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Cellular asymmetry is critical for the development of multicellular organisms. Here we show that homologues of
proteins necessary for asymmetric cell division in Caenorhabditis elegans associate with each other in mammalian cells
and tissues. mPAR-3 and mPAR-6 exhibit similar expression patterns and subcellular distributions in the CNS and
associate through their PDZ (PSD-95/DIlg/Z0-1) domains. mPAR-6 binds to Cdc42/Racl GTPases, and mPAR-3 and
mPAR-6 bind independently to atypical protein kinase C (aPKC) isoforms. In vitro, mPAR-3 acts as a substrate and an

inhibitor of aPKC. We conclude that mPAR-3 and mPAR-6 have a scaffolding function, coordinating the activities of
several signalling proteins that are implicated in mammalian cell polarity.

many cell types. Polarized epithelial cells are organized into

apical and basolateral domains, enabling these cells to carry
out barrier and transport functions'’. Polarized localization of pro-
teins is also essential for asymmetric cell division during develop-
ment. Asymmetric cell division involves the coordination of
mitotic-spindle orientation with the polarity of the dividing cell to
segregate localized proteins to one daughter cell but not the other™
>. The resulting division yields two daughter cells with different cell
fates. Although the mechanism by which polarity is established is
not fully understood, several proteins involved in this process have
been identified. C. elegans PAR-3 and its homologue Bazooka in
Drosophila melanogaster have an important function in asymmetric
division and establishment of epithelial cell polarity®.

The par-3 gene is involved in asymmetric cell division early in C.
elegans development’. In the polarized embryo, PAR-3 co-localizes
with another PAR protein, PAR-6, and with the aPKC PKC-3, at the
anterior pole*'’. However, other proteins, including PAR-1 and
PAR-2, are restricted to the opposite pole'"'"”. Study of par mutants
and analysis of pkc-3 by RNA interference have shown that proper
localization and function of these proteins are mutually
interdependent®'*'*'. In par-3 mutants, for example, several asym-
metrically distributed proteins are mislocalized, leading to disrup-
tion of mitotic-spindle orientation, of asymmetric cell division, and
of cell-fate determination.

Bazooka has an analogous function in the development of the
Drosophila nervous system. Neuroblast stem cells undergo asym-
metric cell division to yield another neuroblast and a ganglion
mother cell*™". Bazooka forms a complex with Inscuteable (Insc)
and Partner of Inscuteable (Pins) at the apical pole of the dividing
neuroblast'®*. This complex is required for proper basal cortical
localization of proteins such as the cell-fate determinants Numb
and Prospero, and for correct orientation of the mitotic spindle in
a manner reminiscent of PAR-3 function in the C. elegans embryo.

We previously isolated a murine PAR-3 homologue (PHIP) in a
screen to identify binding partners for the carboxy-terminal tail of
B-type ephrins™. For simplicity, we will refer to the murine homo-
logue of PAR-3 as mPAR-3. A rat homologue of PAR-3/Bazooka,
ASIP, has been identified as a component of both tight junctions
and adherens junctions®. In addition, a cDNA clone encoding the
murine homologue of PAR-6 (mPAR-6) has been identified in an
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expressed-sequence tag (EST) database’.

Here we demonstrate that mPAR-3 can act as a scaffold to
nucleate a multi-protein complex involving mPAR-6, the GTP-
bound forms of Cdc42 and Racl, and aPKC isoforms. Atypical
PKCs have been shown to bind to PAR-3 and ASIP'**, and here we
show that mPAR-3 can be phosphorylated by this kinase in vitro
and that mPAR-6 can bind directly to aPKC. We provide evidence
that one function of these interactions is to regulate aPKC activity.
Lastly, the pattern of expression and subcellular distribution of
mPAR-3 and mPAR-6 in the mammalian central nervous system
(CNS) places the complex of interactions in a physiologically rele-
vant context.

Results

Expression of mPAR-3 isoforms. We originally isolated an mPAR-
3 complementary DNA in an expression screen to identify binding
partners for the PDZ-domain-binding site of B-type ephrins*. A
subsequent screen to obtain complete transcripts yielded cDNAs
for two smaller splice variants, as well as the full-length transcript.
All the splice forms share a common amino-terminal coding
sequence but vary in the positions of their stop codons and in the
sequences of their respective 3' untranslated regions. Whereas the
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Figure 1 Protein-domain organization of mPAR-3 and mPAR-6. a, Schematic
representations of the M, 100K, 150K and 180K splice forms of mPAR-3. The PAR-3
homology region (P-3H), the 3 PDZ domains and the aPKC-binding region are shown.
b, Schematic representation of mPAR-6. The CRIB motif and the single PDZ domain
are shown.
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Figure 2 Expression and subcellular distribution of mPAR-3 and mPAR-6. a,
Endogenous expression of mPAR-3 from E9.5 to E14.5 of mouse development and
ectopic expression of mPAR-3 splice forms by transient transfection of COS-1 cells.
Lanes were loaded with lysates from mouse embryo (50ug) or COS-1 cells (5 ug),
and immunoblotted (IB) with antisera raised against GST-mPAR-3 PDZ2+3 (anti-
mPAR-3). The positions of relative-molecular-mass markers are shown on the left. b,
Tissue-specific expression pattern of mPAR-3 isoforms in lysates of the indicated
mouse adult tissues. Each lane was loaded with 50 ug total protein. ¢, mPAR-3 and
mPAR-6 are co-expressed in the rodent brain. Equal amounts of lysate from rat
cortex, hippocampus and striatum were analysed using antibodies against mPAR-3
and mPAR-6. Expression of mPAR-3 was highest in the striatum, with lower
expression levels in the hippocampus and cortex. Expression of mPAR-6 was roughly
uniform in each of the brain regions examined. d, Localization of mPAR-3 and mPAR-

full-length transcript encodes a protein of 1,337 amino acids, the
two smaller transcripts contain open reading frames for proteins of
744 and 1,033 residues. All three proteins contain three PDZ
domains, but the shortest isoform lacks the region that binds to
aPKC isoforms (Fig. la). A search of the mouse EST database
retrieved several sequences that match the three transcripts
obtained from the cDNA screen, indicating that they may represent
legitimate splice forms of mPAR-3. We cloned cDNAs for the splice
forms into a mammalian expression vector and transfected them
into COS-1 cells. Expression of the full-length transcript yielded a
protein of relative molecular mass ~180,000 (M, ~180K; mPAR-3
180K), whereas the two smaller cDNAs gave proteins of M, 100K
(mPAR-3 100K) and 150K (mPAR-3 150K; Fig. 2a).

To examine the expression of endogenous mPAR-3 isoforms
during development and in the adult, we probed western blots of
lysates from mouse embryo and adult tissue with an antibody raised
against a region encompassing the second and third PDZ domains
of mPAR-3, a segment common to all three isoforms. In the
embryo, mPAR-3 180K and mPAR-3 100K were expressed at all
time points examined, from day 9.5 of development (E9.5) to E14.5,
whereas expression of mPAR-3 150K was not detectable (Fig. 2a). A
survey of mPAR-3 expression in mouse adult tissues showed that
the distribution of the splice forms was tissue-specific (Fig. 2b). For
example, all three forms of mPAR-3 were present in the heart,
whereas expression in the brain was limited primarily to the M,
180K form and low levels of the M, 100K form. Some tissues, such
as the kidney, contained a large number of immunoreactive
polypeptides, which may represent either further splice forms or
proteolytic products.
mPAR-3 and mPAR-6 have similar expression patterns in the
brain. In C. elegans, par-3 and par-6 exhibit a genetic interaction
and the two proteins co-localize, indicating that mammalian
mPAR-3 may physically interact with mPAR-6 (refs 9, 14). To
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6 to a membrane fraction of lysed synaptosomes. A lysate of cortex from adult rats
was fractionated by differential centrifugation and equivalent amounts of protein from
each fraction were probed with the indicated antibodies. mPAR-3 was present in all
fractions with the exception of a soluble fraction (S); levels were highest in an
enriched membrane fraction obtained from lysed synaptosomes (LP1). The blot was
stripped and reprobed with an anti-mPAR-6 antibody. Expression of mPAR-6 was
observed in the homogenate (H) and the nuclear pellet (P1); levels were highest in
the synaptosomal fraction (P2) and LP1. To assess the quality of fractionation, the
distributions of two markers, the glutamate receptor NMDAR1 and the integral
synaptic-vesicle membrane protein synaptophysin, were determined. Synaptophysin
was present in all fractions except S and was especially enriched in a fraction
containing microvesicles isolated from lysed synaptosomes (LP2). Highest levels of
NMDAR1 were observed in the LP1 fraction. P, denotes a microsomal fraction.
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Figure 3 Immunocytochemical localization of mPAR-3 and mPAR-6 in the
adult mouse brain. a, Positive mPAR-3 immunoreactivity in cellular and fibre
profiles in the striatum radiatum (SR) of the CAL region of the adult mouse
hippocampus and in pyramidal neurons (Py). Staining was not visible in mouse brain
treated with antibody pre-absorbed with excess GST-mPAR-3 PDZ2+3 (inset). b,
Positive mPAR-6 immunoreactivity in fibre and cellular profiles in the SR of the CA1
region. Antigen competition using excess GST-mPAR-6 eliminated fibre staining,
whereas nuclear staining was unaltered (inset). ¢, Positive mPAR-3 immunoreactivity
localized to fibres in the cortex of adult mouse brain. Low-level staining of cellular
profiles was also observed. d, Positive mPAR-6 immunoreactivity localized to fibre
and cellular profiles in the adult mouse cortex. Scale bars represent 50um.
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Figure 4 mPAR-3 interacts with mPAR-6. a, Co-immunoprecipitation of Flag—
mPAR-6 with mPAR-3 100K. COS-1 cells were transfected with mPAR-3 100K and/
or Flag-mPAR-6 as indicated. Proteins were immunoprecipitated (IP) from cell
lysates with antibodies against mPAR-3, with pre-immune sera (Pre IP) or with
antibodies against the Flag epitope. Immunoprecipitation of Flag-mPAR-6 by anti-
Flag antibody was included as a positive control. Inmunoprecipitates were
immunoblotted (IB) with anti-Flag antibody. b, mPAR-6 binds specifically to mPAR-3
PDZ1. COS-1 cells were transiently transfected with Flag—-mPAR-6 or were left
untransfected (UNT). Cell lysates were incubated with the indicated GST-fusion
proteins and analysed by immunoblotting with anti-Flag antibody. ¢, The interaction
between mPAR-3 PDZ1 and mPAR-6 is direct and requires the PDZ domains. Purified
mPAR-3 PDZ1 carrying a His epitope was incubated with purified, glutathione—
sepharose-immobilized GST-mPAR-6 (full-length), GST-mPAR-6 CRIB+PDZ, GST-
mPAR-6 PDZ or GST alone as indicated. Purified His-mPAR-3 PDZ1 (50 ng) was
included as a positive control. Proteins were detected by immunoblotting with anti-
His antibody.

investigate this possibility, we characterized the expression of
mPAR-3 and mPAR-6 in specific brain tissues by immunoblotting.
The M, 180K form of mPAR-3 was found to be expressed in adult
rat cortex, hippocampus and at higher levels in the striatum (Fig.
2¢). mPAR-6 was detected in the same tissues but at relatively uni-
form levels. These results confirm that mPAR-3 and mPAR-6 are
both present in the same regions of the adult rat CNS.

As neurons are highly polarized, we investigated whether there
is a specific subcellular distribution of mPAR-3 and mPAR-6 in
CNS neurons. We used differential centrifugation to fractionate
adult rat cortex and analysed each fraction by immunoblotting.
Although mPAR-3 expression was evident in all fractions except the
cytosol (S), it was enriched in a pellet fraction of lysed synapto-
somes (LP1), which contained membrane-associated synaptosomal
proteins and large amounts of the NMDA R1 glutamate receptor™®
* (Fig. 2d). We stripped the same blot and re-probed it for mPAR-
6. Although the expression pattern of mPAR-6 was similar to that
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Figure 5 Co-distribution of exogenous mPAR-3 100K and Flag-mPAR-6. a,
AntiFlag staining (red) of a COS-1 cell transiently transfected with Flag-mPAR-6
alone. b, Ant-mPAR-3 staining (green) of a COS-1 cell exogenously expressing
mPAR-3 100K alone. ¢, Antigen-competition control for mPAR-3 staining. Specific
staining was not visible in samples treated with antibody pre-absorbed with excess
GST-mPAR-3 PDZ2+3. d, Flag-mPAR-6 immunoflourescence staining in a COS-1
cell co-expressing exogenous Flag-mPAR-6 and mPAR-3 100K. e, Distribution of
mPAR-3 100K in the same co-transfected COS-1 cell (arrows). f, Double staining of
mPAR-3 100K (green) and Flag-mPAR-6 (red) in a cell ectopically co-expressing
both proteins. Arrows in d-f show examples of co-distribution of mPAR-3 100K and
Flag-mPAR-6. Scale bar represents 10 uM.

of mPAR-3, mPAR-6 was particularly enriched in the P2 and LP1
fractions. These data indicate that mPAR-3 and mPAR-6 have sim-
ilar subcellular distributions in the adult rat cortex.

To define the distribution of mPAR-3 and mPAR-6 in the
rodent CNS more specifically, we carried out an immunocyto-
chemical analysis of 35-pum coronal sections from adult mouse
brain, focusing on the cortical and hippocampal regions. Positive
fibre staining of mPAR-3 and mPAR-6 was observed in the cortex
and in the striatum radiatum of the hippocampal CA1 region (Fig.
3). The distribution of fibre staining indicates that these two pro-
teins may be localized within a similar neuronal population. Pre-
incubation of the antibodies with excess amounts of their respective
glutathione-S-transferase (GST)-fusion protein antigens abolished
all fibre staining (Fig. 3, insets). These results indicate that mPAR-
3 and mPAR-6 have similar cellular and subcellular distributions in
the adult rodent CNS.

Association of mPAR-3 and mPAR-6 involves their PDZ domains.
We addressed the question of whether mPAR-3 and mPAR-6 are able
to interact physically, by co-transfecting COS-1 cells with mPAR-3
100K and full-length mPAR-6 tagged at its N terminus with a Flag
epitope. Anti-mPAR-3 antibody specifically co-immunoprecipitated
epitope-tagged mPAR-6 (Fig. 4a). We used immunofluorescence
staining of COS-1 cells transfected with mPAR-3 100K and Flag—
mPAR-6 to determine whether these two proteins co-localize. In cells
transfected with Flag-mPAR-6 alone, anti-Flag staining showed a
perinuclear and a punctate pattern showing partial co-distribution
with alpha—mannosidase II, a marker for the Golgi apparatus, and
with caveolin-1, a membrane raft protein (Fig. 5a and data not
shown). In contrast, exogenous mPAR-3 100K alone was distributed
throughout the cytoplasm in the majority of transfected cells (Fig.
5b). However, mPAR-3 100K exhibited a different localization in
cells expressing both mPAR-3 100K and Flag-mPAR-6 (Fig. 5e). In
line with the immunoprecipitation results, immunofluorescence
staining of co-transfected COS-1 cells revealed a nearly complete co-
distribution of mPAR-3 100K with Flag-mPAR-6 (Fig. 5f). We con-
firmed the specificity of mPAR-3 staining by antigen competition
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Figure 6 mPAR-6 binds to Cdc42 and Rac1l through its CRIB motif. a, Amino-
acid sequences of the CRIB sites of mPAR-6, ACK, PAK and the Wiscott-Aldrich-
syndrome protein (WASP). Conserved residues of the CRIB consensus sequence are
boxed. b, GST-mPAR-6 (full-length) and the GST-mPAR-6 CRIB+PDZ fragment
interact specifically with constitutively activated Myc-Cdc42(V12). Myc-Cdc42(V12)
bound specifically to GST-mPAR-6 (full-length) and GST-mPAR-6 CRIB+PDZ
immobilized on glutathione-sepharose. Neither a GST-mPAR-6 PDZ fragment, which
lacks a complete CRIB sequence, nor GST alone exhibited detectable binding to Myc—
Cdc42(Vall2). UNT, untransfected. Proteins were detected by immunoblotting (IB)
with anti-Myc antibody. ¢, GST-mPAR-6 (full-length) interacts specifically with
constitutively activated Flag—Rac1(V12). Transfections and analysis were carried out
as in b, except that GST-mPAR-6 CRIB+PDZ was not used, and expression of
Rac1(V12) was verified by immunoprecipitation (IP) with anti-Flag antibody (far-right
lane); anti-Flag antibody was also used for immunoblotting. d, mPAR-6 binds

(Fig. 5¢). These data indicate that mPAR-3 100K and mPAR-6 asso-
ciate with one another in cells.

Both mPAR-3 and mPAR-6 contain PDZ domains, raising the
possibility that the two proteins may interact by PDZ-domain het-
erodimerization. We incubated GST-fusion proteins, consisting of
either the first, second or third PDZ domains of mPAR-3, with
lysates of COS-1 cells transfected with Flag-mPAR-6. We subjected
the resulting complexes to western blotting using antibodies against
the Flag epitope of mPAR-6. Full-length mPAR-6 bound specifi-
cally to the first PDZ domain of mPAR-3, but not to fusions of the
other two PDZ domains or to GST alone (Fig. 4b). To determine
whether this interaction is direct, we incubated purified histidine
(His)-tagged mPAR-3 PDZ1 protein with GST-fusion proteins of
mPAR-6 bound to glutathione beads. mPAR-3 PDZ1 associated
with GST-mPAR-6 (full-length) but not with GST alone, indicat-
ing that the two proteins can associate directly. Two internal frag-
ments of mPAR-6, containing the single central PDZ domain and
lacking the C-terminal sequence (GST-mPAR-6 CRIB+PDZ and
GST-mPAR-6 PDZ) also bound to mPAR-3 PDZ1. This demon-
strates that the PDZ domains are sufficient for mPAR-3—-mPAR-6
interaction.
mPAR-6 contains a functional CRIB motif. Comparison of the
sequences of PAR-6 homologues has revealed a segment of con-
served residues reminiscent of a CRIB site (Figs 1b, 6a; I. Macara,
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preferentially to Cdc42-GTPyS. GST-fusion proteins of full-length Cdc42, incubated
either with non-hydrolysable GTPyS or with GDP or in nucleotide-free conditions (NT-
depleted), were added to transfected COS-1 cell lysates. Proteins were detected by
immunoblotting with anti-Flag antibody. e, Cdc42(V12) co-immunoprecipitates with
fulHength mPAR-6 but not with an mPAR-6 PDZ domain fragment. COS-1 cells were
co-transfected with Myc-Cdc42(V12) and Flag-tagged mPAR-6 (fulHength) or mPAR-6
PDZ. Cell lysates were immunoprecipitated with anti-Flag antibody and the blot was
probed with anti-Myc antibody. f, Deletion of Pro136 in the mPAR-6 CRIB sequence
(mPAR-6 CRIB ProA) strongly reduces binding to GST-Cdc42-GTPyS. Loss of lle133
(mPAR-6 CRIB lleA) does not significantly affect binding in comparison to wild-type
mPAR-6. The indicated transfections were carried out and proteins were detected by
immunoblotting with anti-mPAR-6 antibody (upper panel). Bands corresponding to
mPAR-6 are marked with an arrowhead. Lower panel, cell lysates were probed with
anti-mPAR-6 antibody to compare expression levels.

personal communication). CRIB motifs are short sequences that
bind to activated forms of Cdc42 and Rac GTPases™. Interestingly,
the putative CRIB sequence of mPAR-6 lacks two conserved histi-
dine residues that are present in all other CRIB sequences. To inves-
tigate whether mPAR-6 can bind to activated Cdc42, we incubated
GST-tagged, full-length mPAR-6 with lysates of COS-1 cells trans-
fected with a Myc-tagged Vall2 mutant of Cdc42 (Cdc42(V12)),
which is constitutively active in the GTP-bound state. Immunob-
lotting showed that mPAR-6 specifically bound to Cdc42(V12)
(Fig. 6b). A GST-mPAR-6 CRIB+PDZ fragment, which contains
the full sequence of the putative CRIB site, also bound to
Cdc42(V12). In contrast, neither GST alone nor the GST-mPAR-6
PDZ fragment, which contains only the C-terminal half of the CRIB
sequence, exhibited detectable binding. Similar results were
obtained with an activated Racl Vall2 mutant tagged with a Flag
epitope (Fig. 6¢ and data not shown). In a complementary experi-
ment, a GST fusion of wild-type Cdc42 was treated with non-
hydrolysable GTPYS or with GDP, or was nucleotide-depleted, and
then assayed for binding to full-length mPAR-6. In comparison
with the GDP-bound or nucleotide-depleted forms, the GTPYS-
bound form of Cdc42 preferentially bound in vitro to full-length
mPAR-6 (Fig. 6d). A GST fusion of Rac1-GTPYS behaved in a sim-
ilar manner (data not shown).

We also assayed the interaction between activated Cdc42 and
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Figure 7 mPAR-3 PDZ1, mPAR-6 and Cdc42(V12) can form a ternary
complex. Lysates of COS-1 cells co-transfected with Flag-mPAR-6 and
Cdc42(V12) or transfected with Flag—-mPAR-6 alone were incubated with GST-
mPAR-3 PDZ1 and the resulting complex was analysed by immunoblotting (IB) with
anti-Flag antibody (upper panel). The blot was stripped and reprobed for Cdc42 to
determine whether Cdc42(V12) is present in the complex (middle panel). Cell
lysates were probed with anti-Flag antibody to compare levels of Flag-mPAR-6
expression (lower panel).

mPAR-6 by co-immunoprecipitation studies using COS-1 cells
exogenously expressing both Myc-tagged Cdc42(V12) and Flag-
tagged mPAR-6. Cdc42(V12) specifically co-immunoprecipitated
with full-length mPAR-6, but not with the mPAR-6 PDZ fragment
(Fig. 6€), which lacks the intact CRIB-like motif. This indicates that
a functional CRIB-like sequence may be required for binding of
Cdc42 and Racl to mPAR-6. To examine this possibilty, we trans-
fected COS-1 cells with wild-type mPAR-6 or with mutants lacking
conserved CRIB residues, and assayed for binding to GST-Cdc42—
GTPYS in cell lysates. Whereas deletion of Ile133 had little effect on
binding of GST-Cdc42-GTPYS to mPAR-6, removal of the con-
served proline residue at position 136 strongly inhibited this inter-
action (Fig. 6f). Expression levels of both mutant mPAR-6 proteins
were comparable to that of the wild type. These results indicate that
mPAR-6 interacts specifically with GTP-bound forms of both
Cdc42 and Racl in a manner that is at least partially dependent on
residues in the CRIB sequence.

As mPAR-6 associates with mPAR-3, we tested whether these
proteins could form a ternary complex with activated Cdc42. We
incubted lysates of COS-1 cells co-transfected with mPAR-6 and
Cdc42(V12) with a GST-mPAR-3 PDZI1 fusion protein.
Cdc42(V12) was precipitated with mPAR-6 by mPAR-3 PDZI,
indicating that mPAR-3, mPAR-6 and activated Cdc42 can form a
tripartite complex (Fig. 7).
mPAR-3 is an inhibitor of aPKC in vitro. The two aPKC isoforms,
PKCC and PKCI/A, have previously been identified as direct bind-
ing partners for ASIP, the rat homologue of mPAR-3 (ref. 25). In
light of the observed co-localization of mPAR-3 and mPAR-6 in the
CNS, we investigated whether the aPKC isoforms associate with
mPAR-3 and mPAR-6 in the brain. In co-immunoprecipitation
and GST-mixing experiments, PKCI/A was specifically precipitated
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from lysates of adult rat brain by anti-mPAR-3 antibodies and by a
GST-fusion protein consisting of the aPKC-interacting region of
mPAR-3 (GST-mPAR-3(747-956); Fig. 8a). GST-fused full-length
mPAR-6 also precipitated PKCI/A from brain lysates (data not
shown). From these experiments, however, we were not able to
determine whether the interaction between mPAR-6 and aPKC iso-
forms was direct or was exclusively mediated by endogenous
mPAR-3. To distinguish between these two possibilities, we used
purified proteins. GST-fused full-length mPAR-6 bound to purified
PKCC in vitro, indicating that mPAR-6 binds directly to aPKC iso-
forms, independently of mPAR-3 (Fig. 8b). Using GST fusions of
defined fragments of mPAR-6, we determined that the N—terminal
portion of mPAR-6 (residues 1-100) is both necessary and sulffi-
cient for interaction with aPKCs (data not shown). Thus, aPKCs
could potentially form a bridge between mPAR-3 and mPAR-6. As
noted above, this is not the only mechanism by which mPAR-3 and
mPAR-6 can interact, as they can associate directly through their
PDZ domains. Furthermore, the M, 100K mPAR-3 isoform lacks
the aPKC-binding site but nevertheless interacts with mPAR-6.

Given that mPAR-3 and mPAR-6 can associate with aPKC iso-
forms, we investigated the possibility that either protein could act as
a substrate for this enzyme. We carried out in vitro kinase assays by
incubating purified PKC{ with GST-mPAR-3(747-956) and GST-
mPAR-6, and identified the resulting phosphorylated proteins by
autoradiography. GST-mPAR-3(747-956) was strongly phosphor-
ylated by PKCC (Fig. 8c). In contrast, little or no phosphorylation
of mPAR-6 was detected. On the basis of these results, mPAR-3
seems to be a likely substrate for aPKC isoforms.

The mPAR-3(747-956) fragment contains two highly conserved
serine residues, at positions 827 and 829, that represent potential
binding and phosphorylation sites for aPKC. To evaluate the signif-
icance of these residues, we mutated them to either alanine or to
glutamic acid. The double-alanine and double-glutamic-acid muta-
tions effectively abrogated binding of mPAR-3(747-956) to PKCi/
A, as determined in GST-mixing experiments (Fig. 8a). Phosphor-
ylation of mPAR-3(747-956) fragment was also substantially
reduced in both double mutants, indicating that residues 827 and
829 may constitute important phosphorylation sites for aPKC (Fig.
8¢).

To determine whether mPAR-3 and mPAR-6 have an effect on
the activity of aPKCs, we carried out in vitro kinase assays using
protamine as an exogenous substrate. We separately added GST—
mPAR-3(747-956), GST-mPAR-6 and GST alone to purified
PKCC in the presence or absence of protamine. As a control, we
excluded the protamine substrate from the reaction, to measure the
level of phosphorylation of each GST fusion protein by PKC(. In
line with our earlier findings, phosphorylation of GST-mPAR-
3(747-956) was observed, whereas no significant PKC{ activity
towards GST or GST-mPAR-6 was detected (Fig. 8d, open col-
umns). To measure the effect of each fusion protein on an exoge-
nous substrate, we added protamine to each reaction and measured
PKCC activity (Fig. 8d, filled columns). In the presence of pro-
tamine, addition of GST-mPAR-3(747-956) reduced PKC( activ-
ity by ~40% relative to levels observed with GST alone, indicating
that interaction with mPAR-3 may hold aPKC in an inactive con-
formation. Interestingly, mPAR-6 had little effect on PKCC activity,
and, if anything, induced a modest increase in kinase activity
towards protamine. These data indicate that the activation state of
aPKC may be differentially regulated through binding to mPAR-3
and mPAR-6.

Discussion

Many of the invertebrate proteins involved in control of polarity
and asymmetric cell division are composed of modular domains
that are implicated in protein—protein interactions, and may there-
fore form multi-protein complexes that determine cellular asymme-
try. Using the mammalian homologues of two invertebrate cell-fate
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Figure 8 mPAR-3 and mPAR-6 both bind directly to aPKC and affect its
activity. a, Left panel, endogenous PKCi/A from rat brain co-immunoprecipitates
with mPAR-3. Lysates and immunopecipitates (IP), with preimmune sera or anti-
mPAR-3 antibody, from adult rat brain were immunoblotted (IB) with anti-PKCi/A
antibody. Right panel, GST-mPAR-3(747-956) (wild-type, WT) binds to PKCi/A from
rat brain. GST-mPAR-3(747-956) containing double serine-to-alanine (AA) or serine-
to-glutamic-acid (EE) mutations at residues 827 and 829 do not bind to endogenous
PKCi/A. Proteins were detected by immunoblotting with anti-PKCi/A antibody. b,
Purified PKCZ interacts directly with either GST-mPAR-6 (full-length) or GST-mPAR-
3(747-956) in an in vitro mixing experiment. Proteins were detected by
immunoblotting with anti-PKCZ antibody. ¢, aPKC phosphorylates GST-mPAR-3(747-
756) in vitro. Kinase assays were carried out using purifed PKCZ together with GST
alone, GST-mPAR-6 or GST-mPAR-3(747-956) (wild-type or the AA or EE mutants).

determinants, we have identified such a complex, involving the
PDZ-domain proteins mPAR-3 and mPAR-6, the Cdc42/Racl
GTPases, and aPKC.

The four components of the assembly apparently undergo com-
plex interactions that may regulate the activation of pathways con-
trolling polarity and spindle orientation. Furthermore, as several of
the interaction modules in the complex still lack known binding
partners, it is likely that further components of this regulatory
apparatus remain to be identified. For example, the physiological
binding partners for the PDZ2 and PDZ3 domains await identifica-
tion, although the B-type ephrins are potential in vivo ligands for
PDZ3 (ref. 24).

An important interaction in the complex seems to be the associ-
ation of the PDZ domains of mPAR-3 and mPAR-6. This interac-
tion is apparently direct, potentially involving a head-to-tail
orientation similar to that described for the nNOS and syntrophin
PDZ domains®. The observed co-localization of mPAR-3 and
mPAR-6 in transfected cells and their similar staining patterns and
subcellular distributions in the CNS indicate that their association
may be physiologically important. The presence of both proteins in
the synaptosomal fraction is consistent with a possible function in
neuronal organization in the CNS. Neurons are highly polarized
cells, the asymmetry of which shows similarities to epithelial cell
polarity and prompts comparison of the axonal and somatoden-
dritic surfaces of neurons to the apical and basolateral domains of
epithelial cells’™. It will be of interest to investigate whether
mPAR-3 and mPAR-6 are involved in determining the plane of
division in mitotic ventricular neural progenitors, which in turn
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Bands corresponding to autophosphorylated PKCZ and phosphorylated GST-mPAR-
3(747-956) are marked. Phosphorylation of the double mutants is significantly
reduced compared with that of the wild type. The lower bands represent
phosphorylation of degradation products. d, Activity of aPKC is inhibited by mPAR-3,
but not mPAR-6, in vitro. PKCZ was incubated in the presence (filled columns) or
absence (open columns) of the exogenous substrate protamine. GST alone, GST-
mPAR-6 (full-length) or GST-mPAR-3(747-956) (1.5uM) were included in the reaction
and PKCT activity was assayed by incorporation of *P onto protamine or the GST-
fusion proteins. PKCZ activity is expressed relative to the level of 3P incorporation in
the presence of protamine and GST alone. The increase in PKCZ activity in the
absence of protamine observed for GST-mPAR-3(747-956) is due to
phosphorylation of mPAR-3 by PKCZ. Data are means + s.e.m. from three separate
experiments.

determines subsequent cell fate*. Similarly, expression of mPAR-3
in the developing mouse embryo raises the possibility that this pro-
tein has an important function in early embryogenesis in mammals
as well as in invertebrates.

The specific binding of mPAR-6 to activated Cdc42/Racl
through its CRIB-like motif identifies a new component that poten-
tially links the mPAR-3-mPAR-6 complex to signalling pathways
that are involved in regulation of the actin cytoskeleton. Members
of the Rho family of GTPases function as molecular switches in
diverse cellular events, notably cytoskeletal organization®*. During
asymmetric cell division in early C. elegans embryos, cytoskeletal
rearrangements are required for polarity, and treating embryos
with cytochalasin D results in defects similar to those observed in
par mutants”**. A growing body of evidence has implicated both
Racl and Cdc42 in establishment of epithelial cell polarity. Expres-
sion of constitutively active and dominant negative forms of Racl
in MDCK cells disrupts the barrier function of epithelial cells by
causing defects in tight junctions”. Interestingly, the endogenous
mPAR-3 150K and 180K isoforms localize to junctional complexes
in epithelial cells (data not shown), as does rat ASIP*. Functional
deletion of Cdc42 in MDCK cells leads to mislocalization of mem-
brane proteins that are normally found at the basolateral surface,
indicating that Cdc42 has a function in maintenance of epithelial
polarity in these cells®.

As Cdc42 must be in the GTP-bound form to efficiently recog-
nize mPAR-6, and it can form a tripartite complex with mPAR-3
and mPAR-6, it seems likely that activation of Cdc42 serves to regu-
late mPAR-3/mPAR-6 signalling. This might be achieved by simple
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relocalization of the complex to membrane sites where Cdc42 is
concentrated. In addition, Ccd42 might cause a conformational
change in mPAR-6 that regulates its association with other partners
and may influence aPKC activity.

The fact that both mPAR-3 and mPAR-6 interact with aPKC
indicates that one output of the complex may be in the form of
aPKC phosphorylation of substrates. The region of mPAR-3 that
binds to aPKC contains serine residues that seem to be substrates
for aPKC kinase activity and are required for association of the
kinase with mPAR-3. As mPAR-3 seems to repress aPKC activity in
vitro, it is possible that mPAR-3 acts as a scaffold to maintain aPKC
in a latent state by binding to its catalytic domain. mPAR-6 binds to
aPKC independently of mPAR-3 but seems to support full aPKC
activity. Thus, it is conceivable that aPKC, once released from its
mPAR-3 anchor, may remain tethered to the complex through its
association with mPAR-6, but in an enzymatically active form. It
will be interesting to determine the exent to which signals that
potentially influence aPKC activity, such as phosphatidylinositol-3-
kinase function*"*, influence mPAR-3/mPAR-6 signalling.

Finally, it is worth noting that mPAR-3-mPAR-6 complexes
may be highly dynamic in nature. This possibility is indicated by the
identification of several isoforms of mPAR-3, which are differen-
tially expressed in different tissues and have distinct binding activi-
ties, notably the lack of an aPKC-binding region in the M, 100K
isoform. |

Methods

Constructs, mutagenesis, fusion proteins and antibodies.

Library screening to isolate mPAR-3 cDNAs was carried out as described*. Full-length mPAR-6 cDNA
was obtained from mouse EST clone 440139 (Genome Systems, St Louis, Missouri). cDNAs for the three
splice forms of mPAR-3 and for mPAR-6 were subcloned into the pcDNA3 mammalian expression
vector (Invitrogen) using standard cloning procedures. Full-length mPAR-6 and mPAR-6 PDZ (residues
138-298) were subcloned in frame into pFLAG CMV2 (Kodak). For GST-fusion constructs, cDNA
sequences of mPAR-3 (PDZ1, residues 246-363; PDZ2, residues 457-598; PDZ3, residues 582-714;
PDZ2+3, residues 457-744; aPKC-interacting region, residues 747-956) and mPAR-6 (full-length,
residues 1-346; CRIB+PDZ, residues 117-298; PDZ, residues 138-298) were cloned in frame into pGEX
vectors (Amersham). For His-tagged constructs, the cDNA sequence of mPAR-3 (PDZ1, residues 246—
363) was cloned into pPRO EX HTa (Life Technologies). Mutations in mPAR-3 and mPAR-6 cDNAs
were generated using the QuikChange site-directed mutagenesis kit (Stratagene). All fusion constructs
and mutations were confirmed by sequencing. GST and His-tag fusion proteins were expressed in
Escherichia coli strain BL21 and purified using standard procedures. GST fusions of Cdc42 were prepared
and loaded with either GTPYS, GDP or were nucleotide depleted as described***. Briefly, GST-Cdc42 was
prepared and incubated in buffer A (20mM Tris~HCl pH7.5, 1 mM dithiothreitol, 10mM EDTA, 50mM
NaCl, 5% glycerol, 0.1% Triton X-100, 10pgml™ leupeptin and 10ugml™ aprotonin) at room
temperature for 1h to establish a guanine-nucleotide-free state. The sample was divided into three
aliquots and each aliquot was incubated in either buffer A, buffer B (buffer A with 10mMMgCl, and 120
UM GDP substituted for 10mM EDTA) or buffer C (buffer B with 120 uM GTPYS substituted for 120 uM
GDP) for 30min at room temperature to establish the nucleotide-free, GDP-bound and GTPyS-bound
states. Rabbit polyclonal antibodies were raised separately against GST fusions of mPAR-3 PDZ2+3 and
mPAR-6 PDZ. Antibodies against mPAR-3 and mPAR-6 were affinity-purified by applying raw sera
through a GST—sepharose column to remove anti-GST antibodies, and then running them over either a
GST-mPAR-3 PDZ2+3 or a GST-mPAR-6 PDZ sepharose column. Mouse monoclonal anti-Flag M2,
rabbit polyclonal anti-NMDA NR1 and mouse monoclonal anti-synaptophysin antibodies were from
Eastman Kodak, Upstate Biotechnology and Sigma, respectively. Mouse monoclonal anti-Myc (9E10),
and goat polyclonal anti-PKC{ antibodies were from Santa Cruz. Mouse monoclonal anti-tetra-His
antibodies were from Qiagen. Mouse monoclonal anti-PKCI/A antibodies were from Transduction
Laboratories.

Subcellular fractionation.

Subcellular fractionation was carried out by differential centrifugation as described*. Briefly, the cortex
was removed from adult rats and homogenized (H) in 10mM HEPES-OH buffer, pH7.3, containing 320
mM sucrose, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 ugml™ aprotinin, 0.2 igml™ leupeptin
and 1.5mM sodium vanadate. Crude synaptosomes (P2) were separated from cytosol (S) and
microsomes (P3) by differential centrifugation of a postnuclear supernatant. Synaptosomes were
disrupted by hypotonic shock and quickly returned to osmotic balance by addition of 1M HEPES, pH
7.4. Enriched synaptosomal membranes (LP1) were separated from the supernatant of lysed
synaptosomes (LS1) by centrifugation at 25,000g. The LS1 supernatant was centrifuged at 260,000 to
isolate a microsomal fraction (LP2). Small aliquots from each fraction were kept for protein
determination using the bicinchoninic acid kit (BCA, Pierce).

Immunoprecipitation and western blotting.

For biochemical analysis of mPAR-3 and mPAR-6 in brain tissue, the cortex, hippocampus and striatum
from adult rat brains were dissected separately, homogenized, and lysed at 4°C in Tris-buffered saline
(TBS) lysis buffer containing 137mM NaCl, 20mM Tris pH8.0, 1% (v/v) NP-40, 10% (v/v) glycerol, 1
mM PMSF, 10 ugml™ aprotinin, 0.2 igml™ leupeptin and 1.5mM sodium vanadate. Mouse adult organs
were dissected and lysed at 4°C in phospholipase C lysis (PLC) buffer containing 10 jgml™ aprotonin,
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10pugml™ leupeptin, 1 mM sodium vanadate and 1 mM PMSF?. After lysis, all homogenates were spun at
15,000g for 30min at 4°C. The supernatant was collected and respun at 13,000 r.p.m. for a further 15min
at 4°C. All lysates were boiled in sample buffer containing 2-mercaptoethanol, and 50 ug of protein was
separated by SDS-PAGE.

COS-1 cells were cultured in DMEM supplemented with 10% FBS. Transient transfections were
carried out using Lipofectin reagent and Opti-MEM medium (Life Technologies) according to the
manufacturer’s instructions. Transfected cells were rinsed once in phosphate-buffered saline (PBS) and
lysed in PLC lysis buffer with 10 ugml™ aprotonin, 10pgml™ leupeptin, 1 mM sodium vanadate and 1
mM PMSF. Immunoprecipitations were carried out for 2h at 4°C, using antibody at a concentration of
1pgml™ with either protein A or goat anti-mouse sepharose. GST-mixing experiments were carried out
by 2-h incubation of lysates at 4°C with 5-10 g of fusion protein immobilized on glutathione—
sepharose. To measure direct binding of mPAR-3 PDZ1 to mPAR-6, 5 g of purified His-mPAR-3 PDZ1
was incubated with 5g of purified GST-mPAR-6 fusion proteins bound to glutathione—sepharose. To
assay direct binding of GST-mPAR-3(747-956) and GST-mPAR-6 to PKCZ, 200ng of purified PKC{
(Calbiochem) was incubated with the fusion proteins bound to glutathione-sepharose. Beads for both
immunoprecipitations and GST-mixing experiments were washed three times in HNTG buffer*. For
GST-Cdc42-mixing experiments, beads were washed in buffer A, B or C to maintain the nucelotide-free,
GDP-bound and GTPYS-bound states, respectively. Proteins were separated by SDS—PAGE, transferred
to Immobilon—P membrane (Millipore), and immunoblotted with the appropriate antibody. Blots were
developed by enhanced chemiluminescence (Pierce).

Immunocytochemistry.

Adult mice were killed with sodium pentobarbital (65mgkg™) and transcardially perfused with 0.1M
phosphate buffer, pH7.4, and then with 4% paraformaldehyde in phosphate buffer. Brains were then
removed and post-fixed overnight in 4% paraformaldehyde in phosphate buffer at 4 °C. Brains were
cryoprotected in graded sucrose solutions and sectioned on a cryostat before immunocytochemical
analysis. Sections of 35-um thickness were rinsed well in phosphate buffer and submerged in blocking
solution containing 10% normal goat serum (NGS) and 0.2% Triton X-100 in phosphate buffer for 1h
at room temperature. Sections were transferred to primary antibody (anti-mPAR-3, 0.5igml™ or anti-
mPAR-6, 1.54gml™) in blocking solution and left overnight at 4°C. Sections were washed 3 times (15
min each) in phosphate buffer and transferred to biotin-conjugated goat anti-rabbit antibody (1/200) in
blocking solution for 1h at room temperature. Sections were washed a further three times then incubated
in ABC solution (Vector Laboratories, Burlingame, California) according to the manufacturer’s
recommendations. After incubation for 1h, sections were washed as above, and immunopositive staining
was visualized using diaminobenzadine reagent.

Immunofluorescence staining was carried out on transfected COS-1 cells seeded onto glass cover
slips. Cells were rinsed briefly in PBS, fixed with 4% paraformaldehyde in PBS for 15min, permeabilized
with 0.1% Triton X-100 in PBS for 5min and placed in blocking solution (5% BSA, 5% NGS and 0.01%
Tween20 in PBS) for 1h at room temperature. A double-label immunofluorescence-staining procedure
was used to detect exogenous mPAR-3 100K and Flag-mPAR-6. Samples were incubated with primary
antibodies (1.0 pgml™ anti-mPAR-3 and 1.0 ygml™ anti-Flag) in blocking solution for 1 h at room
temperature. FITC-conjugated anti-rabbit and Texas-Red-conjugated anti-mouse antibodies
(Molecular Probes) were used to detect the primary antibodies. All samples were mounted in a 50%
glycerol/PBS solution supplemented with p-phenylenediamine to retard photobleaching. Microscopy
was carried out using a Leica DMRX microscope equipped with fluorescence optics. Antigen-
competition experiments were carried out by incubating 20 ug of affinity-purified antibody with 2mg of
their respective GST-fusion-protein antigens immobilized on sepharose beads overnight at 4°C. Beads
were pelleted by centrifugation and the supernatant was used for immunostaining as described above.

In vitro kinase assays.

The activity of PKC{ (Calbiochem) was assayed by measuring the rate of phosphorylation of protamine
sulphate in the presence of 1.5 UM of various GST-purified proteins. The reaction mixture (80 ul)
contained 50 M protamine sulphate, I mM dithiothreitol, 0.1 mM [y-*P]ATP (0.1 pCinM™) and 5mM
MgCl, in 20mM HEPES, pH7.5. Samples were incubated at 30 °C for 6min and quenched by addition of
25pl of a solution containing 0.1mM ATP and 0.1mM EDTA, pH8-9. Aliquots (80l) were spotted on
P81 ion-exchange chromatography paper, washed 4 times with 0.4% (v/v) phosphoric acid and rinsed
with 95% ethanol; incorporation of *’P was detected by scintillation counting. For gel assays, the same
assay was carried out and halted with SDS-PAGE running buffer. Incorporation of *’P was detected by
autoradiography.
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