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CASK, an adaptor protein of the plasma membrane, is com-
posed of an N-terminal calcium/calmodulin-dependent protein
(CaM) kinase domain, central PSD-95, Dlg, and ZO-1/2 domain
(PDZ) and Src homology 3 (SH3) domains, and a C-terminal
guanylate kinase sequence. The CaM kinase domain of CASK
binds to Mint 1, and the region between the CaM kinase and
PDZ domains interacts with Velis, resulting in a tight tripartite
complex. CASK, Velis, and Mint 1 are evolutionarily conserved
in Caenorhabditis elegans, in which homologous genes (called
lin-2, lin-7, and lin-10) are required for vulva development. We
now demonstrate that the N-terminal CaM kinase domain of
CASK binds to a novel brain-specific adaptor protein called
Caskin 1. Caskin 1 and a closely related isoform, Caskin 2, are
multidomain proteins containing six N-terminal ankyrin repeats,
a single SH3 domain, and two sterile � motif domains followed
by a long proline-rich sequence and a short conserved

C-terminal domain. Unlike CASK and Mint 1, no Caskin ho-
molog was detected in C. elegans. Immunoprecipitations
showed that Caskin 1, like Mint 1, is stably bound to CASK in
the brain. Affinity chromatography experiments demonstrated
that Caskin 1 coassembles with CASK on the immobilized
cytoplasmic tail of neurexin 1, suggesting that CASK and
Caskin 1 coat the cytoplasmic tails of neurexins and other
cell-surface proteins. Detailed mapping studies revealed that
Caskin 1 and Mint 1 bind to the same site on the N-terminal
CaM kinase domain of CASK and compete with each other for
CASK binding. Our data suggest that in the vertebrate brain,
CASK and Velis form alternative tripartite complexes with either
Mint 1 or Caskin 1 that may couple CASK to distinct down-
stream effectors.
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An important development in biology over the past 10 years has
been the realization that many proteins are composed of similar,
relatively small autonomous domains. Adaptor proteins contain-
ing multiple such domains often form molecular scaffolds that
link proteins into large signaling networks (Tsunoda and Zuker,
1999; Pawson and Nash, 2000). Adaptor proteins appear to be
particularly important at the synapse, where large protein com-
plexes are emerging as scaffolds of presynaptic and postsynaptic
signaling machines (for review, see Garner et al., 2000; Sheng and
Sala, 2001). One of the synaptic scaffolding proteins is CASK, a
multidomain protein that was first identified by virtue of its
interaction with the intracellular tails of neurexins, which are
neuron-specific cell-adhesion molecules (Hata et al., 1996), and as
the product of the lin-2 gene in Caenorhabditis elegans, which is
essential for vulva development (Hoskins et al., 1996). CASK is
composed of an N-terminal calcium/calmodulin-dependent pro-

tein (CaM) kinase domain that is catalytically inactive, central
PSD-95, Dlg, and ZO-1/2 domain (PDZ) and Src homology 3
(SH3) domains, and a C-terminal guanylate kinase domain that is
also catalytically inactive. The domain structure of the
C-terminal half of CASK identifies it as a member of the
membrane-associated guanylate kinase (MAGUK) family; ac-
cordingly, Drosophila CASK was named CamGUK (Dimitratos et
al., 1997). Among vertebrate MAGUKs, CASK is most closely
related to p55, Dlg2, Dlg3, and Vam-1, which, however, lack the
N-terminal CaM kinase domain of CASK (Tseng et al., 2001). In
vertebrates, CASK is expressed primarily in the brain but is also
present at low levels in all cells (Hata et al., 1996). Brain CASK
is localized largely to synapses, in which it is evenly distributed
between presynaptic and postsynaptic densities (Hsueh et al.,
1998).

As a scaffolding protein, CASK participates in multiple inter-
actions. The central PDZ domain of CASK binds to the cytoplas-
mic tails of several cell-surface proteins, including neurexins,
syndecans, NG2, glycophorins, and junctional adhesion molecules
(JAMs) (Hata et al., 1996; Cohen et al., 1998; Hsueh et al., 1998;
Martinez-Estrada et al., 2001; T. Biederer and T. C. Südhof,
unpublished observations). This interaction presumably targets
CASK to synapses in the brain and to tight junctions in epithelia.
The N-terminal sequences of CASK participate in an evolution-
arily conserved complex with two other PDZ domain proteins,
Mint 1 (the vertebrate form of C. elegans lin-10; also known as
X11�) and Velis (the vertebrate homologs of C. elegans lin-7; also
known as Mals) (Borg et al., 1998b; Butz et al., 1998; Kaech et al.,
1998). Mint 1 binds to the CaM kinase domain of CASK, whereas
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Velis bind to a sequence between the CaM kinase and PDZ
domains (Butz et al., 1998). In C. elegans, the lin-2–lin-7–lin-10
complex is required for the correct targeting of epidermal growth
factor (EGF) receptors to the basolateral plasma membrane of
vulval precursor cells (Kaech et al., 1998). In mice, a transgenic
insertion mutant that changes CASK expression causes a cleft
palate syndrome, suggesting that CASK also has a role in verte-
brate development (Laverty and Wilson, 1998); however, its pre-
cise function and mechanism of action are unknown.

In addition to Mint 1 and Velis, CASK binds to calmodulin in
a Ca2�-dependent manner via its N-terminal CaM kinase do-
main (Hata et al., 1996) and to protein 4.1 via a C-terminal
sequence (Cohen et al., 1998; Biederer and Südhof, 2001). The
resulting CASK–cell-surface protein–protein 4.1 complex nucle-
ates actin assembly and may mediate the attachment of actin
microfilaments to the cytoplasmic tails of cell-surface receptors
(Biederer and Südhof, 2001). Furthermore, the SH3 domain of
CASK binds to Ca2� channels (Maximov et al., 1999), and the
SH3 domains and guanylate kinase domains of CASK and Dlg
interact intramolecularly and intermolecularly (Nix et al., 2000).
Finally, the guanylate kinase domain of CASK binds to the
transcription factor Tbr1-1 and may translocate from the synapse
into the nucleus, in which it could function as a coactivator of
Tbr-1 in transcription (Hsueh et al., 2000).

The interactions of CASK support the notion that it functions
as a scaffolding protein, possibly by binding sequentially to dif-
ferent proteins. Such a function would imply that multiple pro-
teins should bind competitively to the same domains. In the
present study, we describe a novel protein called Caskin 1 that
binds to the CaM kinase domain of CASK in competition with
Mint 1, suggesting that CASK participates in alternative com-
plexes with Mint 1 or Caskin 1.

MATERIALS AND METHODS
Purification of CASKIN. Rat brain proteins were affinity-purified on
immobilized glutathione S-transferase (GST)–CASK 1-337 fusion protein
essentially as described previously (Butz et al., 1998). Three proteins
were detectable on Coomassie-stained gels: Mint 1, a 180 kDa protein
called Caskin 1 in this study, and a 225 kDa protein. The 180 kDa and
225 kDa bands were eluted from the gel and digested by trypsin, and
tryptic peptides were purified by HPLC and sequenced by Edman deg-
radation essentially as described previously (Hata et al., 1993). The 180
kDa peptide sequences did not match any protein in the database except
for KIAA and expressed sequence tag (EST) sequences (see Results),
whereas the 225 kDa protein was identified as the rat homolog of
NEDD4-like ubiquitin ligase 1 (GenBank accession #BAB13352).

cDNA cloning and sequencing. GenBank searches identified a random
human brain cDNA (KIAA1306) and human EST clones that contained
the sequences of the peptide fragments. To determine the complete
structure of Caskin 1, PCRs were performed with rat brain cDNA and
degenerative oligonucleotides based on the human sequences. The prod-
ucts were used to screen a rat brain cDNA library in �ZAPII by standard
cDNA cloning methods (Sambrook et al., 1989). Fifty positive clones
were isolated, and the full-length sequence was assembled from their
combined nucleotide sequences and translated into amino acid sequences.
Human Caskin 1 (KIAA1306), human Caskin 2 (KIAA1139), and
mouse Caskin 2 (AW321773.1, AA030081.1, AA036182.1, AA879547.1,
AI466464.1, AA216903.1, AI4253971.1, BI837871, and BG872937) clones
were identified in the EST databank using basic local alignment search
tool searches with rat Caskin 1 sequence. The cDNA sequences were
submitted to GenBank (accession #’s AF451975–AF451978).

Construction and expression of bacterial and eukaryotic expression vec-
tors. Expression vectors for GST fusion proteins were constructed in
pGEX–KG (Guan and Dixon, 1991) by standard procedures (Sambrook
et al., 1989). The following GST fusion proteins were produced by the
indicated vectors (residue numbers in parentheses): Caskin 1: GST–
Caskin 1 1–374, pGEX–Caskin 1 NcoI–BglII-4 (1–378); GST–Caskin
1 375–471, pGEX–Caskin 1-SS (375–471); GST–Caskin 1 374 –540, pGEX–

Caskin 1–sterile � motif 1 (SAM1) (374–540); GST–Caskin 1 539 –659,
pGEX–Caskin 1–SAM2 (539–659); GST–Caskin 1 374 –659, pGEX–
Caskin 1 BglII–SacI-1 (374–659); CASK: GSTCASK, pGEX–CASK
full-length; GST–CASK 1–275, pGEX–Cash3–9 (1–275); GST–CASK 1–

310, pGEX–CASK �CaM (1–310); GST–CASK 1–337, pGEX–Cash3–13
(1–337); GST–CASK 98 –337, pGEX–CASK BglII–CaM (98–337); GST–
CASK 237–337, pGEX–CASK P-CaM (237–337); GST–CASK 328 –909,
pGEX–CASK3–25 (328–909); Mint 1: GST–Mint 1, pGEX–Mint 1 5
(116–432); and Neurexin I: GST–NxI and GST–NxI�10 were described
previously (Biederer and Südhof, 2000). For maltose-binding protein
(MBP)–Caskin 1 fusion protein, the BamHI–HindIII fragment from
pGEX–Caskin 1 BglII–SacI-1(374–659) was subcloned into the same site
of pMalC2 (New England Biolabs, Beverly, MA). A full-length eukary-
otic expression vector for Caskin 1 (pCMV–CB16) was constructed by
cloning the EcoRI insert from clone pBlue-CB16 into the same site of
pCMV5. Bacterial expression of GST fusion proteins and COS cell
transfections have been described previously (Okamoto and Südhof,
1997). MBP–Caskin 1 fusion proteins were immobilized on amylose
resin and purified by 10 mM maltose/PBS elution.

GST-pulldown experiments. GST fusion proteins were expressed in
Escherichia coli and immobilized on glutathione agarose (Sigma, St.
Louis, MO) using standard procedures. Rat forebrains were homoge-
nized in a pestle tissue grinder at slow speed in solubilization buffer (25
mM HEPES–NaOH, pH 7.4, 125 mM K-acetate, 5 mM MgCl2, 0.32 M
sucrose, and 1.0% Triton X-100). Proteins solubilized from rat forebrain
were incubated with immobilized GST fusion proteins for 14 hr at 4°C
under mild agitation, and bound proteins were analyzed after extensive
washes with the solubilization buffer as described previously (Butz et al.,
1998; Biederer and Südhof, 2000).

Immunoprecipitations. Immunoprecipitations were performed from rat
brain homogenates as described previously (Butz et al., 1998). To char-
acterize the CASK–Caskin 1 interaction further, immunoprecipitates
were subjected to different washing conditions; after five washes using
lysis buffer (20 mM imidazole, pH 6.8, 0.1 M NaCl, 5 mM EDTA, 1 mM
DTT, 0.5% Triton X-100, 1 mM PMSF, 10 mg/ l leupeptin, 1 mg/ l
pepstatin A, and 10 mg/ l aprotinin), bound immune complexes were
treated with lysis buffer supplemented with final concentrations of either
0.2, 0.5, or 1 M NaCl, 0.6 M KI, or 0.5% SDS/2% Triton X-100.

Antibodies. Most antibodies have been described previously (Okamoto
and Südhof, 1997; Butz et al., 1998). Antibodies against Caskin 1 were
raised in rabbits against a peptide corresponding to the last 15 residues
of Caskin 1 with additional cysteine at the N terminus (sequence:
CSMFDDLADQLDAMLE). CASK and Mint monoclonal antibodies
were obtained from Transduction Laboratories (Cincinnati, OH).

RNA blotting experiments. RNA blotting experiments were performed
using multiple tissue blots purchased from Clontech (Cambridge, UK).
Northern blots were hybridized at high stringency (Hata et al., 1996) with
a DNA fragment encoding residues 59–232 of Caskin 1.

Miscellaneous procedures. SDS-PAGE was performed as described pre-
viously (Laemmli, 1970). Protein concentrations were determined by
commercial protein assay kits obtained from Bio-Rad (Hercules, CA)
and Pierce (Rockford, IL) and by comparison of samples run on SDS-
PAGE with known amounts of BSA standards analyzed on the same gels.
Immunocytochemistry experiments with cultured hippocampal neurons
and rat brain sections were performed as described previously (Rosahl et
al., 1995; Hsueh et al., 1998).

RESULTS
Identification and cloning of Caskin 1
Affinity purification of rat brain proteins with a GST fusion
protein of the N-terminal CaM kinase domain of CASK revealed
that in addition to Mint 1 (�170 kDa), a second, slightly larger
protein (�180 kDa) was captured in relatively large amounts
(data not shown; Butz et al., 1998). To identify the 180 kDa
protein, we isolated preparative amounts of binding proteins by
affinity chromatography on immobilized CASK and obtained
sequences of tryptic peptides by Edman degradation. Ten un-
equivocal peptide sequences were obtained from the 180 kDa
protein (1, ATPSPVPS; 2, SQEYLLDEGPAPGTPPK; 3,
VLPSGVSHFTP?QK; 4, KPTPQ?LI; 5, DTTDP?GTSPL; 6,
ASVPPVPGKPR; 7, EASAALQVR; 8, AGDIITVLEQHP-
DGR; 9, HGTPPPVSPKPP; 10, AASD?EP). Databank searches
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did not uncover significant homologies of the peptide sequences
with known proteins, suggesting that the 180 kDa protein has not
been studied previously. However, we did identify several EST
clones and two human KIAA clones (KIAA1306 and
KIAA1139; GenBank accession #’s AB037727 and AB032965,
respectively) that encode the 180 kDa protein or a closely related
homolog. We designed PCR primers based on the human nucle-
otide and rat peptide sequences and obtained a PCR product with
rat brain cDNA that was subsequently used to clone the respec-
tive cDNAs from rat and mouse brain cDNA libraries using
standard techniques (Okamoto and Südhof, 1997). Because of the
tight binding of the 180 kDa protein to CASK, we named it
Caskin 1 for CASK interacting protein 1 and called its closely
related homolog Caskin 2.

Figure 1 displays alignments of the rat and human Caskin 1 and
the mouse and human Caskin 2 sequences. Each Caskin isoform
is highly conserved evolutionarily, and the two Caskins are very
similar. Databank searches indicated that Caskins are composed

of two principal regions: the N-terminal half exhibits a multido-
main architecture composed of six ankyrin repeats (Fig. 1, pur-
ple), a single SH3 domain (Fig. 1, green), and two SAM domains
(Fig. 1, blue). The C-terminal half is made up of a long proline-
rich sequence (prolines highlighted in red in Fig. 1 to illustrate
their abundance) and a unique conserved C-terminal domain
(CTD) (Fig. 1, yellow). The N-terminal halves of Caskins 1 and 2
are very similar, especially in the identified domains. In contrast,
the C-terminal regions diverge considerably but exhibit patches
of identity that are often organized around proline residues. For
example, an unusual sequence (KGPPPPPPKRxSS) that could
form a polyproline helix and a protein kinase A phosphorylation
site is conserved in all sequences, as is a second protein kinase A
consensus site (RRRTLSxP) and another cluster of positively
charged amino acids (LTESDTVKRRPKxKE).

Figure 2 summarizes the domain organization of Caskins.
Although the N-terminal ankyrin repeats and the SH3 and SAM
domains were identified by standard domain searches, such as

Figure 1. Sequence analysis of Caskins.
Alignment of the primary sequences of rat and
human Caskin 1 (rC1 and hC1, respectively)
and human and mouse Caskin 2 (hC2 and
mC2, respectively). Sequences are identified on
the lef t and numbered on the right. Residues
that are identical between Caskins 1 and 2 in at
least two of the sequences shown are high-
lighted by a domain-specific color code: The
N-terminal ankyrin repeats are shown in pur-
ple, the SH3 domain is in green, the SAM
domains are in blue, and the Caskin-specific
C-terminal domain is in yellow. Outside of
these defined domains, shared sequences are
highlighted in black except for prolines, which
are shown in the C-terminal half of the pro-
teins on a red background if conserved among
different Caskins and in red typeface if specific
for a given Caskin isoform.
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that of the conserved domain database of the National Center for
Biotechnology Information, these domains are rather atypical.
The SH3 domain in particular is only distantly related to other
SH3 domains (data not shown); its closest homolog is the SH3
domain of yeast CDC25. The domain organization of Caskins is
different from that of other multidomain proteins in the current
databases. The structure of Caskins resembles that of Shanks, a
family of postsynaptic scaffolding proteins that bind to guanylate
kinase-associated protein, glutamate receptor-interacting protein
homer, and cortactin (for review, see Sheng and Sala, 2001).
Shanks and Caskins both contain N-terminal ankyrin repeats
followed by an SH3 domain and a large C-terminal proline-rich
sequence. However, in Shanks, the SH3 domain is followed by a
PDZ domain that is absent from Caskins. Furthermore, in
Shanks, a single SAM domain is positioned at the end of the C
terminus, whereas Caskins contain two SAM domains in the
center (Fig. 2). Finally, the ankyrin repeats and the SH3 and SAM domains of Caskins and Shanks exhibit little sequence

identity and are more related to analogous domains in other
proteins than to each other. Thus, it appears that the similar
domain organization of Caskins and Shanks does not reflect an
evolutionary connection but rather possibly a similar scaffolding
function. Databank searches failed to uncover a direct homolog
of Caskins in Drosophila or C. elegans, although multiple proteins
containing N-terminal ankyrin repeats and SAM domains were
observed. Because the nearly complete Drosophila and C. elegans
genome sequences are available, this suggests that Caskins, un-
like CASK and Mint 1, are not conserved in invertebrates.

Tissue distribution of Caskin 1
To examine which tissues express Caskin 1, we hybridized a
multitissue RNA blot at high stringency with a Caskin 1 cDNA
probe. The resulting signal revealed that among the tissues ex-
amined, Caskin 1 mRNA was detectable only in the brain (Fig. 3).
We subsequently raised an antibody against a synthetic peptide
corresponding to the C terminus of Caskin 1. Immunoblotting of
rat brain homogenates with the antibody uncovered a single
major band of �180 kDa that was not observed with preimmune
serum (Fig. 4 and data not shown). Comparison of this band with
the band detected in COS cells transfected with a full-length
Caskin 1 expression vector showed that the recombinant Caskin
1 comigrated with the band observed in brain homogenates (Fig.
4). This result suggests that the band observed in the brain
corresponds to Caskin 1 and that the cDNA we isolated for
Caskin 1 is full-length with respect to the coding region. Immu-
noblots of different rat tissues with the Caskin 1 antibody con-
firmed the conclusion from RNA blotting that among all tissues

Figure 2. Domain structures of Caskins. The domain structures of
Caskins 1 and 2 are shown schematically and compared with the domain
structure of Shanks. Numbers between the Caskin 1 and 2 structures
indicate percentage identity between the various domains. The color code
used corresponds to that of Figure 1.

Figure 3. RNA blotting analysis of Caskin 1 expression. A blot contain-
ing poly(A)-enriched RNA from the indicated rat tissues was probed at
high stringency with a probe from the Caskin 1 cDNA. Numbers at lef t
indicate positions of size markers.

Figure 4. Characterization of Caskin 1 antibodies. Proteins from total
rat brain homogenate and from COS cells transfected with a full-length
Caskin 1 expression vector were analyzed by immunoblotting with anti-
bodies raised against a synthetic peptide corresponding to the C-terminal
15 residues of Caskin 1. Signals were visualized by ECL. Numbers at lef t
indicate positions of molecular weight markers. Preimmune serum did not
cause a signal (data not shown).
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examined, Caskin 1 is expressed at detectable levels only in the
brain (Fig. 5).

We used immunocytochemistry experiments to determine the
distribution of Caskin 1 in the brain (Fig. 6). Immunoperoxidase
labeling of rat brain sections revealed that Caskin 1 was localized
primarily to the neuropil and was enriched in synaptic areas. This
pattern resembles that of synaptic vesicle proteins, such as rab3A,
and is illustrated in Figure 6A,B for the cerebellum. The observed
labeling was specific, as evidenced by the lack of staining obtained
with preimmune serum (Fig. 6C). To ensure that Caskin 1 is
indeed a neuronal protein, we stained cultured hippocampal
neurons (Fig. 6D,E). Caskin 1 was highly concentrated in these
neurons and was present throughout the cells. Although Caskin
was also observed in synapses, we observed no apparent enrich-
ment in synapses in hippocampal neurons (Fig. 6E and data not
shown). In this regard, Caskin 1 was very similar to proteins such
as CASK and syntaxin 1 that were also enriched in synapses in
brain sections, but it appeared to be more widely distributed
throughout the cells in cultured neurons (data not shown; also see
Hsueh et al., 1998).

Immunoprecipitation of a CASK–Caskin 1 complex
from brain homogenates
To obtain independent evidence that Caskin 1 and CASK form a
complex in the brain, we performed immunoprecipitations. Pro-
teins from rat brain homogenates were immunoprecipitated with
preimmune or anti-Caskin 1 serum and analyzed by immunoblot-
ting. CASK was specifically coimmunoprecipitated with Caskin 1
(Fig. 7A). Mint 1 and Munc18 were not detected in the immuno-
precipitates, suggesting that Caskin 1 antibodies do not bring
down Mint 1 together with CASK. We subsequently washed the
immunoprecipitates with solutions of increasing ionic strength
(0.2–1.0 M NaCl), a chaotropic agent (0.6 M KI), or a denaturing

Figure 5. Immunoblotting analysis of Caskin 1 expression in adult rat
tissues. Total proteins from the indicated tissues (50 �g/ lane) were
analyzed by immunoblotting with antibodies to Caskin 1 (top), the syn-
aptic vesicle protein synaptotagmin 1 as a control for a brain-specific
protein (middle), and vasolin-containing protein (VCP) as a control for a
widely expressed protein (bottom). Signals were visualized by ECL. Num-
bers at lef t indicate positions of molecular weight markers.

Figure 6. Localization of Caskin 1 analyzed by immunocytochemistry.
A–C, Adjacent cryostat sections from rat cerebellum stained with anti-
bodies to Rab3A (A) or Caskin 1 (B) or with Caskin 1 preimmune serum
(C). The molecular layer (ml ), granule cell layer ( gl ), and deep cerebellar
nuclei (dcn) are identified. Scale bar in C, 0.1 mm (applies to A–C). D, E,
Cultured hippocampal neurons double-labeled with a monoclonal anti-
body to synaptophysin (D) and a polyclonal antibody to Caskin 1 (E).
Scale bar in E, 40 �m; (applies to D, E ).
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solution (0.5% SDS in 2% Triton X-100). Figure 7B shows that
the CASK–Caskin complex resisted high-salt washes of up to 1 M

NaCl and was disrupted only by chaotropic or denaturing agents,
suggesting that it is very stable.

Caskin 1 and Mint 1 bind to the same site on CASK
We subsequently used GST pulldowns to examine the interaction
of Caskin 1 with CASK. Initial experiments showed that GST–
CASK efficiently captured Caskin 1 and Mint 1 from the brain, as
expected (Fig. 8). Interestingly, although both GST–Mint 1 and

GST–Caskin 1 bound CASK, Mint 1 did not pull down Caskin 1
with CASK, and Caskin 1 did not pull down Mint 1. Because
Mint 1 also was not coimmunoprecipitated with CASK by the
Caskin antibodies (Fig. 7), this result suggests the possibility that
Caskin 1 and Mint 1 bind to the same site on CASK. To test this
hypothesis, we expressed a Caskin 1 fusion protein with MBP in
bacteria. We subsequently added increasing amounts of purified
recombinant MBP–Caskin during GST–CASK pulldown exper-
iments from brain homogenates (Fig. 9). The results show that
higher Caskin 1 concentrations prevent Mint 1 binding to CASK,
suggesting that CASK cannot bind Mint 1 and Caskin 1 at the
same time.

The N-terminal regions of CASK and Caskin 1 bind to
each other
In the next set of experiments, we examined which CASK and
Caskin 1 sequences interact with each other. Binding of rat brain
CASK to a series of increasingly smaller GST–Caskin 1 fusion
proteins uncovered a short sequence in Caskin 1 (residues 375–
471) that was fully capable of affinity-purifying CASK from rat
brain homogenates (Fig. 10). As expected, Mint 1 was not copu-
rified with CASK, but Velis (which bind to a different sequence
in CASK) (Butz et al., 1998) were pulled down together with
CASK. This indicates that CASK forms a tripartite complex with
Caskin 1 and Velis similar to the CASK–Mint 1–Veli complex
(Butz et al., 1998). The Caskin 1 sequence that binds to CASK
lies between the SH3 domain and the two SAM domains and is
relatively poorly conserved between Caskins 1 and 2 (Fig. 1),

Figure 7. Coimmunoprecipitation of CASK and Caskin 1 from rat brain
homogenates. A, Proteins solubilized from rat brains in Triton X-100
(lane 1) were immunoprecipitated with preimmune serum (PIS) (lane 2)
and polyclonal antibodies to Caskin 1 (lane 3). Precipitated proteins were
analyzed by immunoblotting with monoclonal antibodies to CASK, Mint
1, and Munc18-1 as indicated. IP, immunoprecipitates. B, Immunopre-
cipitates from rat brain homogenates (lane 1) with Caskin 1 antiserum or
preimmune serum were washed in the presence of increasing concentra-
tions of NaCl (lanes 3–5) or of the denaturing agents 0.6 M KI and 0.5%
SDS as indicated (lanes 6 and 7 ) and analyzed by immunoblotting with
monoclonal antibodies to CASK. Signals were visualized by ECL. Num-
bers at lef t indicate positions of molecular weight markers.

Figure 8. Confirmation of the CASK–Caskin 1 interaction by GST
pulldowns. Proteins from rat brain homogenates (lane 1) were bound to
GST alone (lane 2) or to GST fusion proteins of the N-terminal CaM
kinase domain of CASK (lane 3) or of the N-terminal sequences of Mint
1 (lane 4 ) or of Caskin 1 (lane 5). Bound proteins were analyzed by
immunoblotting with antibodies to CASK, Mint 1, and Caskin 1 as
indicated. Numbers on the lef t indicate positions of molecular weight
markers.
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suggesting that only Caskin 1, and not Caskin 2, binds to CASK,
which is similar to the interaction of only Mint 1, and not Mints
2 and 3, with CASK (Butz et al., 1998). This hypothesis was
confirmed in experiments that showed that GST–Caskin 2 fusion

proteins cannot capture CASK from rat brain homogenates (data
not shown).

We subsequently studied which CASK sequences bind to
Caskin 1 and Mint 1 (Fig. 11). Again, we used a series of GST
fusion proteins to elucidate the sequence requirement for binding
(Fig. 11A). The first set of experiments showed that like Mint 1,
Caskin 1 was efficiently bound by the N-terminal CaM kinase
domain of CASK, consistent with competition between the two
proteins for binding to CASK (Fig. 11B). Velis, in contrast, were
bound by the C-terminal fragment. We subsequently used dele-
tion analysis to determine which sequences are precisely required
for Caskin 1 and Mint 1 binding. Figure 11C demonstrates that a
C-terminal truncation of CASK, in which the autoinhibitory
region and calmodulin-binding site of the CaM kinase homology
region of CASK are included (Cask1–310), still binds to both
Caskin 1 and Mint 1. In contrast, removal of the autoinhibitory
region and calmodulin-binding site of CASK (Cask1–275) abol-
ishes Caskin 1 and Mint 1 binding. Thus, for both Caskin 1 and
Mint 1, the sequence of CASK that is C terminal to the actual
kinase domain and corresponds to the regulatory sequences in
CaM kinase II (including its autophosphorylation site threo-
nine286) (Hata et al., 1996) is essential for binding. N-terminal
truncation of the CASK CaM kinase domain demonstrated that
Caskin 1 and Mint 1 not only bind to the C-terminal peptide
sequence of the domain but also require a larger region. Deletion
of the N-terminal 98 residues of CASK strongly diminished
Caskin 1 and Mint 1 binding, whereas removal of an additional
139 residues abolished binding (Fig. 11C). Together, these results
suggest that the entire CaM kinase domain of CASK is involved
in binding relatively short sequences of Caskin 1 and Mint 1. This
binding reaction is specific for the catalytically inactive CASK
CaM kinase domain, because genuine CaM kinase II was unable
to bind to either Caskin 1 or Mint 1 (data not shown).

Assembly of a CASK–Caskin 1 complex on the
immobilized cytoplasmic tails of neurexins
CASK binds to the cytoplasmic tails of several cell-surface pro-
teins, including neurexins, syndecans, and JAMs (Hata et al.,
1996; Cohen et al., 1998; Hsueh et al., 1998; Biederer and Südhof,
unpublished observations). This reaction can be biochemically
reconstituted with the immobilized recombinant tail of neurexin
1, which recruits not only CASK but also Mint 1 and Velis from
brain homogenates (Biederer and Südhof, 2000). To test whether
Caskin 1 can also be coassembled with CASK on the cytoplasmic
tails of neurexins, we used affinity chromatography (Fig. 12). Both
Caskin 1 and Mint 1 were efficiently bound together with CASK,
indicating that the CASK–Caskin 1 complex could be assembled
on the plasma membrane. In contrast, GDP dissociation inhibitor
(GDI, used as a negative control) remained unbound.

DISCUSSION
In the present study, we purified a novel CASK-binding protein
that we named Caskin 1, determined its primary structure from
cDNA clones, and studied its interactions with CASK. A closely
related second isoform of Caskin 1, called Caskin 2, was also
identified and cloned. Our data reveal that Caskin 1 constitutes a
multidomain protein that in adult rodents is detected only in
brain, in which it binds tightly to CASK. Caskin 1 and 2 are novel
proteins that are distinct from other previously reported multido-
main proteins, with a structure that suggests an adaptor function.
At the N terminus, Caskins contain six ankyrin repeats that in
many proteins participate in protein–protein interactions, fol-

Figure 9. Caskin 1 competes with Mint 1 for CASK binding. Proteins
from rat brain homogenates (Homog.) (lane 1) were bound to immobi-
lized GST–CASK1-337 in the presence of increasing concentrations of
recombinant MBP–Caskin 1 fusion protein up to 500 �g (lanes 2–7 ) or of
MBP alone at 500 �g (lane 8). Bound proteins were visualized by
Coomassie blue staining (top) or immunoblotting with Mint 1 antibodies
(bottom). Numbers at lef t indicate positions of molecular weight markers.

Figure 10. Mapping of the CASK-binding site on Caskin 1 by GST
pulldowns. A, Position of GST–Caskin 1 fusion proteins used for pull-
downs in B. B, GST pulldowns of rat brain proteins with the indicated
Caskin fusion proteins were analyzed by immunoblotting for CASK,
Mint 1, and Velis as indicated. Signals were visualized by ECL. Numbers
at lef t indicate positions of molecular weight markers.
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lowed by an atypical SH3 domain and two SAM repeats (Fig. 2).
After a long proline-rich region, the two Caskins end in a similar
C-terminal sequence (Fig. 1). This sequence may correspond to a
novel evolutionarily conserved domain, because a similar se-
quence is found in an otherwise unrelated Drosophila protein in
GenBank (accession #AAF58176; data not shown). Caskins re-
semble many other adaptor proteins that usually contain a series
of small, autonomously folded binding modules (such as the
ankyrin repeats, SAM domains, and SH3 domain in Caskins) and
in addition often include extended proline-rich sequences with
characteristic signature motifs that may recruit the SH3 or WW
domains of other proteins. The domain composition of Caskins is
most similar to that of the Shank family of postsynaptic adaptor
proteins (for review, see Sheng and Sala, 2001), although the
precise number, type, and arrangement of domains differ (Fig. 2).
It is generally noticeable that multidomain adaptor proteins ap-
pear to be particularly important for synaptic transmission and
nuclear transcription, presumably because these reactions are
most tightly regulated.

To define the protein network in which Caskin 1 participates,
we mapped its interactions with CASK and compared them with
those of Mint 1, a previously identified interaction partner of
CASK (Butz et al., 1998). We showed that Caskin 1 binds to the
N-terminal CaM kinase domain of CASK in direct competition
with Mint 1. As a result, CASK participates in two independent
and alternative tripartite complexes: the previously characterized
CASK–Velis–Mint 1 complex (Borg et al., 1998a,b; Butz et al.,

1998) and the new CASK–Velis–Caskin 1 complex. The coim-
munoprecipitation of Caskin 1 and Mint 1 with CASK (Fig. 7)
and the coassembly of Caskin 1 and Mint 1 with CASK on the
immobilized cytoplasmic tail of neurexin 1 (Fig. 12) suggest that
both complexes are normally present in the brain and bind to the
cytoplasmic tails of neurexins and other cell-surface proteins.
Viewed together with previous studies (Hata et al., 1996; Borg et
al., 1998b; Butz et al., 1998; Cohen et al., 1998; Hsueh et al., 1998;
Biederer and Südhof, 2001), these results show that in the verte-
brate brain, CASK forms tight complexes with a multitude of
distinct proteins (Fig. 13): The N-terminal CaM kinase domain of
CASK binds to either Caskin 1 or Mint 1 and interacts with
calmodulin; the central Veli-interacting domain binds to Velis;
the following PDZ domain interacts with the C-terminal cyto-
plasmic sequences of cell-surface proteins such as neurexins and
syndecans, which anchor the entire complex on the plasma mem-
brane; and finally, the C-terminal region of CASK binds to
protein 4.1, which in turn connects to the actin cytoskeleton.

It is striking that except for the cell-surface proteins and
calmodulin, all proteins known to bind to CASK are themselves
adaptor proteins composed of multiple domains. The two alter-
native tripartite complexes formed by CASK (CASK–Mint 1–
Velis and CASK–Caskin 1–Velis) incorporate a large number of
potential interaction domains: multiple PDZ, SAM, and SH3
domains, in addition to ankyrin-like repeats, a guanylate kinase
region, and other unique motifs, suggesting that these complexes
form the nucleus of multiple high-molecular-weight complexes.

Figure 11. Mapping of the Caskin 1 binding site on CASK. A, Domain structure of CASK and positions of GST–CASK fusion proteins used for
pulldowns. B, C, GST pulldowns of proteins in rat brain homogenates with the indicated CASK fusion proteins analyzed by immunoblotting for the
proteins identified at right. B, Proteins were eluted with 0.8 M K-acetate (K Ac) followed by SDS sample buffer, whereas in C, proteins bound to the beads
were examined. Note that in CASK, not only the CaM kinase domain but also the region homologous to the autoregulatory sequence of CaM kinase
II are required for binding. Also note the separation between the common Mint 1–Caskin 1 and the Veli binding sites on CASK. Signals were visualized
by ECL. Numbers at lef t indicate positions of molecular weight markers.
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The fact that Mint 1 and Caskin 1 are expressed primarily in the
brain indicates that the two tripartite complexes are assembled
only in the brain. In contrast, CASK and all other interacting
proteins are widely expressed outside of the brain, where they
presumably participate in other complexes with as yet unidenti-
fied interactors for the CASK CaM kinase domain that are
ubiquitously expressed. Finally, it is noticeable that Caskin 1 is
vertebrate-specific, whereas CASK and all of its other interacting
proteins are evolutionarily conserved in invertebrates. The evo-
lutionary derivation of novel proteins by mixing and matching
established, phylogenetically old domains represents a quick
mechanism of inventing new proteins that contribute to the rapid
emergence of molecular complexity during mammalian evolution.
The selective presence of Caskin 1 only in vertebrates but not in
invertebrates suggests the possibility that Caskin 1 functionally
expands CASK by regulating, among others, its interaction with
Mint 1.

The functions of the multiple interactions of CASK with pre-
sumptive targets are at present unclear. In C. elegans, the mam-
malian CASK, Mint 1, and Veli proteins correspond to the
proteins encoded by the lin-2, lin-7, and lin-10 genes, which are
essential for targeting the EGF receptor homolog in vulval pre-
cursor cells (for review, see Kim, 1997; Kaech et al., 1998); in
addition, the lin-10 gene has a function in the delivery of AMPA-
type glutamate receptors to synapses (Rongo et al., 1998). In
vertebrates, both CASK and Mint 1 have been associated with a
number of possible functions that cannot be reconciled at present

into a single biological perspective. For example, Mint 1 was
demonstrated to bind to Munc18-1, an essential component of the
synaptic vesicle fusion apparatus (Okamoto and Südhof, 1997); it
was shown (under the name of X11) to bind to amyloid precursor
protein (APP) and to alter APP processing (McLoughlin and
Miller, 1996; Borg et al., 1998a) and was proposed (after being
renamed mLin-10) to transport NMDA-type (but not AMPA-
type) glutamate receptors to synapses in vertebrates (Setou et al.,
2000). However, the lack of correspondence to the known role of
lin-10 in C. elegans is puzzling. Our results provide a first step
toward addressing this question by demonstrating that CASK
participates in a complex network of protein–protein interactions
in which Mint 1 competes with a vertebrate-specific new protein,
Caskin 1. Although the in vivo importance of these interactions
remains to be tested, preliminary data suggest that CASK and
Mint 1 have distinct functions in vertebrates. CASK mutants in
mice have a much more severe phenotype (Laverty and Wilson,
1998) than Mint 1 mutants (Südhof, unpublished observation).
This, together with the apparent lack of Caskin conservation in
invertebrates, suggests that CASK diversified evolutionarily to-
ward the use of multiple effectors that include Caskin 1. Although
much remains to be done to elucidate the precise functions of
CASK and its alternative interactions with Caskin 1 and Mint 1,
the description of the protein networks in which these proteins
participate clearly represents the first necessary step toward ad-
dressing this question.
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