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Disparate cell types use a shared complex of PDZ proteins for
polarized protein localization
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Abstract

Based on their morphology and function, epithelial cells and neurons appear to have very little in common; however, growing
evidence indicates that these two disparate cell types share an underlying polarization pathway responsible for sorting proteins to
specific subcellular sites. An evolutionarily conserved complex of PDZ domain-containing proteins thought to be responsible for
polarized protein localization has been identified from both brain and epithelial tissue, both from mammals and from the
nematode C. elegans. Some of the most recent data on PDZ proteins and the proteins with which they interact are summarized.
In particular, some of the more recently proposed models for their function in cells, and the in vivo and in vitro data that support
these models are focussed upon. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The polarity of a cell is one of the fundamental
aspects of multicellularity. Within a tissue, a single cell
can take on a polarized shape so that it can separately
interact with different groups of adjacent cells by using
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different cell surfaces. By simply targeting separate sets
of membrane proteins and signal transduction machin-
ery to each cell surface, a polarized cell can thereby
specifically determine how and what it communicates to
each of its neighbors.

Polarization also allows the cell to specialize particu-
lar cell surfaces for particular functions. Epithelial cells
of the intestine are a prime example since they are
polarized into an apical surface that faces the lumen of

basement basal lamina (Fig. 1). The uptake of nutrients
from the intestinal lumen occurs through an apical
surface in which membranes are organized into mi-
crovilli to maximize surface area for absorption. The
apical surface also contains membrane transport
proteins to move nutrients from the intestinal lumen
into the cell. In contrast, the basolateral surface has a
simpler morphology and contains its own unique
proteins, like Na*/K* ATPases, that must be strictly

localized to this cell surface in order to move nutrients
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Fig. 1. Neurons and epithelia differ in polarized morphology but have a common polarized protein localization system. Neurons are
morphologically polarized into axons, which extend away from the neuron cell body to reach and innervate their targets, and dendrites, which
arborize to provide postsynaptic sites to receive input from other neurons. Whereas epithelial cells appear to be simpler in overall morphology,
they are no less polarized. Apical surfaces often form microvilli, long projections of membrane, to increase their surface area, thereby maximizing
the amount of nutrients and other small molecules that they can exchange with the lumen. In contrast, the basolateral surface is simpler yet and
contains the adhesive cell surface molecules necessary to attach the cell to the basal lamina. The trafficking system that localizes proteins to the
somatodendritic and basolateral compartments (both labeled in blue) seems to be shared by both neurons and epithelial. Similarly, the system that
localizes proteins to axons and apical surfaces (both labeled in red) seems to be partly shared.

Fig. 2. Schematic representation of LIN-2/CASK (red), LIN-7/Veli (green), and LIN-10/Mint (blue) proteins assembled into the tripartite
complex. Each individual domain of these multidomain proteins is labeled, including the guanylate kinase domain (GK), Protein 4.1 interaction
domain (4.1 ID), Src-homology 3 domain (SH3), PDZ domain, LIN-2/LIN-7 heterodimerizing domain (L27), CaMKII-like domain (CaMK),
CASK interaction domain (CID), Muncl8-1 interaction domain (MID), and phosphotyrosine binding domain (PTB). Arrows point to proteins
that have been shown to interact with the indicated domain. The GK domain of LIN-2/CASK has been shown to provide a second binding site
for LIN-10/Mint, and to interact with the CASK SH3 domain [50,92]. LIN-10 also has been shown to interact with itself, although the exact
domains involved are unknown [93]. Proteins that bind to the second PDZ domain of LIN-10/Mint have not been identified, although spinophilin
has been incorrectly reported in the literature [94]. Spinophilin binds to the rat homolog of the C. elegans protein originally but incorrectly
identified as LIN-10 [30,95].
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from the lumen to the extracellular fluid underneath the
cell basement membranes.

Neurons of the brain are dramatically different in
shape and size from epithelial cells, yet also require
polarization to signal over long distances and to many
different targets (Fig. 1). In its simplest form, a neuron
sends out cylindrical membrane-bound processes called
axons that can travel long distances (from centimeters
to meters) to contact target cells and form synaptic
connections. Channels must be localized to the axon,
and vesicle release machinery must be localized to
presynaptic sites at axonal endings in order to propa-
gate electrochemical signals along the axon length and
cause the release of neurotransmitters into synapses to
signal to target cells. Neurons also send out arborized
processes called dendrites to provide postsynaptic sites
of contact for other neurons to innervate. Neurotrans-
mitter receptors and signal transduction components
must be localized to postsynaptic sites on these den-
drites so that signals released by innervating neurons
can be received and interpreted. In a simple sense,
neuron polarity controls the flow of information in the
nervous system.

One can think about cell polarity as having two
components: polarized morphology and polarized
protein localization. Upon differentiation, a cell must
subdivide its membranes into specific surfaces and orga-
nize underlying cytoskeletal elements to drive each
membrane surface into a particular membrane shape,
thereby giving the cell a polarized morphology. Once
each surface has been specialized, specific proteins are
targeted to one membrane or another by polarized
protein localization. Until the last few years, the path-
ways for polarized protein localization remained a
mystery.

One of the first major clues to understanding polar-
ized protein localization came from a hypothesis pio-
neered by Dotti and Simons that suggested that the
underlying machinery for protein localization might be
shared between many different cell types [1]. In particu-
lar, neurons and epithelial cells seem to share some
aspects of polarized protein localization even though
the polarized morphology of these cells appears quite
distinct (Fig. 1). Support for this idea came from exper-
iments in which glycoproteins that are normally local-
ized to either basolateral or apical surfaces of epithelial
cells were found to be localized to somatodendritic and
axonal surfaces, respectively, when ectopically ex-
pressed in neurons [1-3]. There have been exceptions to
these observations, particularly with regard to axonal
trafficking [3]. However, it generally seems that proteins
that are destined for apical surfaces in epithelia are
sorted based on their interactions with lipid rafts,
whereas proteins that are destined for basolateral sur-
faces in epithelia and somatodendritic surfaces in neu-
rons share a localization pathway and are sorted by this

pathway based on several different cis-acting sequences
found in these proteins [3—7]. Because many of these
cis-acting sequences are utilized for localization in both
epithelia and neurons, it has been presumed that the
sorting machinery that recognizes these sequences
would be present in both cell types.

2. Polarized protein localization: a tripartite complex
identified in C. elegans

Evidence for a model in which different cell types
share the same polarized localization came from the
work of many labs studying the role of PDZ proteins.
The PDZ domain was originally identified as a 90
amino acid motif found to be repeated three times in
three different membrane-associated guanylate kinases
(MAGUKSs): PSD-95, a synaptic protein; DLG-1, a
Drosophila protein found at cell and neuromuscular
junctions; and ZO-1, a tight junction protein [§—11].
The PDZ domain is a protein—protein interaction do-
main that binds to specific amino acid sequences found
at the carboxy-terminus of its binding partners [12,13].
Because PDZ proteins bind to proteins that are often
found to be localized to either epithelial junctions or
synapses, they are thought to act as molecular scaffolds
that assemble transmembrane proteins and signaling
molecules into clusters at these synapses and tight
junctions. Genetic evidence to support this hypothesis
has been found in only a few cases, two of which come
from research on Drosophila. One case is the PDZ
protein InaD, which is expressed in the photoreceptors
of the Drosophila compound eye [14,15]. It has been
shown to assemble the TRP channel and IP, signal
transduction components into a ‘transducisome’ com-
plex at a specialized plasma membrane, the rhab-
domere, to facilitate the rapid signaling required for
vision [16]. Another case is lethal (1) discs large (dlg),
which is required to localize Shaker potassium channels
and the adhesion molecule Fasll to neuromuscular
junctions [17-19].

A third case that demonstrated that PDZ proteins
mediate protein localization was demonstrated in the
nematode C. elegans by examining the localization of
the LET-23 EGF receptor (EGFR) [20-22]. In C.
elegans, the vulval opening of the animal is induced by
an anchor cell to form from a group of epithelial cells
called vulval precursor cells. During early larval stages
of the animal, the anchor cell secretes an EGF-like
protein, LIN-3, into the extracellular space beneath the
basement membrane of the vulval precursor cells [23].
The LET-23 EGFR is localized to the basolateral sur-
face of the vulval precursor cells where it faces the
anchor cell and can receive the LIN-3 signal [20—22,24].
The cells closest to the anchor cell are thought to be in
range for the LIN-3 ligand to bind LET-23 and thereby



352 C. Rongo / Cytokine & Growth Factor Reviews 12 (2001) 349-359

activate the receptor. LET-23 is a receptor tyrosine
kinase, and activation of the receptor results in a signal
cascade through the Ras/MAP kinase pathway that
results in the cell division and eventual morphogenesis
of the activated cells into a functioning vulva [25-27].
Mutations that inactivate LIN-3, LET-23, or the Ras/
MAP kinase pathway result in nematodes that lack
vulval openings. Based on this easily scorable pheno-
type, several vulval induction gene were isolated, and
three of them (/in-2, lin-7, and lin-10) were particularly
interesting because they could be placed genetically
between the /in-3 ligand and let-60 Ras [28,29]. Kim
and colleagues cloned all three genes and found that all
three encoded PDZ proteins (Fig. 2, a novel protein
was incorrectly identified as LIN-10; a PDZ protein
was subsequently shown to be the correct LIN-10)
[20,22,29,30].

The PDZ proteins LIN-2, LIN-7, and LIN-10 were
the first proteins identified that showed that PDZ
proteins not only cluster other molecules but were
important for polarized protein localization within ep-
ithelial cells. Mutations in either lin-2, lin-7, or lin-10
cause the normally basolateral LET-23 EGFR to be-
come apically localized in the vulval precursor epithelia,
whose overall polarized morphology remains intact
(Fig. 3) [20-22]. Thus, rather than being required for
signaling from the LET-23 EGFR to the Ras/MAP
kinase pathway, the three PDZ proteins were required
to properly localize the EGFR to its appropriate site of
action, the basolateral surface, where it could receive
the LIN-3 ligand.

How do these three PDZ proteins regulate polarized
localization in epithelial cells? The sequence of these
proteins provides some clues (Fig. 2). LIN-7 contains a
single PDZ domain [20]. LIN-10 contains a phosphoty-
rosine binding domain (PTB) and two PDZ domains
[22]. LIN-2 exists as two splice variants and resembles
MAGUK proteins like PSD-95 because of its guanylate
kinase and SH3 domains [29]. Unlike other MAGUKSs,
LIN-2 contains a single PDZ domain and a domain
that resembles CaMKII. Surprisingly, neither the
CaMKII domain nor the guanylate kinase domain have
kinase activity [29]. Using yeast two-hybrid, in vitro
binding, and coimmunoprecipitation experiments from
cultured Schneider S2 cells, Kim and colleagues were
able to show that these three proteins can form a
complex, that LIN-10 can bind to LIN-2, LIN-2 can
bind to LIN-7, and that none of these interactions were
mediated through the protein—protein interaction do-
mains (e.g. PDZ, PTB, SH3) known at the time [21].
Moreover, they found that the PDZ domain of LIN-7
could bind directly to the carboxy-terminal sequences
of LET-23, suggesting that LET-23 EGFR is recog-
nized through its carboxy-terminal tail by a complex of
LIN-2, LIN-7, and LIN-10, and that this recognition
targets the receptor to basolateral rather than apical
membranes (Fig. 3A, C, E).
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Fig. 3. LIN-2, LIN-7, and LIN-10 are required for protein localiza-
tion in C. elegans. (A) LIN-2, LIN-7, and LIN-10 are thought to
form a tripartite complex in vulval precursor epithelial cells. The
complex binds the LET-23 EGFR directly through a PDZ interaction
between LIN-7 and the LET-23 carboxy terminus. (B) LIN-10 is
required to localize GLR-1 to postsynaptic specializations. The GLR-
1 carboxy terminus matches a PDZ consensus; however, LIN-10 does
not directly bind GLR-1 and additional proteins involved in the
localization process have not yet been identified. (C) Wild-type ep-
ithelia localize LET-23 EGFR to their basolateral surfaces and (D)
wild-type neurons localize GLR-1 to postsynaptic specializations. (E)
Epithelia that lack LIN-10 localize LET-23 EGFR to their apical
rather than their basolateral surfaces. (F) Neurons that lack LIN-10
fail to localize GLR-1 to synapses, resulting in diffuse GLR-1 chan-
nels throughout the neural process.

To further solidify their model, Kim and colleagues
provided an elegant in vivo experiment as evidence.
PDZ domains fall into classes depending upon the
target sequence to which they bind [13,31]. The PDZ
domain of LIN-7 is a type I PDZ protein, and the
LET-23 carboxy-terminal sequence (-TCL) matches the
type I consensus. Kim and colleagues changed either
the carboxy-terminal sequence of LET-23 to a type II
consensus (-YFI) or the PDZ domain of LIN-7 to a
type II PDZ domain [21]. Either change alone abro-
gated LIN-7/LET-23 binding in vitro and resulted in
apically-localized LET-23 in vivo. Combining the two
compensatory changes restored both the binding and
the basolateral localization of LET-23 in vivo, provid-
ing very strong evidence for a direct and functionally
important interaction of LIN-7 with LET-23.

The demonstration in a genetic system that LIN-2,
LIN-7, and LIN-10 facilitate polarized protein localiza-
tion in epithelial cells prompted the question of whether
these proteins were functioning in the same capacity in
neurons. Are these PDZ proteins the polarization ma-
chinery shared between two disparate cell types?
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Kaplan and colleagues had been studying the localiza-
tion of an AMPA-type glutamate receptor, GLR-1,
within C. elegans neurons [32]. GLR-1 was identified in
screens for mechanosensory-defective mutants, and its
expression is required in a group of interneurons,
termed the command interneurons because of their
governance over nematode locomotion activity [33,34].
Through double label analysis, GLR-1 was shown to be
localized to postsynaptic specializations at mechanosen-
sory neuron to interneuron synapses (Fig. 3D) [32]. It is
thought that in response to touch, the mechanosensory
neurons release glutamate into the synaptic cleft where
it binds GLR-1-containing channels on the postsynap-
tic membrane. These channels presumably open in re-
sponse to glutamate, depolarize the membrane, and
activate the interneurons, resulting in the animal mov-
ing away from the mechanosensory stimulus.

One strong possibility was that PDZ proteins regu-
late GLR-1 localization since the PDZ proteins PSD-95
is enriched at synapses in mammalian brain [9,10,35].
PSD-95 can directly bind to Shaker-type K* channels
and NMDA-type glutamate receptors, and can cluster
them when co-expressed with them in COS-7 cells, a
non-neural cultured cell [36,37]. To identify trans-acting
factors involved in GLR-1 localization, Kaplan and
colleagues examined GLR-1 localization in the back-
ground of various mutants, including /in-2, lin-7, and
lin-10 mutants [32]. They found that nematodes that
lack LIN-10 fail to localize GLR-1 to synapses (Fig.
3F). Instead, GLR-1 accumulates diffusely throughout
much of the neuron. Polarized morphology and axon
guidance in /in-10 mutant neurons is unaffected, and
presynaptic markers seem to be properly localized,
indicating that LIN-10 is required specifically for the
proper localization of GLR-1 to postsynaptic mem-
branes. Interestingly, like g/r-1 mutants, /in-10 mutants
are defective for the same mechanosensory behaviors,
even when localized to synapses by a LIN-10-indepen-
dent pathway, indicating that some other aspect of
LIN-10 function is required to transduce the glutamate
signal from the mechanosensory neuron to the in-
terneurons. Taken together, these experiments identified
LIN-10 as a shared component of the polarized protein
localization pathways in epithelia and neurons, and
provided the first genetic evidence that PDZ proteins
are required for the localization of synaptic proteins to
central nervous system synapses in vivo.

Is the entire tripartite complex required for GLR-1
localization? Surprisingly, neither LIN-2 nor LIN-7 are
required for GLR-1 localization (Fig. 3B) [32]. One
explanation is that LIN-2, LIN-7, and LIN-10 function
at separate steps along the pathway of LET-23 EGFR
localization in epithelia, whereas only the LIN-10 step
is shared between neurons and epithelia. Alternatively,
LIN-10 might interact with a different set of proteins in
neurons.

3. A corresponding mammalian tripartite complex that
might assemble synaptic junctions between neurons

Is this a facet of biology unique to C. elegans alone,
or is the tripartite complex conserved? At the same time
that LIN-2 was cloned, Siidhof and colleagues had
identified the rat protein CASK based on its interaction
with the neurexins, a family of neuronal cell surface
molecules [38,39]. CASK is similar in sequence and
domain organization to LIN-2, and together they define
a subfamily of MAGUK proteins that now includes
p55, Dlg2, Dlg3, Pall, and Pal2 (Fig. 2 and Table 1)
[40-44]. CASK is expressed in both neural and non-
neural tissues throughout most of development.

Putative mammalian homologs of LIN-10 have also
been found by several different groups [45-47]. One
sequence, called X11, was originally identified as a
candidate for the Friedreich ataxia locus but was later
found to be a PDZ and PTB domain-containing protein
capable of binding the amyloid precursor protein (APP)
[47,48]. LIN-10-like proteins were also identified inde-
pendently by their interaction with the synaptic protein
Muncl8-1, and were named Munc interacting proteins
or Mints [45]. For simplicity, the mammalian homologs
of LIN-10 are referred to as Mintl, Mint2, and Mint3
(Table 1). The Mints, like CASK, are broadly expressed
in both neural and non-neural tissues throughout most
of development [46,49,50].

Several different groups have identified putative
mammalian LIN-7 homologs from mouse ESTs based
on sequence identity to LIN-7 (Table 1) [21,51-54].
The Kim and Margolis labs have named them mam-
malian LIN-7 (mLin7a, mLin7b, and mLin7c), the
Stidhof lab has named them wvertebrate LIN-7 (Velil,
Veli2, and Veli3), and the Bredt lab has named them
mammalian LIN-7 (MALS-1, MALS-2, and MALS-3).
For simplicity, I will refer to them as Velil, Veli2, and
Veli3. The Velis appear to have a more restrictive
expression pattern than CASK or the Mints, with Velil
and Veli2 found in separate but overlapping regions of
the brain, whereas Veli3 is less abundant in the brain
but more abundant in non-neural tissues [51,55].

The Kim, Margolis, and Siidhof labs independently
discovered that the mammalian homologs of LIN-2,
LIN-7, and LIN-10, like their nematode counterparts,
interact with each other and can be found in a tripartite
complex from brain lysates (Fig. 4A) [21,51,52]. These
results demonstrated that the PDZ tripartite complex is
conserved from nematodes to mammals, but left open
the question of whether the role of the complex in
polarized localization was also conserved. The CASK-
neurexins and Mintl-Muncl8-1 interactions suggested
that the complex might link cell adhesion (via neurex-
ins) with synaptic vesicle release machinery (via
Muncl8-1).
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As proposed by Siidhof and colleagues, the Veli/
CASK/Mint complex could potentially bring together
many different proteins, which through protein—protein
interaction, might drive synapse formation (Fig. 4A)
[51]. Their model is centered on the interaction of
neurexin with neuroligins, a family of cell adhesion
molecules found at postsynaptic specializations [56—59].
The intracellular domain of neuroligin binds to PSD-
95, whereas the extracellular neuroligin domain can
reach across the synaptic cleft and bind to certain splice
variants of the neurexins on the presynaptic side. The
intracellular domain of the neurexins can bind to
CASK and recruit the tripartite complex [38,51]. Mintl
can then recruit Muncl8-1, which can bring along its
own binding partner, syntaxin, a key SNARE needed
for synaptic vesicle release [45,60]. Moreover, Mintl

and CASK both are able to bind N-type Ca®* chan-
nels, thereby bringing the voltage-activated Ca®>* chan-
nel next to the Ca®>* triggered synaptic vesicle release
machinery [61].

This model suggests that neuroligin, when presented
to neurons, should be sufficient to induce the organiza-
tion of presynaptic specializations in axons. Serafini
and colleagues demonstrated that such induction can
occur through a remarkable set of experiments [62].
Neuroligin, when expressed in non-neuronal HEK293
cells and cocultured with either pontine explants or
cerebellar granule cells, induced the accumulation of
presynaptic structures in axons. Synapsin, synaptotag-
min, synaptophysin, CASK, and most importantly
synaptic vesicles accumulated at the sites of neuroligin
contact, and synaptic vesicle exocytosis could be ob-

Table 1

Members of the LIN-2, LIN-7, and LIN-10 families of proteins

Protein Other Primary site of Subcellular Known binding Ref.
names expression localization partners
Veli-like proteins
LIN-7 Epithelia Cell junctions LET-23, LIN-2 [20,21]
Velil MALS-1, Brain Axonal and somatodendritic NMDA NR2B, DLG2, [21,51-55]
in neurons, DLG3, CASK
postsynaptic in cultured
hippocampal neurons
Veli2 MALS-2 Brain Somatodendritic in neurons NMDA NR2B, DLG2, [51,53-55]
DLG3, CASK
Veli3 MALS-3, Brain, kidney, Diffuse in neurons, BTG-1, DLG2, CASK, [44,51,53-55]
liver basolateral in epithelia Palsl, Pals2 [77,96]
CASK-like MAGUKS
LIN-2 Epithelia, Cell junctions in epithelia LIN-7, LIN-10 [21,29]
neurons
CASK mLin-2 Brain, lung, Axonal and somatodendritic (pre Mintl, Velil, Veli2, [21,38,50-52],
liver, kidney and postsynaptic) in neurons, Neurexins, Protein 4.1, [67,68,91,92],
basolateral in epithelia Syndecans, N-type Ca’* [96,97]
Ch., Thr-1, hDlg
Dlg3 Brain, skeletal ND Velil, Veli2 [42,43,51]
muscle, testis,
kidney, lung
Pals 1 Heart, brain, Basolateral in epithelia Veli3 [44]
skeletal muscle,
kidney
Pals2 Heart, skeletal Basolateral in epithelia Veli3 [44]
muscle, liver,
testis, kidney,
brain, spleen,
lung
Mint-like proteins
LIN-10 Epithelia, Postsynaptic in neurons, LIN-2 [21,22,32,52],
neurons perinuclear (Golgi) in neurons [93]
and epithelia
Mintl X1la, Brain Somatodendritic, Munc-18-1, CASK, APP, [45,48-50,52],
Mlinl0 perinuclear Neurexins, KIF17, N- [61,69,98,99]
type Ca?* Ch.
Mint2 X11B Brain ND Munc-18-1, APP, [45,49,50,98]
Neurexins
Mint3 Xl1ly Most tissues Perinuclear APP [46,49,50,96]
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Fig. 4. Possible functions of the mammalian tripartite complex. (A) One tantalizing model of synapse formation suggests that a transsynaptic
complex of proteins might sow the synapse together. In this model, postsynaptic cells would present neuroligin to the presynaptic cell, where it
would bind and recruit neurexin. Neurexin would recruit the tripartite complex, which through its interaction with Muncl8-1 and Ca?* channels,
could assemble the synaptic vesicles and their release machinery at the nascent presynaptic terminal. PSD-95, which can bind neuroligin at
postsynaptic specializations, would assemble NMDA receptors and K* channels at the postsynaptic membrane. (B) A postsynaptic model for the
function of the tripartite complex suggests cargo vesicles containing NMDA receptor are delivered to postsynaptic specializations. In this model,
the tripartite complex recognizes the receptors on the vesicles by a direct interaction through Veli. The vesicle complex could then be transported
along polarized microtubules using the motor protein KIF17, which can bind to Mintl. Upon arrival at synaptic membranes, cargo vesicles might

be fused to the membrane through an interaction between Mintl and Muncl8-1/syntaxin.

served at these sites. This phenomena could be blocked
by the addition of soluble neurexin to the media, sup-
porting the idea that neuroligin induces presynaptic
development by binding to neurexin on presynaptic
membranes.

This mammalian model stands in contrast to the
function of the tripartite complex observed in vivo in C.
elegans, where the complex is found to localize proteins
to basolateral membranes of epithelia, and where LIN-
10 localizes receptors to the postsynaptic side of
synapses in neurons (the mammalian model predicts a
presynaptic role) [21,32]. Is there genetic support for
the mammalian model? So far, mouse knock-outs of
the various genes in the complex have been less than
informative. There are three neurexin genes and three
neuroligin genes, all of which are alternatively spliced
[39,63—65]. Neuroligin-1 knock-out mice have no obvi-
ous phenotype; however, neuroligin-2 can also induce
presynaptic differentiation and thus cannot be dis-
counted [59,62]. Similarly, double knock-outs of Velil
and Veli2, which are abundant in brain, also do not
yield a detectable phenotype, although Veli3 expression
is upregulated in the these mice, perhaps compensating
for the lack of Velil and Veli2 [55]. On the postsynaptic
side, knock-outs of PSD-95 properly localize NMDA
receptors and have normal synaptic morphology, al-
though other related MAGUK proteins could be com-
pensating [66]. It seems that we might have to wait until
all the molecules within a family are knocked-out be-
fore we have an answer as to what the tripartite com-
plex is doing in vivo in mammals.

4. Models for tripartite complex function: polarized
secretion versus selective retention

In contrast to the presynaptic mammalian model
mentioned above, recent data from several groups
points to a postsynaptic function for members of the
tripartite complex. Velil, Veli2, and Mintl appear to be
localized to the somatodendritic compartment of neu-
rons, and CASK has been found on both pre and
postsynaptic membranes [50,55,67,68]. The Bredt lab
has recently shown that Velil and Veli2 can interact the
NR2B subunit of the NMDA receptor [54]: Veli
proteins coimmunoprecipitate with NR2B both from
solubilized brain and when coexpressed in COS-7 cells.
Moreover, Veli proteins cocluster with PSD-95 and
NMDA receptors in cultured hippocampal neurons.
Taken together, these results suggest that Veli proteins
could participate in the recruitment of NMDA recep-
tors to postsynaptic specializations.

How might the proteins in the tripartite complex
localize proteins like the NMDA receptor to synaptic
sites? Receptors might be clustered to specific synaptic
sites through selective retention by an anchored tripar-
tite complex. Alternatively, receptors might utilize the
polarized secretion machinery of the cell, thereby being
delivered as cargo on vesicles destined for synaptic sites.
Recent data suggest that neurons probably use both of
these strategies to deliver and cluster synaptic proteins.

In the case of the NMDA receptor, the Hirokawa lab
has shown that the kinesin motor protein KIF17 can
bind to Mintl through a PDZ interaction (Fig. 4B) [69].
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KIF17 is a dendrite-specific motor that associates with
50-nm membranous cargo vesicles, and KIF17, Veli,
CASK, Mintl, and NR2B cofractionate with these
vesicles and colocalize within dendrites of cerebral cortex
neurons. Interestingly, vesicles purified from brain by
anti-KIF17 antibodies contain NR2B and move on
microtubules when provided with wild-type KIF17
protein but not KIF17 lacking the Mintl interaction
domain, even though this mutant form of KIF17 still has
motor activity. Taken together with the result that Velil
and Veli2 can directly bind to NR2B, these data suggest
that the tripartite PDZ complex can couple NMDA
receptor-containing vesicles to a kinesin motor protein,
which could be used to selectively transport these cargo
vesicles to synaptic sites. Because Mintl can interact with
Muncl8-1, and Muncl8-1 can bind to syntaxin on
synaptic membranes, the cargo vesicle could conclude its
journey by fusing with the synaptic membrane after a
Mintl/Muncl8-1/syntaxin interaction [45,60]. The tri-
partite complex could act like a SNARE protein in this
model, taking the place of VAMP/synaptobrevin as the
VvSNARE. Such a model has been proposed for AMPA-
receptor trafficking based on the interaction of GluR1
with NSF and SNAP proteins [70,71].

Once transported to the postsynaptic membrane,
NR2B might switch its association from Veli proteins to
PSD-95, thereby firmly anchoring it in the membrane and
preventing its lateral diffusion [36,37]. PSD-95 and its
associated proteins could then assemble the receptor into
a complex with other signaling molecules like nNOS and
synGAP [72,73]. Interestingly, overexpression of PSD-95
has been shown to enhance the maturation of gluta-
matergic synapses [74]. Thus, the association of the
NMDA receptor with PSD-95 at the mature synapse
could contribute to synaptic remodeling in the adult
brain and activity-dependent synaptic plasticity. This
postsynaptic model describing the function of the tripar-
tite complex suffers from some of the same downfalls as
the mammalian presynaptic model described earlier: lack
of support from knockout studies. However, there is
some in vivo data to support this model since in C.
elegans LIN-10 is required to localize glutamate recep-
tors to postsynaptic specializations [32].

In addition to their potential role in transporting
proteins to basolateral and synaptic membranes, and
anchoring those proteins at those membranes to prevent
lateral fusion, there is some evidence to suggest that the
LIN-2/LIN-7/LIN-10 complex of proteins might also
play a role in selectively retaining proteins at the mem-
brane by preventing their internalization. The epithelial
GABA transporter BGT-1 contains a type I PDZ consen-
sus at its carboxy-terminal end, and is sorted to basolat-
eral surfaces of hypertonically cultured MDCK cells
[75,76]. BGT-1 can bind to LIN-7 and Veli proteins
through its carboxy-terminal sequences. Suprisingly, a
deleted version of BGT-1 that lacks the last five amino

acids (BGT-1A5) is still localized to basolateral surfaces,
in contrast to LET-23 EGF receptors deleted for the last
six amino acids, which are mislocalized to apical surfaces
[21,77]. BGT-1AS5 transporters also accumulate in intra-
cellular vesicles, and microinjection of a 17-mer BGT-1
carboxy-terminal peptide can cause wild-type BGT-1
transporters to accumulate intracellularly as well [77].
The maturation of BGT-1AS is no different from wild-
type BGT-1 transporters, and BGT-1A5 does not colo-
calize with the ER or Golgi, indicating that the
intracellular accumulations are not an early intermediate
in BGT-1 trafficking. When surface glycoproteins are
pulse labeled with wheat germ agglutinin and chased into
the endocytic pathway, they colocalize with BGT-1AS
transporters in intracellular vesicles, raising the possibil-
ity that a PDZ interaction with BGT-1 is required to
retain it at the surface and prevent internalization. While
it is clear that the last five amino acids of BGT-1 are
important for BGT-1 surface retention, this result should
be interpreted with caution since a requirement for a
PDZ domain protein in this process has not yet been
demonstrated.

Similar to BGT-1 endocytosis in epithelia, AMPA-
type glutamate receptor endocytosis in neurons appears
to be an important means of regulating synaptic efficacy
[78—81]. AMPA receptor internalization at synapses
requires clathrin-mediated endocytosis and depends
upon the carboxy-terminal sequences of the receptor,
which contain a PDZ consensus motiff and protein
kinase C (PKC) phosphorylation sites. The PDZ proteins
GRIP/ABP and PICK1 can bind to AMPA receptor
carboxy-terminal sequences, and these PDZ interactions
can be regulated when AMPA receptors become phos-
phorylated by PKC or interact with NSF, which in both
cases results in the internalization of the receptor by
endocytosis [70,71,82-90]. Thus, like in the case of
BGT-1, cell surface retention of AMPA receptors is
probably one more aspect of their localization and
function that is regulated by PDZ-proteins.

5. Conclusion

One disconcerting aspect of studying the tripartite
complex proteins is the promiscuity of their interactions
with other proteins (Fig. 2). For example, the PDZ
domain of CASK can bind neurexins, but it can also bind
members of the syndecan family of heparin sulfate
proteoglycans, which could potentially link the tripartite
complex to the extracellular matrix [38,67,68]. Most
surprising of all, CASK has been shown to bind to a
T-box transcription factor, Tbr-1, via the CASK guany-
late kinase domain [91]. Sheng and colleagues have
shown that CASK, along with Tbr-1, can enter the
nucleus of COS-7 cells and embryonic neurons, and act
as a coactivator of transcription. Such experimental
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evidence lends support to the idea that many PDZ
proteins are multifunctional interaction cassettes whose
function can be suitably tailored depending on the
context, including tissue of expression, subcellular loca-
tion, and stage of development. Hence, CASK might be
signaling during embryogenesis by shuttling from the
cell junction to the nucleus to regulate genes involved
neural development. Upon maturation of the nervous
system, it switches its functions, moving to both the pre
and postsynaptic membranes where it can assemble
synaptic proteins and maintain neural polarity. Thus,
the function and subcellular distribution of CASK is
dictated by development and growth.

Of course, the promiscuity of these proteins is proba-
bly a blessing for researchers as much as it is a curse.
New and interesting models for their function are pro-
posed based on the identity of factors identified by
various protein—protein interactions assays with mem-
bers of the complex. Such experiments will no doubt
provide fuel for this field for years to come. How will
researchers sort through the plethora of binding part-
ners to identify the in vivo role of these proteins?
Hopefully simpler genetic systems like C. elegans and
Drosophila, which are likely to have fewer redundant
proteins than mice, will provide a framework for under-
standing the function of these proteins in cell polarity.
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