-phosphorylation.
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