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PDZ Proteins Bind, Cluster, and Synaptically
Colocalize with Eph Receptors
and Their Ephrin Ligands

complex (reviewed by Kennedy, 1997; Ziff, 1997; Craven
and Bredt, 1998). Critical links in this complex have been
found to be proteins containing PDZ domains, thus
dubbed for the first three proteins for which this domain
was defined: the PSD-95 postsynaptic density protein
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Receptor tyrosine kinases remain a receptor classLocalizing cell surface receptors to specific subcellu-
that has not been shown to interact with PDZ-containing

lar positions can be critical for their proper functioning,
proteins in vertebrates. However, such a link has been

as most notably demonstrated at neuronal synapses.
made in the pathway that controls vulval induction in C.

PDZ proteins apparently play critical roles in such pro-
elegans. Several genetic mutants in this pathway have

tein localizations. Receptor tyrosine kinases have not
been characterized, including ones in PDZ-containing

been previously shown to interact with PDZ proteins proteins known as Lin-2A, Lin-7, and Lin-10 (Hoskins et
in vertebrates. We report that Eph receptors and their al., 1996; Simske et al., 1996; Kaech et al., 1998) as well
membrane-linked ligands all contain PDZ recognition as in a receptor tyrosine kinase known as Let-23 (Aroian
motifs and can bind and be clustered by PDZ proteins. et al., 1990). Current evidence suggests that a complex
In addition, we find that Eph receptors and ligands involving Lin-2A, Lin-7, Lin-10, and Let-23 ensures that
colocalize with PDZ proteins at synapses. Thus, PDZ the receptor is localized to the basolateral cell surface
proteins may play critical roles in localizing vertebrate so as to have access to its ligand and accordingly medi-
receptor tyrosine kinases and/or their ligands and may ate its signaling role; mutation of Lin-2A, Lin-7, or Lin-
be particularly important for Eph function in guidance 10 mislocalizes the Let-23 receptor and results in a sig-
or patterning or at the synapse. naling defect (Hoskins et al., 1996; Simske et al., 1996;

Kaech et al., 1998). The localization of growth factor
Introduction receptors to the basolateral or the apical membrane of

polarized epithelial cells has led to the suggestion that
The localization and clustering of cell surface receptors similar requirements for receptor localization, mediated
and channels to specific subcellular positions can be by PDZ-containing proteins, may be occurring in verte-
critical for their proper functioning. The best studied brates (Simske et al., 1996; Bredt, 1998).
examples of such localizations occur at synapses, The Eph family of receptor tyrosine kinases, as well
where neuronal processes interconnect with each other as their membrane-linked ligands, seem like ideal candi-
or couple to their nonneuronal targets; membrane pro- dates for localization by PDZ-containing proteins. The
teins critical in sending and receiving synaptic signals Eph family is the largest known family of receptor tyro-
are often highly concentrated at pre- and postsynaptic sine kinases, with at least 14 members, and eight
sites. It has recently been appreciated that synaptic “ephrin” ligands for this family have been described to
membrane proteins are physically linked to an array date (reviewed by Gale and Yancopoulos, 1997; Flana-
of cytoskeletal components and intracellular signaling gan and Vanderhaeghen, 1998; Holland et al., 1998). The
molecules, forming a large synaptic macromolecular Eph receptors and their ligands can broadly be divided

into two subclasses based on structural homologies and
binding specificities, with a great deal of redundancy# To whom correspondence should be addressed (e-mail: gdy@

regpha.com). within a subclass in terms of receptor/ligand binding
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specificities. The ligands in one subclass (referred to Thus, the role of PDZ-containing proteins can be ex-
tended to the clustering of receptor tyrosine kinasesas the ephrin-A subclass) are linked to the membrane

via a glycosylphosphatidylinositol (GPI) linkage, while and their ligands, perhaps recruiting them to macromo-
lecular complexes that include additional membranethe members of the other subclass (referred to as the

ephrin-B subclass) are transmembrane proteins; ephrin-A components, such as neurotransmitters or ion channels.
Our findings provide for a new modality of regulatedligands preferentially bind to receptors of the EphA sub-

class, while ephrin-B ligands preferentially bind to re- signaling in such complexes and also suggest that Eph
receptor tyrosine kinases may play as important a role atceptors of the EphB subclass (Brambilla et al., 1995;

Gale et al., 1996a, 1996b). Unlike most other ligands for central synapses as the muscle-specific kinase (MuSK)
receptor tyrosine kinase has recently been shown to doreceptor tyrosine kinases, the ephrins cannot act as

soluble mediators. The ephrins are cell surface–bound at the neuromuscular junction (NMJ) (Valenzuela et al.,
1995b; DeChiara et al., 1996; Glass et al., 1996).proteins that require membrane linkage to somehow

cluster them and thus to allow them to activate Eph
receptors on adjacent cells; soluble versions of the li-

Resultsgands are inactive unless artificially clustered (Davis et
al., 1994). Thus, it was proposed that the ephrins might

Isolation of PDZ-Containing Proteins that Interactprovide key cues in a cell-to-cell contact–dependent
with the C Termini of Eph Family Receptorsfashion and that specific mechanisms are involved in
and Ligands in a Yeast Two-Hybrid Systemclustering the ligands and therefore allowing them to
To determine if the Eph receptors and their ligands couldactivate their receptors (Davis et al., 1994); recent evi-
potentially interact with PDZ-containing proteins, we ex-dence suggests that such clustering might be inducibly
amined their C-terminal sequences (Figure 1). Remark-regulated by various growth factors and the protein ki-
ably, we found that almost all of these sequences endednase C (PKC) pathway (Bruckner et al., 1997; Stein et
in a valine, as do most known consensus sequences foral., 1998). Remarkably, there appears to be reciprocal
PDZ domain binding (Songyang et al., 1997). However,signaling between ligands and receptors in the B sub-
while many of the Eph receptors (of both the A and Bclass in that ephrin-B ligands not only activate their
subclasses) ended in the consensus sequence VXV (orrespective receptors but are in turn activated upon en-
a variation in which the valine at the 23 position wasgaging their receptors, as judged by tyrosine phosphor-
replaced by an alternate hydrophobic residue) (Figuresylation of the ephrin-B cytoplasmic domains (Holland et
1A and 1C), the ephrin-B ligands ended in the consensusal., 1996; Bruckner et al., 1997); once again, clustering
YKV (Figure 1B). The VXV sequence was most similarof receptors seems important for this ligand activation.
to the VKI C termini of the GluR2 and GluR3 subunitsConsistent with important roles for receptor and ligand
of the AMPA receptor, which are known to interact withclustering, Eph receptors have been visualized on devel-
the synaptic protein GRIP, which contains seven PDZoping neuritic processes by electron microscopy, re-
domains (Dong et al., 1997), while the YKV consensusvealing clustered receptors at points of process contact
was most similar to the YYV C termini of the neurexins,(Henkemeyer et al., 1994). It thus seems likely that regu-
also known to be PDZ binders (Hata et al., 1996). Exami-lated processes involved in localizing and clustering Eph
nation of the cytoplasmic tails of other receptor tyrosinefamily receptors and/or ligands are crucial to ensure the
kinases revealed that ending in a VXV consensus wassignaling processes required for the biological pro-
the exception rather than the rule (Figures 1C and 1D).cesses in which the Eph family is involved, such as in
Remarkably, the MuSK receptor tyrosine kinase, whichrepulsive interactions between neuritic processes dur-
is localized to the NMJ and is critical for its formationing axon guidance or during the establishment of bound-
(Valenzuela et al., 1995b; DeChiara et al., 1996; Glassaries between neighboring cell compartments in the ner-
et al., 1996), has a similar C-terminal motif that is con-vous system or the vasculature (Gale and Yancopoulos,
served from man to torpedo fish (Figure 1C). Interest-1997; Flanagan and Vanderhaeghen, 1998; Holland et
ingly, the C terminus of ErbB2 also conforms to thisal., 1998; Wang et al., 1998; Yancopoulos et al., 1998).
consensus (Figure 1D), and this receptor is known toIt seems possible that PDZ proteins are involved in such
localize to the muscle side of the NMJ (Zhu et al., 1995),regulated clustering of Eph receptors and their ligands.
as MuSK does.Here, we report that many of the Eph receptors and

We next focused on the VXV tails of the Eph receptorstheir ephrin-B ligands contain consensus C-terminal
to see if they could indeed bind to PDZ domains bymotifs reminiscent of those binding PDZ domains. We
screening for such binding using the yeast two-hybridfurther identify PDZ-containing proteins that can specifi-
system. Baits were generated that encoded the C terminically bind and cluster both Eph receptors and their li-
of mouse EphB2 (the last 96 residues) (Henkemeyer etgands in heterologous cells and that are tyrosine phos-
al., 1994) or rat EphA7 (the last 98 residues) (Valenzuelaphorylated upon association with the Eph receptors. We
et al., 1995a), fused downstream to the LexA DNA–also show that such interactions can be detected in
binding domain; corresponding “control baits” werevivo, suggesting that PDZ-mediated clustering may be
generated in which the last 3 residues (either VEV orimportant for previously defined developmental roles of
IQV; see Figure 1A) were deleted. The first two baitsthe Eph family in neural guidance and tissue patterning.
were then introduced into the L40 double reporter (yeastInterestingly, we find that Eph receptors and ligands can
HIS3 and bacterial lacZ genes) yeast strain and utilizedbe colocalized with PDZ-containing proteins at neuro-
in two-hybrid screens with a mouse embryonic day 11nal synapses, suggesting a new role for these develop-

mentally important molecules during synaptic plasticity. (E11) cDNA library that was fused in-frame downstream
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Figure 1. C Termini Alignment of Various Re-
ceptor Tyrosine Kinases and Ephrins Reveals
Potential PDZ Binding Motifs

Examination of the C termini of Eph family
receptors (A), Ephrin-B ligands (B), MuSK or-
thologs (C), and other receptor tyrosine ki-
nases (D) for potential PDZ-binding motifs.
Letters in front of each sequence signify spe-
cies (c, chicken; h, human; m, mouse; r, rat;
t, torpedofish; and Zf, zebrafish). Within the
alignments, dots define amino acid residues
with identity with the consensus sequence at
the top of each panel, dashes denote gaps
introduced to maximize the alignment, and
“x” denotes any amino acid. The two Eph
receptors used below as baits, EphB2 and
EphA7, are highlighted in red, and the VXV
consensus sequence is highlighted in blue.

of the GAL4 transcription activation domain (GAL4- noted to control baits such as LexA alone or LexA fu-
sions to Lamin or non-C-terminal regions of receptorTAD). cDNA clones that resulted in a HIS31/LacZ1 phe-

notype were then screened for interaction with the con- tyrosine kinases (Figure 2B and data not shown).
Since GRIP has multiple PDZ domains, further two-trol baits containing the C-terminal deletions to ensure

the isolation of clones that specifically interacted with hybrid assays were performed with smaller GRIP fusion
proteins (Figure 2C), which revealed that binding to boththe desired VEV or IQV C termini. From the approxi-

mately 6 3 106 transformants that were screened with Eph receptors and ephrin-B ligands depended upon
PDZ domains 6 and 7 of GRIP; interestingly, the AMPAthe EphB2 bait, two distinct cDNA clones were isolated

that interacted in a VEV-dependent manner. One of the receptor binds to PDZ domains 4 and 5 of GRIP (Dong
et al., 1997), leaving open the possibility of simultaneoustwo clones contained the entire open reading frame of

mouse PICK1, a single PDZ domain–containing protein binding of GRIP to multiple partners.
that was previously identified as a PKC-a-interacting
protein (Staudinger et al., 1995, 1997) (Figure 2A). The Confirmation that Interactions between

PDZ-Containing Proteins and Eitherother clone encoded a protein fragment that displayed
.99% amino acid identity to the portion of rat GRIP Eph Receptors or Ephrins Occur

in Mammalian Cells(Dong et al., 1997) containing the last four PDZ domains
and was thus assumed to represent the mouse GRIP The above interactions were next explored via “pull-

down” assays in which glutathione S-transferase (GST)counterpart (Figure 2A). Approximately 9 3 106 trans-
formants were screened with the EphA7 bait, and from fusion proteins bearing the above identified PDZ do-

mains were used to pull down various full length receptorthe HIS31/LacZ1 clones that were analyzed, only one
distinct cDNA clone was obtained that required the IQV tyrosine kinases expressed in mammalian cells, veri-

fying the same specificity of interactions for GRIP andfor interaction. This clone encoded the entire open read-
ing frame of what appeared to be the mouse counterpart syntenin as noted in yeast (Figure 2D). As expected, in

these assays, we did not observe binding to a controlof the recently described human Syndecan-interacting
protein (89.6% amino acid identity), designated syntenin EphA5 receptor in which the C-terminal PDZ recognition

motif was destroyed by addition of a C-terminal “myc”(Grootjans et al., 1997), which contains two PDZ do-
mains (Figure 2A). tag. Next, we examined the interactions in mammalian

cells by cotransfecting expression constructs for bothTo characterize the above PDZ domain–containing
proteins further in terms of their binding specificity and the PDZ-containing proteins as well as their potential

partners into the same COS7 cells. When PICK1 wasto determine if they could bind ephrin-B ligands as well
as Eph receptors, we directly compared the binding of coexpressed with EphB2 (flag tagged at its N terminus),

ephrin-B1, and EphA7, coimmunoprecipitation of PICK1all three to the above baits as well as to a bait containing
the C terminus of ephrin-B1 (Davis et al., 1994) and and each of its potential partners was obvious, indicat-

ing complex formation (Figures 3A, lanes 1–3; 3B; andto a number of control baits (Figure 2B). Under these
conditions, the EphA7 and ephrin-B1 C termini were 3C). Coexpression using deleted versions of EphB2 or

ephrin-B1 lacking their 3 C-terminal residues preventedfound to bind to all three PDZ-containing proteins, while
EphB2 bound only to PICK1 and GRIP PDZs 4–7; in all complex formation (Figure 3A, lane 4 and data not

shown), indicating that the noted interactions dependedcases tested, this binding absolutely depended upon
the last three residues of the baits, and binding was not upon the C-terminal residues of Eph family members.
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Figure 2. Identification and Characterization
of PICK1, Syntenin, and GRIP Interactions
with the C Termini of EphB2, EphA7, and
Ephrin-B1 in Yeast Two-Hybrid Screens

(A) Schematic representation of the regions
of PICK1, syntenin, and GRIP that were iso-
lated as fusion proteins (to the GAL4 tran-
scription activation domain GAL4-TAD) in
yeast two-hybrid screens for interaction with
the C termini of Eph receptors.
(B) The specificity of interaction of these fu-
sion proteins for various baits (fused to the
LexA DNA binding domain LexA-DBD), as in-
dicated.
(C) Determination of which PDZ domain(s) of
GRIP is required for interaction with the vari-
ous Eph family members using different GRIP
deletion mutants as indicated. The number
of plus signs indicates qualitative evaluation
of strength of interaction and ND indicates
interaction not determined.
(D) GST pulldown assays showing that GST
fusion proteins to GRIP (PDZ domains 6 and
7) or syntenin (PDZ domains 1 and 2) can
coprecipitate EphB2 and EphA7 with the
same specificity as exhibited in yeast two-
hybrid screens. A mutant form of the EphA5
receptor, in which the C-terminal PDZ rec-
ognition motif is destroyed by appending a
C-terminal myc tag, is used as a negative
control. Lysates from COS cells transfected
with each of the indicated receptors was
mixed with the GST fusion protein as indi-
cated, precipitations were performed, and
immunoblotting was done with the indicated
antibodies to detect pulldown products. Im-
munoblotting of 10% of total lysates utilized
in binding assays is shown.

Similarly, coexpression of GRIP with its potential part- phosphorylated when in complex with EphB2 nor that
PICK1 was tyrosine phosphorylated when complexedners in COS7 cells demonstrated coprecipitation, and

thus complex formation, with the EphB2 and EphA7 with the ephrin ligands. Thus, at least some PDZ-con-
taining proteins become tyrosine phosphorylated whenreceptors as well as the ephrin-B ligands but not with

a variety of control receptors (Figure 3D and data not complexed to receptor tyrosine kinases.
shown). Confirmation of specific interaction between
syntenin and EphA7 and ephrin-B1 was also obtained PICK1 Induces Clustering of EphB2

and Ephrin-B Ligands(data not shown).
Our efforts to identify PDZ interactions for Eph family
members was inspired by observations that Eph recep-PICK1 Gets Tyrosine Phosphorylated

When Complexed with EphB2 tors and ligands were found in clusters in vivo and that
clustering was apparently required for their ability toThe demonstration that PDZ-containing proteins di-

rectly interact with the Eph receptors defines a new class activate their partners (Davis et al., 1994; Henkemeyer
et al., 1994). We thus were motivated to explore whetherof proteins that can associate with vertebrate receptor

tyrosine kinases. Many of the previously identified inter- PDZ-containing proteins could actually cause clustering
of Eph family members. COS7 cells have been utilizedactors with receptor tyrosine kinases have been shown

to be substrates of the kinase, and their tyrosine phos- in the past to demonstrate that PSD-95 family members
form coclusters when coexpressed with either NMDAphorylation often regulates their activity in some way

(reviewed by van der Geer et al., 1994). To examine receptors or Shaker-type K1 channels, as dramatically
demonstrated by double immunofluorescence micros-whether PDZ-containing proteins could be substrates

for the Eph receptors, we determined whether PICK1 copy (for example, Kim et al., 1995, 1996). We thus per-
formed similar experiments using Eph receptors, ephrins,was tyrosine phosphorylated upon its association with

the EphB2 receptor. Indeed, levels of PICK1 tyrosine and PDZ-containing proteins. When PICK1, EphB2, and
ephrin-B1 are individually expressed in COS7 cells, aphosphorylation precisely correlated not with the levels

of its expression but only with whether it was associated diffuse staining pattern is detected for all three proteins
after visualization with TR or FITC-coupled secondarywith EphB2 (Figure 3A, lane 2; note that levels of PICK1

tyrosine phosphorylation correlate not with PICK1 pro- antibodies (Figures 4A, 4B, and 4C). When PICK1 is
coexpressed with either EphB2 or ephrin-B1, dramatictein levels but with association with EphB2). Compara-

ble experiments did not reveal that GRIP was tyrosine coclustering is observed (Figures 4D and 4F), though in



PDZ Proteins Bind and Cluster Ephs and Ephrins
1457

Figure 3. Interactions of Eph Family Mem-
bers and PDZ Proteins in Mammalian Cells
and Tyrosine Phosphorylation of PICK1 When
Complexed with EphB2

Eph family receptors and ligands interact with
PICK1 (A–C) and GRIP (D) in transfected
mammalian cells. Various combinations of
expression constructs, as indicated above
each panel, were transfected into COS7 cells.
The cells were subsequently lysed and immu-
noprecipiated with the indicated antibodies
and then immunoblotted with indicated anti-
bodies to test for coprecipitation of associ-
ated proteins; in some cases, lysates from
the cells were directly immunoblotted to con-
trol for protein expression levels as indicated.
(A) PICK1 specifically associates with the C
terminus of EphB2 in a VEV-dependent fash-
ion and is tyrosine phosphorylated when as-
sociated with EphB2.
(B) PICK1 specifically associates with eph-
rin-B1.
(C) PICK1 specifically associates with EphA7.
(D) GRIP specifically associates with EphB2,
ephrin-B2, and EphA7.

multiple experiments, coclustering with ephrin-B1 seemed Consistent with the presence of in vivo complexes be-
tween PICK1 and EphB2, EphB2 could be detected bymore efficient than with EphB2; since only cell surface
immunoblotting in the PICK1 immunoprecipitates fromreceptors or ligands were visualized in the above assays,
adult brain but not in nonimmune serum precipitatesclusters were not due to aggregates forming intracellu-
from the same sample (Figure 5A, top panel; comparelarly. Coclustering depends on the C-terminal VEV resi-
lanes 1 and 2). No EphB2 could be detected in the PICK1dues of EphB2, since coclusters were not observed
immunoprecipitates from the E12.5 brain sample (Figurewhen using EphB2VEV

flag (Figure 4E). PICK1 was also able
5A, top panel, lane 3), but immunoblotting of either theto cluster ephrin-B2 and ephrin-B3 ligands but not
immunoprecipitates or total lysates revealed muchephrin-A members (data not shown). However, we were
lower PICK1 levels at this earlier developmental stagenot able to induce coclusters of Eph members with two
(Figure 5A, lower panel; compare lanes 1 and 3 andmembrane-associated guanylate kinase (MAGUK) pro-
lanes 4 and 5), presumably making detection of anyteins, PSD-95 and hCask, or with GRIP or syntenin (data
complexes very difficult. Interaction between PICK1 andnot shown).
EphB2 was also detected in P3 mouse hindbrain protein
extracts (data not shown).

Eph Family Members Associate with PDZ Coprecipitation of ephrins and PICK1 could not be
Proteins in the Brain and Colocalize detected (data not shown), though similar difficulties
with PDZ Proteins at Synapses in detecting coprecipitation have been noted for other
Having demonstrated that associations between Eph partners of PDZ proteins (Hata et al., 1996; Niethammer
family members and PDZ-containing proteins can occur et al., 1996; Dong et al., 1997), perhaps because deter-
when these proteins are expressed in heterologous gents may disrupt weak PICK1–ephrin complexes or
cells, we next decided to explore whether these associa- because only a small proportion of ephrins may be asso-
tions are physiologically relevant by examining whether ciated with any one PDZ-containing protein. We thus
they normally occur in vivo. We thus performed anti- attempted to obtain other types of evidence that PDZ-
PICK1 immunoprecipitations from protein extracts of mediated clustering of ephrins, as well as of Eph recep-

tors, might be physiologically relevant. Since partnersadult mouse forebrain and whole mouse embryos (E12.5).
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Figure 4. PICK1 Induces Clustering of Eph Receptors and Ligands in Heterologous Cells

COS7 cells were transfected with the various expression constructs listed on top of the panels, and 48 hr posttransfection immunofluorescence
was performed to determine the cellular distributions of EphB2flag, ephrin-B1, and PICK1. When expressed individually, EphB2flag (A) and ephrin-
B1 (B) were diffusely expressed on the cell surface, while PICK1 was diffusely noted in the cytoplasm (C). Coclustering was observed when
PICK1 was expressed with EphB2flag (D) or ephrin-B1 (F) but not when PICK1 was expressed with a version of EphB2 lacking VEV at its C
terminus (E). The two colors seen to originate from the secondary antibodies utililized (red stain originates from TR and green stain originates
from FITC).

of PDZ proteins are often localized to synapses, we only at synapses but elsewhere in the adult rat cortex
as well. Similar studies were not performed with syn-decided to determine whether either Eph receptors or

their ligands were synaptically localized. Thus, subcellu- tenin, as immunoblotting antibodies for syntenin are not
currently available.lar fractionations on adult rat cortex were performed

using a differential centrifugation procedure (Li et al., To localize the Eph family members and PDZ proteins
at a higher resolution, double-labeling studies were per-1996; Wang et al., 1997). PSD-95, a protein highly con-

centrated in the postsynaptic density, is highly enriched formed using confocal microscopy on low-density em-
bryonic hippocampal neuronal cultures. Consistent within crude synaptosomes and is further enriched in more

purified pre- and postsynaptic membranes, while it is the above subcellular fractionation experiments, immu-
nohistochemical analysis of cultured embryonic hippo-not found in the cytosolic fraction of synaptosomes or in

the synaptic vesicle fraction enriched in synaptophysin campal neurons shows that ephrin-B ligands and EphB2
as well as PICK1 are concentrated and clustered at(Figure 5B; Li et al., 1996; Wang et al., 1997). The GluR2/3

subunits of the AMPA receptor are also enriched in synapses along the neuronal processes in these cul-
tures, as judged by colocalization with the synapticsynaptic membranes, though not as highly as PSD-95

(Figure 5B). Ephrin-B ligands, EphB2 receptors, and marker synaptophysin in overlays (Figure 6); previous
studies with GRIP have similarly localized it to synapsesGRIP were also enriched in crude synaptosomes and in

the pre- and postsynaptic membrane to an extent similar in embryonic hippocampal neuronal cultures (Dong et
al., 1997). Thus, Eph receptors and ligands seem toto GluR2/3, indicating their localization to synaptic

membranes (Figure 5B). Interestingly, PICK1 was pres- colocalize with PDZ proteins in adult rat cortex as well
as in embryonic hippocampal neuronal cultures.ent in synaptic membranes, though not as enriched as

ephrin-B, EphB2, and GRIP (Figure 5B). PICK1 was, how-
ever, substantially more enriched in synaptic membrane Discussion
fractions than Neurofilament H, an axonal protein pres-
ent but not enriched at synapses (Figure 5B). These data Receptor tyrosine kinases represented a receptor class

that had not previously been shown to interact withare consistent with the notion that PICK1 is present not
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PDZ-containing proteins in vertebrates. However, such
a link had been made in the pathway that controls vulval
induction in C. elegans (Hoskins et al., 1996; Simske
et al., 1996). The Eph family and its membrane-linked
ephrin-B ligands seemed like ideal candidates for local-
ization by PDZ-containing proteins. Clustering of Eph
family receptors and their ligands had been suggested
to be important for the function of this family in neuronal
guidance or during the establishment of boundaries be-
tween neighboring cell compartments in the nervous
system or the vasculature (Gale and Yancopoulos, 1997;
Flanagan and Vanderhaeghen, 1998; Holland et al., 1998;
Wang et al., 1998; Yancopoulos et al., 1998). We have
found that many of the Eph receptors, as well as their
ephrin-B ligands, contain consensus C-terminal motifs
reminiscent of those binding PDZ domains. Among other
receptor tyrosine kinases examined, it is notable that
MuSK and ErbB2, both of which are clustered at the NMJ,
have consensus PDZ recognition motifs at their C ter-
mini. Pursuing the possibility that motifs at the C termi-
nus of particular receptor tyrosine kinases may interact
with PDZ domains, we have shown that PDZ-containing
proteins specifically bind and cluster both Eph receptors
and their ligands in heterologous cells, and we provide
evidence that these interactions are physiologically rele-
vant. Included among this evidence are our findings that
Eph receptors and ligands can be colocalized with PDZ
proteins at neuronal synapses, suggesting fascinating
new roles for the Eph family.

Since ephrins must be clustered in order to activate
their receptors on an apposing cell, and since such clus-
tering may be regulated by various growth factor treat-
ments and the PKC pathway (Bruckner et al., 1997; Stein
et al., 1998), exploring the role of PDZ proteins in such
processes becomes a high priority. Remarkably, PICK1
was first discovered as a protein interacting with PKC
(Staudinger et al., 1995, 1997), suggesting that it is a
good candidate for playing a role in PKC regulation of
clustering. In addition to the requirement for clustering
of both Eph receptors and ligands during engagement
and activation of their partners, subcellular localization
via PDZ interactions may be critical for other aspects

Figure 5. Coassociation of EphB2 and PICK1 in Brain Extracts and of Eph function, even outside of the synapse. Thus, Eph
Localization of EphB2, Ephrin-B Ligands, GRIP, and PICK1 in Sub- family members may need to be localized to the tip
cellular Fractions Enriched for Synaptic Membranes of growing axons during neuronal guidance or to the
(A) Protein extracts (3 mg) derived from the indicated tissue sources apposing cell surfaces of two adjacent cells during
were immunoprecipitated with EphB2-specific antibodies and im-

boundary formation or vascular patterning.munoblotted for PICK1, revealing coprecipitation of PICK1 with
Contemplating the multiplicity of potential combina-EphB2 in adult forebrain extracts; 50 mg of lysate are depicted as

controls. tions of Eph, ephrin-B, and PDZ partners is quite over-
(B) Subcellular fractionations of adult rat cortex were performed as whelming but could certainly allow for many variations
described in Experimental Procedures with progressive enrichment on a theme. Our findings have probably only begun to
for synaptic membranes as verified by immunoblotting these frac-

pair potential partners to each other. Coupling a particu-tions for control proteins, such as PSD-95 (a synaptic membrane
lar Eph receptor to one PDZ protein may bring it into amarker), synaptophysin (a synaptic vesicle localized marker for the

synaptic vesicle fraction), and GluR2/3 (AMPA receptor subunits very different macromolecular complex than when it is
localized to synaptic membranes). Immunoblotting revealed that coupled via another PDZ protein; the signaling and func-
EphB2, ephrin-B, and GRIP were enriched in the synaptic membrane tional sequelae of these different couplings for the same
fraction to a similar extent as GluR2/3. PICK1 was present but not

receptor could be profound. It will be fascinating toas highly enriched in the synaptic membrane fraction (though it was
determine whether particular biological processes in-present there and more highly enriched than Neurofilament H, an
volve different partners. For example, one could imagineaxonal protein present but not enriched at synapses) and was also

enriched in synaptic vesicles; thus, PICK1 is most likely present at that Eph receptors and/or ligands are coupled via one
multiple locations within, as well as outside of, synapses in the adult set of PDZ proteins when they mediate repulsive interac-
rat cortex. tions but via a completely different set when involved

in boundary establishment. Strikingly, the ability of
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Figure 6. EphB2, Ephrin-B, and PICK1 Are Synaptically Localized in Cultured Rat Hippocampal Neurons

Hippocampal neurons were isolated from rats at E17, cultured for 2 weeks, and then double labeled with antibodies for synaptophysin (left
panels) as well as antibodies specific for ephrin-B, EphB2, and PICK1 (middle panels), which were visualized with either Cy2 (green color for
synaptophysin) or Cy3 (red color for center panels). Colocalization was demonstrated in overlays (right panels) in which yellow color indicates
simultaneous labeling with both Cy2 and Cy3. Insets in the middle panels show specificity controls in which the immunostaining was done
in the presence of competition with corresponding antigen used to generate each antibody.

PICK1 to cluster Eph family members represents the synapses; such roles should perhaps have been antici-
pated based on the high levels of Eph receptors in syn-first example of clustering by a PDZ protein that is not

in the PSD-95 subfamily. It will be interesting to see apse-rich structures in the adult, such as the hippocam-
pus (for example, Maisonpierre et al., 1993; Valenzuelawhether other classes of PDZ proteins can also cluster

Eph family members and whether this leads to different et al., 1995a). One could imagine that the Eph family
plays a stabilization or adhesive role at the synapse.functional sequelae. In addition to coupling Eph recep-

tors to other classes of cell surface receptors or to intra- Alternatively, the Eph family may be involved in functions
more analogous to its developmental roles in repulsioncellular proteins, PDZ proteins may also mediate coclus-

tering of different Eph receptors with each other or and thus contribute to synaptic plasticity by destabiliz-
ing synapses. Furthermore, the reciprocal signaling abil-coclustering of Eph receptors with ephrin ligands on the

same cell surface. ity of Eph receptors and the ephrin-B ligands (Holland
et al., 1996; Bruckner et al., 1997) suggests that theyLocalization of Eph receptors and ligands to the syn-

apse suggests previously unexpected roles for this fam- may be involved in bidirectional signaling at the syn-
apse. Since PICK1 is known to interact with PKC, it mayily. Thus, the same molecular players involved in guiding

and shaping initial neuronal contacts may continue to provide for functional coupling of Eph receptors and
ligands to intracellular kinase cascades. It will certainlybe involved as these contacts develop into functional
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be of interest to determine the list of other molecules prove to be as important as those served by other recep-
tor tyrosine kinases at the NMJ or those played by thethat are linked to the Eph receptors and ligands at the

synapse and to learn whether the Eph family provides Eph family during development.
a signaling capability that can modify the activity of

Experimental Proceduresassociated synaptic components, such as neurotrans-
mitter receptors, ion channels, adhesion molecules, and

Yeast Two-Hybrid Screensintracellular signaling molecules. The presence of dis-
To identify mammalian proteins that interact with the C termini oftinct receptor types within the same complexes is cer-
Eph family members, a mouse E11 Matchmaker cDNA library (Clon-

tainly suggested by the recent observation that PICK1— tech) was transformed into the Saccharomyces cerevisiae L40 re-
like GRIP—can bind and cluster AMPA receptors (Xia porter strain bearing either the LexA–EphB2–C term or LexA–

EphA7–C term fusion plasmids; cDNA clones that resulted in aet al., submitted) as well as Eph family members. In
HIS31/LacZ1 phenotype were then screened for interaction withaddition, Eph family members in large complexes may
several additional baits, including the LexA-EphB2(VEV) andotherwise impact intracellular signaling. Recent studies
LexA-EphA7(IQV) baits and the LexA-ephrin-B1 bait, as well as con-have identified a synaptic ras GTPase–activating protein
trol baits such as LexA-lamin. Standard yeast manipulations, yeast

(synGAP) that associates with the PDZ domains of the two-hybrid screens, and the HIS3 and lacZ reporter assays were
PSD-95 protein family (Chen et al., 1998; Kim et al., performed as previously described (Vojtek et al., 1993; Schreiber-

Agus et al., 1995).1998), and it has been reported that a rasGAP also asso-
ciates with EphB2 (Holland et al., 1997). Proteins (such

GST Pulldown Assaysas extracellular signal–related protein kinase 2– [ERK2-]
Five micrograms of GST or GST fusion proteins were incubated withtype mitogen-activated protein kinase [Suzuki et al.,
500 mg of COS7 cell lysates expressing the indicated receptors, and

1995], a calcium/calmodulin-dependent kinase II [aCaM- binding asssays were performed as indicated in Hannon et al. (1993).
KII] [Goldenring et al., 1984; Kelly et al., 1984], and CRIPT Following separation on SDS-PAGE gels and transfer to nylon mem-
[Niethammer et al., 1998]) that regulate phosphorylation branes, immunoblotting was performed with the indicated anti-

bodies.of cytoskeletal proteins or the interaction of proteins
with the cytoskeleton are enriched in synapses. Thus,

Antibodiesthe clustering of ephrins and their receptors may reflect
The affinity-purified rabbit polyclonal PICK1 antibody utilized fortheir role in synapse remodeling via regulation of the
the immunoprecipitations with COS7 lysates (Figure 3) and for the

synaptic cytoskeleton. It is also interesting to consider clustering assay in COS7 cells (Figure 4) was generated with a
the possibility that by inducing tyrosine phosphorylation peptide (ADLDYDIEEDKLGIP) corresponding to the N-terminal re-
of associated PDZ proteins, as we have shown can be gion of mPICK1. The anti-PICK1 affinity-purified rabbit polyclonal

utilized in Figure 5 was generated against a longer peptide con-the case with PICK1, Eph receptors may modify the
taining residues 2–31 of mPICK1. The anti-GRIP antibody is an affin-coupling functions of these proteins and thus alter the
ity-purified rabbit polyclonal antibody raised against a peptide toassembled macromolecular complex itself.
the C terminus of GRIP. The anti-EphA7 affinity-purified rabbit poly-

There are many analogies between synapses in the clonal antibody was raised against the KADQEGDEELYFHFKFPGTK
central nervous system and the most studied individual TYID peptide from the juxtamembrane region of EphA7. The anti-
synapse of all, i.e., the NMJ. Recent studies have dem- myc 9E10 mouse monoclonal antibody was obtained from Calbio-

chem. The mouse monoclonal anti-phosphotyrosine antibody (4G10)onstrated crucial roles for receptor tyrosine kinases at
was obtained from UBI. The anti-EphB2 rabbit polyclonal antibodythe NMJ. In particular, agrin activation of the MuSK
was kindly provided by Sacha Holland and Tony Pawson. The anti-receptor tyrosine kinase is responsible for initiating all
ephrin-B(C-18) antibody was obtained from Santa Cruz. The mouse

aspects of NMJ formation (DeChiara et al., 1996; Glass monoclonal anti-PSD-95 antibody was obtained from ABR. The
et al., 1996), and MuSK remains highly localized to the mouse monoclonal anti-synaptophysin antibody was obtained from
postsynaptic muscle membrane in the adult (Valenzuela Sigma.
et al., 1995b). In addition, ErbB receptors are localized

COS7 Expression Studies, Immunoprecipitations,to the postsynaptic side of the NMJ (Zhu et al., 1995),
and Immunoblottingwhere they play key roles in regulating levels of acetyl-
The PICK1 expression construct was generated by subcloning thecholine receptor expression in response to nerve-derived
full length mouse pick1 cDNA into the pMT21 mammalian expres-

neuregulin. It does not seem too surprising that we have sion vector. The GRIP expression construct was generated by sub-
found that MuSK and ErbB receptors have PDZ-binding cloning the full length rat GRIP cDNA into the pBK mammalian
motifs at their C termini; indeed, we have recently found expression vector. EphB2flag was constructed in pMT21 with a flag

tag at the N terminus, and EphB2VEV
flag was constructed by introduc-that PDZ proteins, including PICK1, associate with the

ing a stop codon at the 23 amino acid position of the C terminus,C terminus of MuSK (R. T. et al., unpublished data).
therefore deleting the last 3 residues (-VEV). The EphA7 constructHowever, it does seem quite surprising that, despite the
was generated by subcloning the rat ephA7 cDNA into pMT21.

importance of receptor tyrosine kinases at the NMJ, EphA5-myc was constructed by introducing a triple myc tag at the
not much attention has been paid to the role of such C terminus of the rat ephA5. COS7 cell transfections, cell lysis, tissue
receptors in central synapses. We now provide the first lysis, immunoprecipitations, and immunoblotting were performed as

previously described (Henkemeyer et al., 1994; Holland et al., 1997).demonstration of a family of receptor tyrosine kinases
whose members are localized to central synapses within

ImmunohistochemistryPDZ-containing complexes. Since this is the largest
Clustering Assay in COS7 Cellsfamily of receptor tyrosine kinases, it may have the diver-
COS7 cells plated on coverslips in 35 mM wells were transfectedsity required to differentially act at different types of
with each of the indicated expression constructs. Forty-eight hours

synapses, particularly when coupled to the diversity of posttransfection, cells were washed with PBS and fixed with 4%
choice possible with PDZ-containing partners. The roles paraformaldehyde at room temperature for 15 min. The anti-flag

mouse monoclonal M2 antibody (to detect EphB2flag or EphB2S
flag)of the Eph family at central synapses may ultimately
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(Kodak Scientific) and EphB2-Fc (to detect ephrin-B1) were then vulval induction encodes a tyrosine kinase of the EGF receptor
subfamily. Nature 348, 693–699.utilized followed by permeabilization of the cells and incubation with

the anti-PICK1 antibody; this protocol allowed one to detect only Banker, G.A., and Gowan, W.M. (1977). Rat hippocampal neurons
cell surface receptors and ligands. Goat anti-mouse conjugated to in dispersed cell culture. Brain Res. 126, 397–425.
TR (to detect M2), goat anti-human (to detect EphB2-Fc), or goat Brambilla, R., Schnapp, A., Casagranda, F., Labrador, J.P., Berge-
anti-rabbit conjugated to FITC (to detect PICK1) were utilized as mann, A.D., Flanagan, J.G., Pasquale, E.B., and Klein, R. (1995).
secondary antibodies to visualize the proteins. All secondary anti- Membrane-bound LERK2 ligand can signal through three different
bodies were obtained from Jackson ImmunoResearch Laboratories. Eph-related receptor tyrosine kinases. EMBO J. 14, 3116–3126.
Photos were taken under fluorescence microscopy at 403 objective.

Bredt, D.S. (1998). Sorting out genes that regulate epithelial andRat Hippocampal Cultures
neuronal polarity. Cell 94, 691–694.E17 rat hippocampal cultures were prepared as previously de-
Bruckner, K., Pasquale, E.B., and Klein, R. (1997). Tyrosine phos-scribed (Banker and Cowan, 1977; Goslin and Banker, 1991) and
phorylation of transmembrane ligands for Eph receptors. Scienceplated on coverslips. After 10–14 days in vitro, cells were washed
275, 1640–1643.with PBS twice and fixed with methanol at 2208C for 15 min. Cells

were washed three times with PBS 1 0.1% triton (PBST) and incu- Chen, H.-J., Rojas-Soto, M., Oguni, A., and Kennedy, M.B. (1998).
bated with the various affinity-purified primary antibodies (anti- A synaptic ras-GTPase activating protein (p135 SynGAP) inhibited
PICK1, anti-EphB2, anti-ephrin-B, and mouse anti-synaptophysin) by CaM Kinase II. Neuron 20, 895–904.
for 2 hr at 258C. Cells were washed with PBST three times and Cho, K., Hunt, C.A., and Kennedy, M.B. (1992). The rat brain postsyn-
incubated with secondary antibodies (donkey anti-mouse Cy2 and aptic density fraction contains a homolog of the Drosophila discs-
goat anti-rabbit Cy3) for 2 hr at 258C to visualize the proteins. Cells large tumor suppressor protein. Neuron 9, 929–942.
were washed three times with PBST and mounted by using Fluoro-

Craven, S.E., and Bredt, D.S. (1998). PDZ proteins organize synaptic
mount-G. Secondary antibodies conjugated to Cy2 or Cy3 were

signaling pathways. Cell 93, 495–498.
purchased from Jackson Laboratories. Fluoromount-G was pur-

Davis, S., Gale, N.W., Aldrich, T.H., Maisonpierre, P.C., Lhotak, V.,chased from Southern Biotechnology Associates (Birmingham, AL).
Pawson, T., Goldfarb, M., and Yancopoulos, G.D. (1994). LigandsPhotos were taken with confocal microscopy, model MRC1024 from
for the EPH-related receptor tyrosine kinases that require membraneBiorad, at the 603 objective.
attachment or clustering for activity. Science 266, 816–819.

DeChiara, T.M., Bowen, D.C., Valenzuela, D.M., Simmons, M.V.,Synaptosomal Fractionation
Poueymirou, W.T., Thomas, S., Kinetz, E., Compton, D.L., Rojas, E.,Synaptosomes were prepared as described by Li et al. (1996) with
Park, J.S. et al. (1996). The receptor tyrosine kinase MuSK is requiredmodification. Four adult rat cortices were homogenized in 36 ml
for neuromuscular junction formation in vivo. Cell 85, 501–512.homogenization buffer (HB; 320 mM sucrose, 4 mM HEPES [pH 7.4],

1 mM EGTA, and 1 mM PMSF) with ten strokes at 900 rpm of a loose- Dong, H., O’Brien, R.J., Fung, E.T., Lanahan, A.A., Worley, P.F.,
fitting glass Teflon homogenizer (Kontes, #22). The homogenate was and Huganir, R.L. (1997). GRIP: a synaptic PDZ domain–containing
centrifuged at 1000 g for 10 min. The supernatant was collected protein that interacts with AMPA receptors. Nature 386, 279–284.
and centrifuged at 12,000 g for 15 min, and the second pellet was Flanagan, J.G., and Vanderhaeghen, P. (1998). The ephrins and Eph
resuspended in 24 ml HB and centrifuged at 13,000 g for 15 min. receptors in neural development. Annu. Rev. Neurosci. 21, 309–345.
The resulting pellet represented a crude synaptosomal fraction. This Gale, N.W., Flenniken, A., Compton, D.C., Jenkins, N., Copeland,
crude fraction was lysed by osmotic shock and homogenized by N.G., Gilbert, D.J., Davis, S., Wilkinson, D.G., and Yancopoulos, G.D.
three strokes in a glass Teflon homogenizer at 2000 rpm, and the (1996a). Elk-L3, a novel transmembrane ligand for the Eph family of
homogenate was spun at 33,000 g for 20 min to yield a supernatant receptor tyrosine kinase, expressed in embryonic floor plate, roof
and pellet (pre- and postsynaptic membranes). The supernatant plate and hindbrain segments. Oncogene 13, 1343–1352.
was spun at 251,000 g for 2 hr. The resulting supernatant (cytosol)

Gale, N.W., Holland, S.J., Valenzuela, D.M., Flenniken, A., Pan, L.,contained soluble proteins, and the pellet (synaptic vesicles) con-
Ryan, T.E., Henkemeyer, M., Strebhardt, K., Hirai, H., Wilkinson,tained synaptic vesicle proteins. Ten micrograms of each fraction
D.G. et al. (1996b). Eph receptors and ligands comprise two majorwas separated on SDS-PAGE gels, and Western blot analyses were
specificity subclasses and are reciprocally compartmentalized dur-performed with the indicated antibodies.
ing embryogenesis. Neuron 17, 9–19.
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