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Abstract. The AF-6/afadin protein, which contains a
single PDZ domain, forms a peripheral component of
cell membranes at specialized sites of cell-cell junc-
tions. To identify potential receptor-binding targets of
AF-6 we screened the PDZ domain of AF-6 against a
range of COOH-terminal peptides selected from recep-
tors having potential PDZ domain-binding termini. The
PDZ domain of AF-6 interacts with a subset of mem-
bers of the Eph subfamily of RTKs via its COOH ter-
minus both in vitro and in vivo. Cotransfection of a
green fluorescent protein-tagged AF-6 fusion protein
with full-length Eph receptors into heterologous cells
induces a clustering of the Eph receptors and AF-6 at
sites of cell-cell contact. Immunohistochemical analysis
in the adult rat brain reveals coclustering of AF-6 with

Eph receptors at postsynaptic membrane sites of exci-
tatory synapses in the hippocampus. Furthermore,
AF-6is a substrate for a subgroup of Eph receptors and
phosphorylation of AF-6 is dependent on a functional
kinase domain of the receptor. The physical interaction
of endogenous AF-6 with Eph receptors is demon-
strated by coimmunoprecipitation from whole rat brain
lysates. AF-6 is a candidate for mediating the clustering
of Eph receptors at postsynaptic specializations in the
adult rat brain.
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ANY cellular processes rely in large part on the
M correct subcellular distribution of effector pro-

teins. At specialized sites of cell-cell contact,
membrane proteins are clustered with specific adaptor
proteins linked to the cytoskeleton, enabling cellular adhe-
sion, motility, and intercellular as well as intracellular sig-
naling events to occur (Kofron et al., 1997; Tsukita et al.,
1996, 1997). Some proteins, which are localized to specific
cell junctions and presumably influence their function,
have been identified. In epithelial cells, the specialized site
of cell contact known as the tight junction (zonula oc-
cludens) has been shown to be composed of transmem-
brane proteins such as occludin (Furuse et al., 1993) and
juxtamembrane proteins such as ZO-1 (Stevenson et al.,
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1986), ZO-2 (Jesaitis and Goodenough, 1994), ZO-3 (Has-
kins et al., 1998), cingulin (Citi et al., 1988), 7H6 (Zhong et
al., 1993), and AF-6 (Mandai et al., 1997; Yamamoto et al.,
1997).

In the nervous system specialized sites of cell-cell con-
tact are vital for ensuring growth cone pathfinding during
embryogenesis and neuronal signaling and information
processing at developed synapses. Voltage-gated and li-
gand-gated ion channels are clustered at specific mem-
brane sites at synapses in neuronal cells facilitating the
coordinated transmission of electrical signals (Froehner,
1993). Shaker-type K* channel and N-methyl-p-aspartate
(NMDA)! receptor 2 (NR2) subunits are localized specifi-

1. Abbreviations used in this paper: aa, amino acid; FLAG AF-6 PDZ,
FLAG epitope-tagged AF-6 PDZ domain construct; GFP, green flu-
orescent protein; GST, glutathione-S-transferase; MAGUK, membrane-
associated guanylate kinase; NGS, normal goat serum; NMDA, N-meth-
yl-p-aspartate; NR2, NMDA receptor 2; PB, phosphate buffer; RIPA,
radioimmunoprecipitation assay; RT, room temperature; RTK, receptor ty-
rosine kinase; SAP, synapse-associated protein.

361



cally at presynaptic and postsynaptic sites, respectively
(Kim et al., 1995; Kornau et al., 1995). Recently, a subfam-
ily of the membrane-associated putative guanylate kinases
(MAGUKSs) comprised of PSD-95/SAP90 has been shown
to bind directly to these ion channels and colocalize with
them at synapses in the brain (Hunt et al., 1996; Kim et al.,
1995; Kornau et al., 1995; Niethammer et al., 1996). The in-
teraction is mediated by the direct association of the COOH
terminus of the ion channel receptors with the NH,-termi-
nal two PDZ domains present in PSD-95/SAP90. PDZ do-
main-containing proteins, such as that exemplified by the
PSD-95 subfamily of MAGUKSs, are thought to function as
clustering proteins at specific synaptic membranes on the
surfaces of neurons (Gomperts, 1996). In addition, these
proteins may organize overall synaptic structures, since
perturbations in the Drosophila homologue of PSD-95,
discs large (DIgA), lead to aberrant synaptic structures in
the fly nervous system (Lahey et al., 1994).

A number of the juxtamembrane proteins identified as
components of specialized junctions in epithelial and en-
dothelial cells such as ZO-1, ZO-2, ZO-3, and AF-6 also
have PDZ domains and therefore may also function as
clustering agents for as yet unidentified receptor proteins.
To identify potential receptor targets of one of these pro-
teins, AF-6, we screened the database for receptors having
potential PDZ interacting termini and tested whether
these termini could interact with the PDZ domain of AF-6.

We observed that AF-6 is able to interact with a specific
subset of the Eph RTK proteins. Two-hybrid and in vitro
binding assays confirmed that the AF-6 PDZ domain in-
teracts specifically with the COOH terminus of the Eph
receptors. Cotransfection of AF-6 with the Eph receptors
in heterologous cells induces a clustering of AF-6 with the
Eph receptors at sites of cell-cell contact. AF-6 is phos-
phorylated when cotransfected with Eph receptors but not
with a kinase-deficient mutant, demonstrating that AF-6 is
a substrate of Eph receptors.

Eph receptor tyrosine kinases (RTKs) are highly ex-
pressed in the nervous system (Orioli and Klein, 1997) and
some can be localized to specific membrane regions of
cell—cell contact on neurons (Henkemeyer et al., 1994). It
is demonstrated by electron microscopy that both, AF-6
and the receptors, tightly colocalize at postsynaptic mem-
branes of excitatory synapses in the hippocampus and at
other sites of membrane specialization on neurons. This
observation is further corroborated by showing that en-
dogenous AF-6 physically interacts with Eph receptors in
whole rat brain extracts.

Materials and Methods

Mammalian Two-hybrid Analysis

A partial clone of mouse AF-6 (amino acids [aa] 850-1,129) encompassing
the PDZ domain was subcloned into the VP16 activation domain expres-
sion vector pSNATCH (Buchert et al., 1997). Oligonucleotide adaptors
encoding the last 10 amino acids of the COOH termini of the various
RTKs as listed in Fig. 1 were then cloned into the Gal4 DNA-binding do-
main mammalian expression vector pSNAG (Buchert et al., 1997). Hu-
man 293T cells from a 12-well tissue culture plate were transfected with
20 ng of the expression plasmids along with 50 ng of a chlorampheni-
col acetyltransferase (CAT) reporter gene construct and the cells were
harvested 3648 h later. A CAT enzyme-linked immunosorbent assay
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(ELISA) was performed according to the manufacturer’s instructions
(Boehringer Mannheim).

In Vitro and Coimmunoprecipitation Assays

293T cells were transiently transfected separately with expression vectors
encoding the full-length receptors, EphA7 (MDKI1), EphB3 (Hek2),
EphB2 (Nuk), and Ephrin-B1 (Xlerk2) along with a partial, FLAG-
tagged clone of the mouse AF-6 (aa 850-1,129) encompassing the PDZ
domain. 48 h after transfection cells were lysed in buffer A (50 mM Tris-
HCI, pH 7.5,250 mM NaCl, 5 mM EDTA, 0.5% NP-40,1 mM DTT, 1 mM
PMSF, 1 mM benzamidine, 2.8 pg/ml aprotinin) and placed on ice for 30
min with occasional shaking. Samples were pelleted for 10 min at 4°C at
10,000 g. The supernatant was then precleared with protein A-Sepharose
beads and the precleared supernatant incubated with 1 pl (2.7 pg) anti-
FLAG M2 antibody (Eastman-Kodak) and incubated with rotation at 4°C
for 1 h. Protein A-Sepharose beads (50 pl) were then added to the cell ex-
tracts and incubated with rotation at 4°C for a further 45 min. Cell extracts
were then pelleted and washed four times with 1 ml of buffer A and resus-
pended in loading buffer, run on 10% SDS-PAGE gels, and then blotted
as described (Harlow and Lane, 1988). Blots were probed with the
anti-receptor-specific antibodies. For glutathione-S-transferase (GST)-
pull down experiments the partial clone of the mouse AF-6 (aa 850-1,129)
encompassing the PDZ domain was fused COOH-terminal to GST and
produced and coupled to glutathionine beads as described (Ridley and
Hall, 1992), except after binding, beads were washed five times in lysis
buffer; PBS, 1 mM DTT, 1 mM PMSF, 1 mM benzamidine, 2.8 wg/ml
aprotinin. The green flourescent protein (GFP)-peptide (EphB3pep) was
visualized on the blots with a monoclonal anti-GFP antibody (Clontech)
as recommended by the manufacturer.

Phosphorylation of AF-6

293T cells were transiently transfected separately with expression vectors
encoding the full-length receptors EphB2 (Nuk), EphB3 (Hek2), a kinase-
deficient mutant of EphB3 (EphB3K665R), and Ephrin-B1 (Xlerk2)
along with a FLAG-tagged full-length AF-6 cDNA. 48 h after transfection
cells were lysed in a 10-cm culture dish with 1 ml of NETN-buffer (20 mM
Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40 supplemented
with 1 mM PMSF, 1 mM Naz;VO,, 2.8 pg/ml aprotinin, 50 mM NaF, and
1 mM benzamidine) and placed on ice for 15 min. Lysates were collected,
transferred to precooled Eppendorf tubes, and then incubated in a shaker
for another 15 min at 4°C. Samples were then pelleted for 10 min at 4°C at
10,000 g. The supernatant was then precleared with protein A-Sepharose
beads and the precleared supernatant incubated with 4 pl (2.7 pg/pl) anti-
FLAG M2 antibody (Eastman-Kodak) and incubated with rotation at 4°C
for 1 h. Protein A-Sepharose beads (40 1) were then added to the cell ex-
tracts and incubated with rotation at 4°C for a further 45 min. Cell extracts
were then pelleted and washed four times with 1 ml of NETN-buffer, re-
suspended in loading buffer, run on a 7.5% SDS-PAGE gel, and then
blotted as described (Harlow and Lane, 1988). Western blots were probed
either with the monoclonal anti-FLAG M2 antibody, or the monoclonal
anti-pTyr antibody (PY99; Santa Cruz).

Phosphorylation of AF-6 in the Cellular Lysate

293T cells were transiently transfected separately with expression vectors
encoding the full-length receptors EphB2 (Nuk), EphB3 (Hek2), and a ki-
nase-deficient mutant of EphB3 (EphB3K665R) along with a FLAG-
tagged full-length AF-6 cDNA. 48 h after transfection, cells were lysed in
a 10-cm culture dish with 1 ml of NETN-buffer (20 mM Tris-HCI, pH 7.5,
100 mM NaCl, 1 mM EDTA, 0.5% NP-40 supplemented with 1 mM
PMSF, 1 mM Na;VOy,, 2.8 pg/ml aprotinin, 50 mM NaF, and 1 mM benza-
midine) and then placed on ice for 15 min. Lysates were collected, trans-
ferred to precooled Eppendorf tubes, and then incubated in a shaker for
another 15 min at 4°C. Samples were then pelleted for 10 min at 4°C at
10,000 g. Equal amounts of lysate were resuspended in loading buffer,
boiled for 5 min at 95°C, run on a 7.5% SDS-PAGE gel, and then blotted
as described (Harlow and Lane, 1988). Western blots were probed either
with the monoclonal anti-pTyr antibody (PY99; Santa Cruz), with the
monoclonal anti-FLAG M2 antibody (Eastman-Kodak), or with the anti—
receptor-specific antibodies.

Coimmunoprecipitation from Whole Rat Brain Lysates

Brain coimmunoprecipitation with EphB3 was done essentially as de-
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scribed (Irie et al., 1997). In brief, three fresh rat brains were homoge-
nized in a glass teflon homogenizer in 15 ml of NL buffer: 20 mM Hepes-
NaOH, pH 8.0, 1% NP-40, 0.2 M NaCl, 2 mM EGTA and inhibitors (1 mM
benzamidine, 1 mM PMSF, 50 mM NaF, 2.8 pg/ml aprotinin, 1 mM
Na;VO,. This homogenate was then vigorously shaken for 15 min at 4°C
and centrifuged for 60 min at 4°C at 100,000 g to give a supernatant and a
pellet fraction. The supernatant was precleared with 30 pl of protein
A-Sepharose beads and then incubated for 90 min with 50 pl polyclonal
rabbit anti-EphB3 antibody, 12.5 pg monoclonal anti-AF-6 antibody
(Transduction Laboratories), or 12.5 pg monoclonal anti-FLAG M2 anti-
body (Eastman-Kodak). 60 pl of protein A—Sepharose was added for an-
other 90 min at 4°C. Then, beads were washed five times with NL buffer and
30 pl of SDS-loading buffer were added. The pellet received after the cen-
trifugation was extracted a second time, this time using 15 ml of the more
stringent radioimmunoprecipitation assay (RIPA) buffer (which disrupts
the interaction between the interacting partners): 20 mM Tris-HCI, pH
7.5, 0.1% SDS, 0.5% deoxycholic acid, 1% Triton X-100, 137 mM NaCl,
10% glycerine, 2 mM EDTA, and inhibitors as described above. This ho-
mogenate was then processed identically as described for the homogenate
and subsequently washed five times with RIPA buffer and taken up in 30
wl of SDS-loading buffer. Fractions were analyzed by SDS-polyacryl-
amide gel (7.5%) electrophoresis and by immunoblotting with antibodies
to AF-6 and EphB3.

Brain coimmunoprecipitation with EphB2 was done as follows. Four
fresh rat brains were homogenized using the FastPrep FP120 machine
(BIO 101). Brains were cut in small pieces and put into FastDNA Kit
tubes (BIO 101). The tubes were filled with HO buffer (50 mM Hepes-
NaOH, pH 7.5, 1% Triton X-100, 0.15 M NaCl, 1 mM EGTA, 1.5 mM
MgCl,, 10% glycerol) and inhibitors (1 mM benzamidine, 1 mM PMSF, 50
mM NaF, 2.8 pg/ml aprotinin, 1 mM Na;VO,) and the machine run at
speed 4.5 for 15 s. To this homogenate HO buffer was added up to 20 ml
and vigorously shaken for 15 min at 4°C. Subsequently, supernatant and
pellet was obtained through centrifugation twice for 1 h at 13,000 g. The
supernatant was precleared with 30 pl of protein A—Sepharose beads and
then incubated for 90 min with 10 pg polyclonal rabbit anti-EphB2 anti-
body (Santa Cruz), 12.5 pg monoclonal anti-AF-6 antibody (Transduction
Laboratories), or 12.5 pg monoclonal anti-FLAG M2 antibody (Eastman-
Kodak). 60 .l of protein A-Sepharose was added for another 90 min at
4°C. Then beads were washed five times with HO buffer and 30 .l of SDS-
loading buffer were added. The pellet received after the centrifugation
was extracted a second time exactly as described for the second extraction
in the EphB3 coimmunoprecipitation (see above). Fractions were ana-
lyzed by SDS-polyacrylamide gel (7.5%) electrophoresis and by immuno-
blotting against AF-6.

Antibodies and Immunaofluorescence Microscopy

Monoclonal anti-AF-6 (Transduction Laboratories), rabbit polyclonal
anti-Z0O-1 (Zymed), monoclonal anti-FLAG M2 antibody (Eastman-
Kodak), monoclonal anti-GFP (Clontech), and rabbit polyclonal anti-
Lerk2 (Ephrin-B1; Santa Cruz) antibodies were purchased from commer-
cial sources. Rabbit polyclonal antibodies against EphB3, EphB2, and
EphA7 were kindly provided by B. Hock and K. Strebhardt (Georg-Speyer-
Haus, Frankfurt, Germany [anti-EphB3]), S. Holland (Samuel Lunefeld
Research Institute, Ontario, Canada [anti-EphB2]), and A. Ullrich (Max-
Planck-Institute for Biochemistry, Martinsried, Germany [anti-EphA7]). All
antibodies directed against the different Eph receptors and the Ephrin-B1
ligand recognize the cytoplasmic domain of their protein targets.

Immunofluorescence microscopy of 293T cells was performed as fol-
lows. Cells were cultured on a coverglass and fixed with 3% paraformal-
dehyde in PBS for 20 min at room temperature (RT). The fixed sample
was then treated with 0.5% Triton X-100 in PBS for 90 s at RT and
washed three times with PBS. Samples were then incubated with the pri-
mary antibodies for 1 h at 4°C in 5% newborn goat serum/PBS. Samples
were then washed and incubated with either rhodamine-conjugated anti-
rabbit or anti-mouse IgG or FITC-conjugated anti-mouse IgG antibodies
for 1 h at 4°C. Samples were then washed again and embedded in Mowiol
(Hoechst) and examined with a confocal laser scanning microscope
equipped with an Ar/Kr laser (model TCS4D; Leica). Bleed-through be-
tween the green and the red channel was completely blocked by adjusting
the intensity of the laser beam with an acousto-optical (Leica). Images
were further processed and merged with the Imaris software (Bitplane)
and finally printed with a Fudjix Pictrography 3000 (Fuji). For MDCK
cells, samples were fixed and permeabilized in 70% methanol/30% ace-
tone at —20°C for 20 min. Samples were washed three times with PBS and
then treated as described for 293T cells.

Buchert et al. AF-6 Clusters with Eph RTKs at Brain Synapses

Animals and Tissue Preparation

Oncins France strain A (OFA) line rats (180-200 g; RCC) were used in
this study. Environmental conditions for housing of the rats and all proce-
dures that were performed on them were in accordance with animal re-
search licences granted by the Cantonal Veterinary Authority of Ziirich
and followed the Codes of Practice established by the University Veteri-
nary officers. 10 rats were deeply anesthetized with halothane and then
perfused transcardially with 30 ml of 0.9% NaCl, followed by 500 ml of
fixative containing 3-4% paraformaldehyde and 0.2% picric in 0.1 M
phosphate buffer (PB), pH 7.4, at a rate of ~18 ml/min. The brain from
eight rats was removed into cold (4°C) PB. Coronal sections throughout
brain were cut on a vibrating microtome at 60-70 wm. To enhance the
penetration of the immunoreagents, the sections were equilibrated in 30%
sucrose in PB, rapidly frozen in liquid nitrogen, and then thawed in PB.
The brain from two rats was postfixed in 0.1% glutaraldehyde containing
fixative for 2 h and blocked for cryo-ultramicrotomy. Tissue blocks, 0.8-
mm thick, were transferred into 2 M sucrose containing 15% polyvinyl
pyrrolidone solution for cryoprotection.

Immunohistochemistry

The sections were preincubated in 10% normal goat serum (NGS) in 0.05 M
TBS, pH 7.4, for 45 min and then incubated in primary antibody solutions
in TBS that was supplemented with 2% NGS and 2% BSA for 36-48 h at
4°C with constant gentle shaking. They were washed four times for 20 min
in 1% NGS in TBS and then incubated in biotinylated goat anti-mouse or
anti-rabbit IgG (1:200, Vector Labs) for 12 h at 4°C followed by 3 h of in-
cubation in an avidin-biotin—peroxidase complex (1:100, Elite ABC; Vec-
tor Labs) at RT. Antigenic sites were visualized by incubation in 3,3'-
diaminobenzidine (0.05% in TBS, pH 7.6; Sigma) in the presence of
0.0048% H,O,. The reaction was stopped by several washes in TBS. Im-
munotreated sections were postfixed in a solution of 1% osmium tetrox-
ide (Oxchem) in phosphate buffer, pH 7.4, for 45 min, stained with 2%
uranyl acetate for 2 h, dehydrated, and flat embedded into Durcupan
ACM (Fluka). The sections were examined first in Leica DMR light mi-
croscope. Areas of interest were cut from the slide and reembedded. Se-
rial thin sections were collected on pioloform-coated copper grids, and ex-
amined in a Philips CM100 electron microscope. The specificity of the
immunolabeling was proven by the absence of staining when the primary
antibodies were omitted.

Immunogold Staining on Cryo-ultrathin Sections

Cryo-ultrathin sections, 90-nm thick, were cut at —120°C, picked up on pi-
oloform-coated nickel grids, and then processed according to Tokuyasu
(1986) (for review see Liou et al., 1996). In brief, sections were preincu-
bated on drops of 5% NGS in PBS for 30 min at RT, incubated either in
one of the primary antibodies or in the mixture of anti-AF-6 and one of
the anti-Eph receptor antibodies (1:200) in PBS containing 1% BSA over-
night at 4°C. Gold-conjugated secondary antibodies (5-, 10-, and 15-nm
gold-conjugated anti-mouse and anti-rabbit IgG [Nanoprobes]; 8-nm anti-
rabbit IgG provided by B. Guhl [University of Ziirich, Ziirich, Switzer-
land]; 1:50) or mixture of anti-mouse and anti-rabbit IgGs, conjugated to
different size gold particles, for double labeling were applied for 2 h at
RT. Then sections were postfixed in 1% glutaraldehyde in PBS and em-
bedded in 2% methylcellulose and 3% uranyl acetate mixture (9:1).

Results

AF-6 Interacts with Specific Eph Receptors

PDZ domains specifically recognize the COOH-terminal
ends of target proteins, commonly XS/TXV-COOH (Saras
and Heldin, 1996). The PDZ domain has been shown to
link diverse membrane proteins with effector molecules
inducing receptor clustering and to serve as a scaffold
to assemble different components of a signaling cascade
(Tsunoda et al., 1997). Different PDZ domains have been
demonstrated to have distinct COOH-terminal peptide
binding specificities (Saras and Heldin, 1996; Songyang et al.,
1997). We surmized that the PDZ domain of AF-6 might
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be able to recognize the COOH-terminal regions of
membrane-associated proteins. Therefore, the GenBank/
EMBL/DDBJ database was searched for membrane-span-
ning molecules having potential PDZ domain-binding
COOH termini. More than 20 different receptors broadly
classified among the large RTK family had COOH-termi-
nal ends potentially able to interact with PDZ domains.
Fusion proteins consisting of the DNA-binding domain
(DBD) and COOH-terminal peptides, encompassing the
last 10 amino acids of these various receptors, were con-
structed and tested in a mammalian two-hybrid interaction
assay for their ability to interact with the PDZ domain of
AF-6. The results are depicted in Fig. 1, a and b. Of all
the different receptors analyzed, only a specific subset of
members of the Eph subfamily of RTKs were able to
interact with the AF-6 PDZ domain. EphA6 (Ehk2), (Cios-
sek et al., 1995), EphA7 (Mdk1), (Ciossek et al., 1995),
EphB2 (Nuk) (Henkemeyer et al., 1994), and EphB3 (Hek?2)
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(Bohme et al., 1993) all activated the reporter gene be-
tween 10- and 60-fold over background levels and EphB6
(Hep) (Matsuoka et al., 1997) activated sixfold over back-
ground levels.

Interaction of the AF-6 PDZ Domain with
Recombinant Eph Receptors

The binding specificities observed in the mammalian cell
two-hybrid assays with the PDZ domain of AF-6 and the
peptide ligands were verified with recombinant receptors
in vitro. cDNAs encoding full-length EphB2, EphA7, and
EphB3 were expressed in 293T cells and their ability to
immunoprecipitate with a FLAG epitope-tagged AF-6
PDZ domain construct (FLAG AF-6 PDZ) was analyzed.
Fig. 2 a indicates that both the full-length EphB2 and
EphA7 receptors, when cotransfected into 293T cells with
FLAG AF-6 PDZ, specifically coimmunoprecipitate with

364



A A
QL L
& &
a & -
o O o O
eﬁ‘J F {‘J 5
NN
A YR A T TS
§ .38 2 S 3SR
T E&E S §E &G
220 220— i
(ol ST RPN B L B
97—
1 2 3 4 5 6 7 8
IP: anti-FLAG Il;ari;JG
WB: anti-EphB2 WB: anti-EphA7
&
2 N
b £
Av A q?
o> & &
o & AN
Q & )
rb& "a‘% ":& o rée é(o
@ @ Q ¥ Y D
§ 83 s 33
T GGG
220—
— .
a6—| = 1 97— <

1 2 3

GST pull-down
WB: anti-EphB3

GST pull-down
WB: anti-GFP

the FLAG-tagged AF-6 PDZ domain fusion protein
whereas no receptor immunoprecipitates with the FLAG-
tagged vector alone (Fig. 2 a, FLAG, compare lanes 3 and
4 and lanes 7 and 8). As a further control the Ephrin-B1
(Xlerk2) (Jones et al., 1997) receptor ligand, which has an
intracellular COOH terminus characteristic of PDZ-bind-
ing peptides but which our mammalian two-hybrid analy-
sis had indicated did not interact with the PDZ domain of
AF-6, was transfected. When the Ephrin-B1 cDNA ex-
pression vector was cotransfected with either FLAG AF-6
PDZ or the empty vector (FLAG), no Ephrin-B1 protein
coimmunoprecipitated with the FLAG-tagged fusion pro-
teins, indicating the specificity of the interaction of the
AF-6 PDZ domain for only certain Eph receptors (Fig. 2
a, compare lanes 10-12).

Buchert et al. AF-6 Clusters with Eph RTKs at Brain Synapses

Figure 2. Binding of the
AF-6 PDZ domain to recom-
binant Eph receptors. (a)
FLAG-tagged AF-6 PDZ
domain protein (FLAG AF-6
PDZ) coimmunoprecipitates
with full-length EphB2 and
EphA7 receptors but not
with Ephrin-B1. Lanes 1, 5,
and 9, direct cell lysate, un-
transfected cells; lanes 2, 6,
and 10, direct cell lysate, re-
ceptor alone transfected;
lanes 3, 7, and 11, receptors
and FLAG AF-6 PDZ
cotransfected; lanes 4, 8, and
12, receptors and empty vec-
tor (FLAG) transfected. (b)
GST-pull down experiments
of EphB3 COOH-terminal
peptide (last 10 amino acids)
or full-length EphB3 recep-
tor. Lane 1, EphB3pep direct
cell lysate; lane 4, EphB3
full-length receptor direct
cell lysate; lanes 2 and 5,
EphB3pep or EphB3 ex-
tracts mixed with GST AF-6
PDZ coupled glutathionine
beads; lanes 3 and 6, GFP
EphB3 peptide or EphB3 ex-
tracts mixed with GST-cou-
pled glutathionine beads.
Lanes 7-9, an EphB3ala mu-
tant receptor (terminal
valine residue changed to
alanine) is unable to coim-
munoprecipitate with FLAG
AF-6 PDZ or empty vector
(FLAG); lane 7, EphB3ala
receptor direct cell lysate;
lane 8, EphB3ala cotrans-
fected with FLAG AF-6
PDZ; lane 9, EphB3ala
cotransfected with empty
vector (FLAG). Bands not
indicated by arrows are con-
taminants.

"9 10 11 12

IP: anti-FLAG
WB: anti-Ephrin-B1

IP: anti-FLAG
WB: anti-EphB3

In further experiments, a GST AF-6 PDZ domain fusion
protein was coupled to glutathione beads and mixed with
293T cellular extracts expressing GFP-tagged receptor
COOH termini peptides or the full-length EphB3 receptor
to determine whether specific binding to the AF-6 PDZ
domain was observed. Similarly a GFP-EphB3 COOH-
terminal peptide containing the last ten amino acids (des-
ignated as EphB3pep) as well as the full-length EphB3
receptor were specifically retained by GST AF-6 PDZ-
coupled beads but not by GST-coupled control beads (Fig.
2 b, compare lanes 1-3 and lanes 4-6). Mutation of the
very COOH-terminal valine residue in the full-length
EphB3 receptor to an alanine residue abolished binding of
the EphB3 receptor (EphB3ala) to FLAG AF-6 PDZ
(Fig. 2 b, compare lanes 7-9).
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Figure 3. Transfected AF-6 and Eph receptors cocluster at sites
of cell—cell contact in 293T cells. Subconfluent cells were tran-
siently transfected with the indicated Eph receptor and a GFP-
tagged AF-6 expression vector and stained with Eph receptor-
specific antibodies. Red, Eph receptor localization; green, GFP
AF-6 expression. GFP AF-6 is clustered with the Eph receptors
at sites of cell-cell contact (al-d3). Ephrin-B1 ligand, which does
not bind to the GFP AF-6 protein at the membrane, was used as
a negative control. This leads to a diffuse staining of GFP AF-6 in
these cells (el-e3). Bars, 10 pm.
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Colocalization of AF-6 and Eph Receptors at the
Membrane in Transfected Cells

To observe a possible direct interaction between AF-6 and
these RTK proteins, a plasmid was constructed coding for
a full-length AF-6 fused to GFP at its NH, terminus, and
cotransfected with various full-length receptors in 293T
cells. The GFP-tagged AF-6 protein gave a generally dif-
fuse fluorescent signal throughout the cytoplasm and nu-
cleus when transfected alone (data not shown). However,
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when cotransfected with full-length EphB2, EphA7, or
EphB3 RTKs (Fig. 3, al-dl), a dramatic shift in the sub-
cellular localization of the GFP-tagged AF-6 protein oc-
curred with a strong signal enriched at the cellular mem-
brane, often at sites of cell-cell contact (Fig. 3, a2-d2,
compare with e2). Costaining for the transfected receptors
in these cells with a rhodamine-coupled antibody specific
for the primary anti-receptor antibodies revealed that the
GFP AF-6 signal colocalized with the membrane-associ-
ated receptor signals. As a control Ephrin-B1 and GFP
AF-6 were transfected. Even though the Ephrin-B1 signal
was enriched at the plasma membrane there was no colo-
calization of the GFP AF-6 signal and Ephrin-B1, with the
GFP AF-6 signal diffusely spread throughout the cotrans-
fected cells (Fig. 3, el and e2). This is consistent with the
result that AF-6 is unable to associate with the COOH-ter-
minal peptide of Ephrin-B1 in a mammalian two-hybrid
experiment (Fig. 1).

Transfected Eph Receptors Colocalize with Endogenous
AF-6 in MDCK Cells

It has recently been reported that AF-6 is localized at the
plasma membrane at specialized sites of cell—cell contact.
In the polarized epithelial cell line MDCKII, AF-6 has
been shown to colocalize with the tight junction-associated
protein ZO-1 at apical lateral membrane sites of cell-cell
contact (Yamamoto et al., 1997). In fibroblasts, AF-6 has
also been shown to colocalize with ZO-1 at cadherin-
based, spot-like cell-cell adherens junction (Mandai et al.,
1997). To determine the effect of exogenous Eph recep-
tors on the subcellular localization of endogenous AF-6,
EphA7 was transfected into MDCK cells. This caused an
enrichment of the endogenous AF-6 protein at sites of
cell—cell contact (Fig. 4, a—f), indicating that Eph receptors
can be a target for the endogenous AF-6 protein. The
colocalization and enrichment of endogenous AF-6 with
EphA7 seems to occur only at their extreme apical posi-
tions (Fig. 4, compare e with f). This could mean that en-
dogenous AF-6 can not freely diffuse along the lateral
membrane, whereas the transfected and overexpressed re-
ceptor can do so. Alternatively, the interaction may re-
quire additional factors only present at extreme apical po-
sitions.

AF-6 and Eph Receptors Cocluster at Postsynaptic
Specializations in the Rat Brain Hippocampus

Immunocytochemical techniques with light and electron
microscopic analyses were combined in order to deter-
mine whether AF-6 colocalizes with Eph receptors in rat
brain. In addition, the localization of ZO-1, a protein
which is found together with AF-6 at tight junctions in po-
larized epithelial cells and at cadherin-based cell—cell junc-
tions in fibroblasts (Mandai et al., 1997; Yamamoto et al.,
1997), was examined. At low magnification, we observed
overlapping spatial distributions in the immunolabeling
patterns of AF-6, ZO-1, EphB2, EphA7, and EphB3.
Strong immunoreactivity occurred in a variety of regions
with high synaptic density, specifically the hippocampus,
caudate putamen, cerebellum, superficial gray layer of su-
perior colliculus, external cortex of inferior colliculus, me-
dial mammillary nucleus, sensory nuclei of thalamus, and
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Figure 4. Transient transfection of the EphA7 receptor in MDCK cells causes a clustering of endogenous AF-6. Subconfluent MDCK
cells were transfected with a full-length EphA7 receptor construct and doubly stained with anti-EphA7 (green) and anti-AF-6 (red) an-
tibodies. AF-6 clusters with the EphA7 receptor at sites of cell-cell contact (a—d). Endogenous AF-6 is recruited to a more apical posi-
tion in EphA7 transfected cells. EphA7 transient expression signal (e, green) with endogenous AF-6 expression (f, red) are shown for
comparison. Bars, 10 wm.

neocortex (data not shown). Because the architecture and
function of hippocampal circuitry is well known (Johnston
and Amaral, 1998), we focused our examination on the
subcellular localization of AF-6, ZO-1, and Eph receptors
in hippocampal regions. The strong immunolabeling of
AF-6, ZO-1, and Eph receptors was found in all dendritic
layers, strata oriens and radiatum of CA1l and CA3 re-
gions, and the dentate moleculare of the hippocampus
(data not shown). Electron microscopic analysis revealed
the presence of immunoperoxidase reaction products at
the majority of asymmetric axo-spinous and axo-dendritic
synapses in stratum radiatum of the CA1 region (Fig. 5 a,
c—¢). Immunogold labeling of cryo-ultrathin sections of
CA1 have shown that AF-6 (Fig. 6 a) and Eph receptors
(Fig. 6, b and c) are localized at postsynaptic densities.
Further examination of double-immunogold staining re-
vealed colocalization of AF-6 and Eph receptors over
postsynaptic specializations of excitatory synapses in CAl
(Fig. 6, d-f).

Buchert et al. AF-6 Clusters with Eph RTKs at Brain Synapses

Immunoreaction products for ZO-1, in contrast, ac-
cumulated mainly in presynaptic axonal terminals that
formed asymmetric synapses with either dendritic spines
of pyramidal neurons (Fig. 5 b) or dendritic shafts of inhib-
itory interneurons. ZO-1 immunoreactivity over postsyn-
aptic densities was rarely observed. The different localiza-
tion of AF-6 and ZO-1 in the rat hippocampus contrasts
with the reported interaction of these two proteins at tight
junctions in polarized epithelial cells (Yamamoto et al.,
1997). This implies that at least in the case of a specialized
cell—cell contact, such as the synapse, AF-6 and ZO-1 do
not interact with each other and might fulfill different
roles.

AF-6 Is an In Vivo Substrate of Eph Receptors

To obtain some information on the biological significance
of the interaction between AF-6 and Eph receptors, espe-
cially whether AF-6 is a substrate of the Eph receptor ty-
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Figure 5. Electron micrographs showing localization of AF-6 (a),
Z0O-1 (b), EphB3 (c), EphB2 (d), and EphA7 (e) in CAl stratum
radiatum. (a, c—e) Arrowheads, peroxidase reaction products for
AF-6, EphB3, EpB2, and EphA7 localized at postsynaptic mem-
brane specialization of asymmetric axo-spinous synapses. (b) As-
terisks, immunoreactivity for ZO-1 in numerous axonal termi-
nals, which form asymmetric synapses with spines; arrows,
unlabeled postsynaptic membrane specializations. In ¢ and e,
peroxidase reaction products accumulate only in spines (arrow-
heads) whereas parent dendrites (pd) are free of immunostain-
ing. Bar, 0.5 pm.

rosine kinases, we transiently transfected 293T cells with
AF-6 along with either wild-type EphB3, EphB2, or a ki-
nase-deficient mutant EphB3 receptor (EphB3K665R).
The result shown in Fig. 7 a demonstrates that AF-6 is
tyrosine phosphorylated only when coexpressed with wild-
type EphB2 or EphB3 receptors. No phosphorylation oc-
curred with a kinase-negative mutant receptor. Phos-
phorylation of AF-6 is dependent on previous activation
of the receptor which is achieved by overexpression in
293T cells (Fig. 7 a and data not shown). When transfected
AF-6 is immunoprecipitated from 293T cells, strong phos-
phorylation of the immunoprecipitated AF-6 is detected
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Figure 6. Immunogold labeling for AF-6 and Eph receptors in
cryo-ultrathin sections of CAl stratum radiatum. Immunogold
particles for AF-6 (5-nm immunogold in a, arrows), EphB3 (15-nm
immunogold in b) and EphB2 (15-nm immunogold in c) are
shown at postsynaptic densities of axo-spinous synapses. (d-f)
AF-6 (8-nm immunogold particles, arrows) EphB3 receptor (d
and f, 15 nm immunogold particles, arrowheads), and EphB2 re-
ceptor (e, arrowhead) are shown at postsynaptic membranes. ax,
axonal terminal; s, spine. Bar, 0.2 pm.

when it is cotransfected with the wild-type EphB2 and
EphB3 receptors, whereas AF-6 is not phosphorylated
when transfected alone or with the kinase-negative mutant
EphB3K665R (Fig. 7 e, top). Taken together, these results
demonstrate that AF-6 is phosphorylated by the EphB2
and EphB3 receptors in a kinase-dependent fashion and
demonstrates that AF-6 is a substrate for a subgroup of
Eph receptors.

EphB2 and EphB3 Coimmunoprecipitate AF-6 from
Whole Rat Brain Lysates

Finally, to confirm that these findings are also biologically
relevant in the living organism, we tested whether com-
plexes of endogenous AF-6 with Eph receptors occur in
total rat brain lysates. Indeed, endogenous AF-6 coimmu-
noprecipitated with both EphB2 and EphB3, but not when
the total rat brain extract was immunoprecipitated with an
anti-FLAG M2 antibody (Fig. 8, a and b, left). The pellet,
obtained after the first extraction, was reextracted with
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the stronger RIPA buffer, known to disrupt protein—pro-
tein interactions. This treatment destroyed the interaction
even though endogenous AF-6 was still precipitable (Fig.
8, a and b, right). This further demonstrates the specificity
of the interaction and suggest a physiological role for the
interaction between AF-6 and Eph receptors in the brain.

Discussion

At the sites of cell-cell contact of epithelial or endothelial
cells, known as the tight junction or zonula occludens,
transmembrane proteins have been identified to form
complexes with ZO-1, ZO-2, ZO-3, and AF-6. A charac-
teristic feature of these proteins is the presence of at least
one and more often several PDZ domains. The name PDZ
is based on the three proteins with such domains, PSD-95,
DIlgA, and ZO-1. PDZ domains can mediate specific inter-
actions to the COOH-terminal regions of target proteins
and many appear to be involved in the clustering or dock-
ing of integral membrane proteins to particular sites of
membrane specialization (Fanning and Anderson, 1996).
The clustering function of PDZ domain-containing pro-
teins has been most clearly demonstrated for a family of
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Figure 8. Endogenous AF-6 coimmunoprecipitates with EphB2
(a) and EphB3 (b) receptors from whole adult rat brain extracts
prepared in HO-buffer or NL-buffer, respectively but not in
RIPA-buffer. Whole adult rat brain extracts were immunopre-
cipitated (IP) with either monoclonal anti-AF-6 antibody, poly-
clonal rabbit antisera against EphB2 (EphB2), EphB3 (EphB3),
or with the monoclonal M2 antibody, which recognizes the
FLAG epitope. The immunoprecipitates were probed on a West-
ern blot (WB) using the monoclonal anti-AF-6 antibody. AF-6 is
recognized as a double band in the rat brain. This has also been
observed by others (Yamamoto et al., 1997).

synapse-associated proteins (SAPs) which are thought to
play a central role in the molecular organization of syn-
apses (Garner and Kindler, 1996; Sheng, 1996).

Since potential PDZ-containing receptor targets of tight
junction-associated transmembrane proteins have not been
identified, we screened the GenBank/EMBL/DDBJ data-
base for receptor proteins having potential PDZ domain-
binding COOH-terminal ends. We noticed that a signif-
icant number of receptors in the RTK family have potential
PDZ domain-binding COOH-termini (XS/TXV-COOH),
suggesting that they might interact with as yet unidentified
PDZ domain-containing juxtamembrane proteins. These
termini were analyzed for their ability to bind to the PDZ
domain of AF-6. Using a mammalian cell-based two-
hybrid assay we determined that the AF-6 PDZ domain
was able to interact with specific members of the Eph sub-
family of RTKs but not with any of the other receptors
tested. Of the 14 different members of the Eph RTK sub-
family (the largest subfamily of RTKs) eight of them have
COOH termini, suggesting they might interact with a PDZ
domain-containing protein. Of the eight receptors tested
here, five appear to interact with AF-6. Comparing the
peptide sequences of receptors able to bind to the PDZ
domain of AF-6 (Fig. 1 b, boldface) with each other, indi-
cated that there seems to be a preference for a hydropho-
bic residue at the —2 position of the binding peptide as
well as for a valine at the O position. Thus, the potential
consensus sequence of COOH termini able to bind to AF-6
PDZ domain is XV/IXV-COOH. However, the EphA3
receptor peptide exhibited no binding to the AF-6 PDZ
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domain even though it conformed to this consensus
(PVPV-COOH), showing that residues at positions other
than —2 and 0 are also important for binding. In a recent
publication, Songyang et al. (1997) selected artificial pep-
tides on the basis of binding to an immobilized GST-AF-6
PDZ domain fusion protein. However, their selected pep-
tide sequences bear little relationship to the Eph receptor
COOH termini able to bind to AF-6. This may indicates
that the PDZ domain of AF-6 is a very flexible interaction
domain, with the potential to bind to different target se-
quences.

Our transient transfection studies demonstrated that
AF-6 is specifically recruited to sites of cell-cell contact
via interaction with its cognate Eph receptor binding part-
ners in heterologous 293T and MDCK cells. If AF-6 has a
role in clustering Eph receptors at sites of membrane spe-
cialization, the endogenous proteins should colocalize in
normal tissues. Additionally, the findings that Eph family
receptors can be clustered at sites of cell-cell contact in
the brain (Henkemeyer et al., 1994), lead us to analyze the
expression patterns of the three AF-6 interacting Eph re-
ceptors and that of AF-6 in brain sections from adult rats.
A very tight colocalization was observed. This was particu-
larly the case at postsynaptic membranes of excitatory syn-
apses in the hippocampus, indicating that the observed in-
teraction between these receptors and AF-6 may have
physiological consequences. Interestingly, ZO-1 which in
polarized epithelial cells tightly colocalizes with AF-6 at
the lateral apical membrane, exhibited an expression pat-
tern with marked staining of presynaptic membrane spe-
cializations in the brain. In contrast, we found AF-6 and
the Eph receptors to colocalize at the postsynaptic mem-
brane, as demonstrated by double-immunogold labeling
experiments, reinforcing the view that AF-6 may be in-
volved in the clustering of these receptors.

The clustering of AF-6 and certain Eph receptors at
postsynaptic densities may be analogous to that observed
with a family of SAPs and ionotropic receptors at the same
membrane location. SAPs such as SAP97, SAP90/PSD-95,
SAP102, and Chapsyn110/PSD-93 contain three PDZ do-
mains which mediate the interactions with the COOH-ter-
minal ends of the voltage-gated K* channel and the NR2
subunits of the NMDA receptor (Sheng, 1996). These in-
teractions appear to mediate the clustering of these ion
channels at synaptic membranes. AF-6 may also be in-
volved in mediating the clustering of the Eph receptors at
postsynaptic sites. In addition, like AF-6, SAP97 has also
been localized to the lateral membrane between epithelial
cells (Mueller et al., 1995), hence, these two proteins may
also be involved in the clustering of receptors at other sites
of cell—cell contact than just at synaptic membranes.

Our demonstration that AF-6 is an in vivo substrate for
the kinase activity of a subgroup of the family of Eph re-
ceptors is in agreement with recent data (Hock et al.,
1998) and supports a functional role of the Ras-binding
protein AF-6 in the signal transduction mediated by Eph
receptors. Moreover, endogenous AF-6 physically inter-
acts with the two Eph receptors EphB2 and EphB3 in the
adult rat brain. This is especially intriguing, considering
the fact that little is known about the function of the Eph
receptors in an adult organism. Most of the data on the
role of Eph receptors stems from observations made dur-
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ing embryonic development of the nervous system where
these receptors are involved in axonal pathway selection,
guidance of cell migration, and establishment of regional
patterns. Therefore, our data would complement the dis-
tinct function of certain Eph receptors during embryogen-
esis and suggest an additional role of this class of RTKs in
the developed nervous system.

It is of interest to note that the postsynaptic localization
of the Eph receptors overlaps substantially with that ob-
served for glutamate NMDA receptors. Of the three ma-
jor classes of ionotropic glutamate receptors, the AMPA,
kainate, and NMDA receptors, it is the latter which has
been found to have a role in long-term potentiation (LTP),
excitotoxicity, and synaptic development (Choi and Roth-
man, 1990; Bliss and Collingridge, 1993). The properties of
the NMDA receptor are modulated by serine/threonine
phosphorylation (Chen and Huang, 1992; Wang and
Salter, 1994). Recently it has also been demonstrated that
tyrosine phosphorylation of the NR2B and NR2A sub-
units of the NMDA receptor may regulate the properties
of the NMDA receptor channel (Wang and Salter, 1994;
Lau and Huganir, 1995; Wang et al., 1996; Yu et al., 1997).
The tyrosine phosphorylation status of NMDA receptor
subunits changes upon induction of LTP (Rosenblum et
al., 1996), suggesting that regulation of the tyrosine phos-
phorylation of the NMDA receptor may play an important
role in neuronal modulation. The identity of the kinase(s)
which phosphorylate ionotropic receptor channels such as
the NMDA receptor at the postsynaptic density have yet
to be identified. The colocalization of some of the Eph re-
ceptors with that of NMDA receptors at the postsynap-
tic density suggests these Eph receptors may be candi-
dates for kinases able to influence the phosphorylation
status of other postsynaptic density associated proteins,
such as the NMDA receptor. Such a role would provide a
rationale for the observed clustering of these receptors
and AF-6 at synaptic sites in the adult.

We are grateful to I. Daar at the National Cancer Institute (Frederick,
MD) for providing the Ephrin-B1 clone. We thank B. Hock and K. Streb-
hardt (both from the Georg-Speyer-Haus, Frankfurt, Germany) for the
EphB3 ¢cDNA and EphB3 antibody; S. Holland (Samuel Lunenfeld Re-
search Institute, Ontario, Canada) for the EphB2 cDNA and EphB2 anti-
body; A. Ullrich (Max-Planck-Institute for Biochemistry, Martinsried,
Germany) for the EphA7 cDNA and EphA7 antibody; A. Hajnal (Uni-
versity of Ziirich, Ziirich, Switzerland) for MDCK cells and stimulating
discussions; B. Guhl for advice with cryomicrotomy and tissue processing;
and T. Hoechli (Elektronenmikroskopisches Zentrallabor, Ziirich, Swit-
zerland) for expert computer assistance.

This work was supported by grants from the Swiss National Science
Foundation (31-43779.95 and 24.6317) and the Swiss Cancer League.

Received for publication 24 June 1998 and in revised form 4 November
1998.

References

Bliss, T.V., and G.L. Collingridge. 1993. A synaptic model of memory: long-
term potentiation in the hippocampus. Nature. 361:31-39.

Bohme, B., U. Holtrich, G. Wolf, H. Luzius, K.H. Grzeschik, K. Strebhardt,
and W.H. Rubsamen. 1993. PCR mediated detection of a new human recep-
tor-tyrosine-kinase, HEK 2. Oncogene. 8:2857-2862.

Buchert, M., S. Schneider, M.T. Adams, H.P. Hefti, K. Moelling, and C.M.
Hovens. 1997. Useful vectors for the two-hybrid system in mammalian cells.
Biotechniques. 23:396-398, 400, 402.

Chen, L., and L.Y. Huang. 1992. Protein kinase C reduces Mg?" block of
NMDA-receptor channels as a mechanism of modulation. Nature. 356:521-523.

Choi, D.W., and S.M. Rothman. 1990. The role of glutamate neurotoxicity in

370



hypoxic-ischemic neuronal death. Annu. Rev. Neurosci. 13:171-182.

Ciossek, T., B. Millauer, and A. Ullrich. 1995. Identification of alternatively
spliced mRNAs encoding variants of MDKI1, a novel receptor tyrosine ki-
nase expressed in the murine nervous system. Oncogene. 10:97-108.

Citi, S., H. Sabanay, R. Jakes, B. Geiger, and J.J. Kendrick. 1988. Cingulin, a
new peripheral component of tight junctions. Nature. 333:272-276.

Fanning, A.S., and J.M. Anderson. 1996. Protein-protein interactions: PDZ do-
main networks. Curr. Biol. 6:1385-1388.

Froehner, S.C. 1993. Regulation of ion channel distribution at synapses. Annu.
Rev. Neurosci. 16:347-368.

Furuse, M., T. Hirase, M. Itoh, A. Nagafuchi, S. Yonemura, S. Tsukita, and S.
Tsukita. 1993. Occludin: a novel integral membrane protein localizing at
tight junctions. J. Cell Biol. 123:1777-1788.

Garner, C.C., and S. Kindler. 1996. Synaptic proteins and the assembly of syn-
aptic junctions. Trends Cell Biol. 6:431-435.

Gomperts, S.N. 1996. Clustering membrane proteins: it’s all coming together
with the PSD-95/SAP90 protein family. Cell. 84:659-662.

Harlow, E., and D. Lane. 1988. Antibodies: A Laboratory Manual. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY. 546 pp.

Haskins, J., L. Gu, E.S. Wittchen, J. Hibbard, and B.R. Stevenson. 1998. ZO-3,
a novel member of the MAGUK protein family found at the tight junction,
interacts with ZO-1 and occludin. J. Cell Biol. 141:199-208.

Henkemeyer, M., L.E. Marengere, J. McGlade, J.P. Olivier, R.A. Conlon, D.P.
Holmyard, K. Letwin, and T. Pawson. 1994. Immunolocalization of the Nuk
receptor tyrosine kinase suggests roles in segmental patterning of the brain
and axonogenesis. Oncogene. 9:1001-1014.

Hock, B., B. Bohme, T. Karn, T. Yamamoto, K. Kaibuchi, U. Holtrich, S. Hol-
land, T. Pawson, W.H. Rubsamen, and K. Strebhardt. 1998. PDZ-domain-
mediated interaction of the Eph-related receptor tyrosine kinase EphB3 and
the ras-binding protein AF6 depends on the kinase activity of the receptor.
Proc. Natl. Acad. Sci. USA. 95:9779-9784.

Hunt, C.A., LJ. Schenker, and M.B. Kennedy. 1996. PSD-95 is associated with
the postsynaptic density and not with the presynaptic membrane at forebrain
synapses. J. Neurosci. 16:1380-1388.

Irie, M., Y. Hata, M. Takeuchi, K. Ichtchenko, A. Toyoda, K. Hirao, Y. Takai,
T.W. Rosahl, and T.C. Sudhof. 1997. Binding of neuroligins to PSD-95. Sci-
ence. 277:1511-1515.

Jesaitis, L.A., and D.A. Goodenough. 1994. Molecular characterization and tis-
sue distribution of ZO-2, a tight junction protein homologous to ZO-1 and
the Drosophila discs-large tumor suppressor protein. J. Cell Biol. 124:949-961.

Johnston, D., and D.G. Amaral. 1998. Hippocampus. /n The Synaptic Organi-
zation of the Brain. G.M. Shepherd, editor. Oxford University Press, Ox-
ford, UK. 417-458.

Jones, T.L., I. Karavanova, L. Chong, R.P. Zhou, and 1.O. Daar. 1997. Identifi-
cation of XLerk, an Eph family ligand regulated during mesoderm induction
and neurogenesis in Xenopus laevis. Oncogene. 14:2159-2166.

Kim, E., M. Niethammer, A. Rothschild, Y.N. Jan, and M. Sheng. 1995. Clus-
tering of Shaker-type K+ channels by interaction with a family of mem-
brane-associated guanylate kinases. Nature. 378:85-88.

Kofron, M., A. Spagnuolo, M. Klymkowsky, C. Wylie, and J. Heasman. 1997.
The roles of maternal alpha-catenin and plakoglobin in the early Xenopus
embryo. Development (Camb.). 124:1553-1560.

Kornau, H.C., L.T. Schenker, M.B. Kennedy, and P.H. Seeburg. 1995. Domain
interaction between NMDA receptor subunits and the postsynaptic density
protein PSD-95. Science. 269:1737-1740.

Lahey, T., M. Gorczyca, X.X. Jia, and V. Budnik. 1994. The Drosophila tamor
suppressor gene dlg is required for normal synaptic bouton structure. Neu-
ron. 13:823-835.

Lau, L.F., and R.L. Huganir. 1995. Differential tyrosine phosphorylation of
N-methyl-p-aspartate receptor subunits. J. Biol. Chem. 270:20036-20041.

Liou, W., H.J. Geuze, and J.W. Slot. 1996. Improving structural integrity of cryo-

Buchert et al. AF-6 Clusters with Eph RTKs at Brain Synapses

sections for immunogold labeling. Histochem. Cell Biol. 106:41-58.

Mandai, K., H. Nakanishi, A. Satoh, H. Obaishi, M. Wada, H. Nishioka, M.
Itoh, A. Mizoguchi, T. Aoki, T. Fujimoto, Y. Matsuda, S. Tsukita, and Y. Ta-
kai. 1997. Afadin: a novel actin filament-binding protein with one PDZ do-
main localized at cadherin-based cell-to-cell adherens junction. J. Cell Biol.
139:517-528.

Matsuoka, H., N. Iwata, M. Ito, M. Shimoyama, A. Nagata, K. Chihara, S. Ta-
kai, and T. Matsui. 1997. Expression of a kinase-defective Eph-like receptor
in the normal human brain. Biochem. Biophys. Res. Commun. 235:487-492.

Mueller, B.M., U. Kistner, R.W. Veh, L.C. Cases, B. Becker, E.D. Gundelfin-
ger, and C.C. Garner. 1995. Molecular characterization and spatial distribu-
tion of SAP97, a novel presynaptic protein homologous to SAP90 and the
Drosophila discs-large tumor suppressor protein. J. Neurosci. 15:2354-2366.

Niethammer, M., E. Kim, and M. Sheng. 1996. Interaction between the C termi-
nus of NMDA receptor subunits and multiple members of the PSD-95 fam-
ily of membrane-associated guanylate kinases. J. Neurosci. 16:2157-2163.

Orioli, D., and R. Klein. 1997. The Eph receptor family: axonal guidance by
contact repulsion. Trends Genet. 13:354-359.

Ridley, A.J., and A. Hall. 1992. The small GTP-binding protein rho regulates
the assembly of focal adhesions and actin stress fibers in response to growth
factors. Cell. 70:389-399.

Rosenblum, K., Y. Dudai, and L.G. Richter. 1996. Long-term potentiation in-
creases tyrosine phosphorylation of the N-methyl-p-aspartate receptor sub-
unit 2B in rat dentate gyrus in vivo. Proc. Natl. Acad. Sci. USA. 93:10457-
10460.

Saras, J., and C.H. Heldin. 1996. PDZ domains bind carboxy-terminal se-
quences of target proteins. Trends Biochem. Sci. 21:455-458.

Sheng, M. 1996. PDZs and receptor/channel clustering: rounding up the latest
suspects. Neuron. 17:575-578.

Songyang, Z., A.S. Fanning, C. Fu, J. Xu, S.M. Marfatia, A.H. Chishti, A.
Crompton, A.C. Chan, J.M. Anderson, and L.C. Cantley. 1997. Recognition
of unique carboxyl-terminal motifs by distinct PDZ domains. Science. 275:
73-71.

Stevenson, B.R., J.D. Siliciano, M.S. Mooseker, and D.A. Goodenough. 1986.
Identification of ZO-1: a high molecular weight polypeptide associated with
the tight junction (zonula occludens) in a variety of epithelia. J. Cell Biol.
103:755-766.

Tokuyasu, K.T. 1986. Application of cryoultramicrotomy to immunocytochem-
istry. J. Microsc. 143:139-149.

Tsukita, S., M. Furuse, and M. Itoh. 1996. Molecular dissection of tight junc-
tions. Cell Struct Funct. 21:381-385.

Tsukita, S., M. Furuse, and M. Itoh. 1997. Molecular architecture of tight junc-
tions: occludin and ZO-1. Soc. Gen. Physiol. Ser. 52:69-76.

Tsunoda, S., J. Sierralta, Y. Sun, R. Bodner, E. Suzuki, A. Becker, M. Socolich,
and C.S. Zuker. 1997. A multivalent PDZ-domain protein assembles signal-
ling complexes in a G-protein-coupled cascade. Nature. 388:243-249.

Wang, Y.T., and M.W. Salter. 1994. Regulation of NMDA receptors by tyrosine
kinases and phosphatases. Nature. 369:233-235.

Wang, Y.T., X.M. Yu, and M.W. Salter. 1996. Ca(2+)-independent reduction
of N-methyl-p-aspartate channel activity by protein tyrosine phosphatase.
Proc. Natl. Acad. Sci. USA. 93:1721-1725.

Yamamoto, T., N. Harada, K. Kano, S. Taya, E. Canaani, Y. Matsuura, A. Mi-
zoguchi, C. Ide, and K. Kaibuchi. 1997. The Ras target AF-6 interacts with
ZO-1 and serves as a peripheral component of tight junctions in epithelial
cells. J. Cell Biol. 139:785-795.

Yu, X.M., R. Askalan, G.J.N. Keil, and M.W. Salter. 1997. NMDA channel reg-
ulation by channel-associated protein tyrosine kinase Src. Science. 275:674-678.

Zhong, Y., T. Saitoh, T. Minase, N. Sawada, K. Enomoto, and M. Mori. 1993.
Monoclonal antibody 7H6 reacts with a novel tight junction-associated pro-
tein distinct from ZO-1, cingulin, and ZO-2. J. Cell Biol. 120:477-483.

371



