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SUMMARY

Polarization of mammalian neurons with a specified
axon requires precise regulation of microtubule and
actin dynamics in the developing neurites. Here we
show that mammalian partition defective 3 (mPar3),
a key component of the Par polarity complex that
regulates the polarization of many cell types includ-
ing neurons, directly regulates microtubule stability
and organization. The N-terminal portion of mPar3
exhibits strong microtubule binding, bundling, and
stabilization activity, which can be suppressed by
its C-terminal portion via an intramolecular inter-
action. Interestingly, the intermolecular oligomeriza-
tion of mPar3 is able to relieve the intramolecular
interaction and thereby promote microtubule bundi-
ing and stabilization. Furthermore, disruption of this
microtubule regulatory activity of mPar3 impairs
its function in axon specification. Together, these
results demonstrate a role for mPar3 in directly regu-
lating microtubule organization that is crucial for
neuronal polarization.

INTRODUCTION

Neurons are among the most polarized cells in living organisms.
They develop two morphologically, molecularly, and physiologi-
cally distinct subcellular compartments—axon and dendrite
(Barnes and Polleux, 2009). This axon-dendrite polarity is
the basis of unidirectional information flow in the nervous
system—the axon is responsible for sending signals whereas
the dendrites are responsible for receiving signals. Extensive
studies have been carried out to characterize the neuronal
polarization process, mostly using hippocampal neurons in
culture that recapitulate many aspects of in vivo axon specifi-
cation (Bradke and Dotti, 2000; Craig and Banker, 1994; Dotti
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et al., 1988). A crucial event during this process is the differential
growth rate of the future axon versus dendrites. The polarization
of neurons begins with one and only one of the cellular processes
(i.e., neurites) growing faster than the remaining processes.
As development proceeds, this fast-growing process becomes
the axon and the remaining processes become the dendrites.
Neurite growth largely takes place at the tip, the growth cone,
which harbors a peripheral domain enriched in actin and a central
domain predominantly composed of microtubules (Forscher
and Smith, 1988). As the growth cone advances, neurites extend
and grow. Moreover, the dynamics of the actin and microtubule
cytoskeleton control the motility of the growth cone, thereby
determining the growth rate of the neurites. A fast-growing
neurite often possesses a growth cone with a less condensed
and more dynamic actin cytoskeleton and, at the same time,
more stabilized microtubules (Forscher and Smith, 1988).
Indeed, it has been demonstrated that actin and microtubule
cytoskeleton dynamics are differentially regulated at the neurite
growth cones of a polarizing neuron and this differential regula-
tion is critical for axon specification and the establishment of
neuronal polarity (Bradke and Dotti, 1999; Stiess and Bradke,
2011; Witte and Bradke, 2008; Witte et al., 2008). Although
these studies provide important insights into neuronal polariza-
tion, our knowledge of the molecular mechanisms underlying
the differential regulation of the actin and microtubule cytoskel-
eton at the growth cones of the developing neurites in polarizing
neurons remains limited. Recently, it was shown that the evolu-
tionarily conserved partition defective (Par) protein complex
plays an essential role in establishing the axon-dendrite polarity
of mammalian neurons (Shi et al., 2003). The Par protein complex
consists of Par3 and Par6, two PDZ domain-containing pro-
teins, as well as atypical protein kinase C (aPKC) (Goldstein
and Macara, 2007; Kemphues, 2000). During mammalian neuron
polarization, the subcellular distribution of mammalian Par3
(mPar3) and mPar6 becomes polarized, resulting in their selec-
tive enrichment in the future axon. Disruption of this polarized
distribution of mPar3 or mPar6 impairs axon specification and
neuronal polarization (Shi et al., 2003). Since this initial report,
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mounting evidences point to a critical role for the mPar3/mPar6/
aPKC protein complex in regulating axon specification and
neuronal polarization (Higginbotham et al., 2006; Nishimura
et al., 2004, 2005; Schwamborn et al., 2007a; Shi et al., 2004;
Vohra et al., 2007; Yi et al., 2010).

Both Par3 and Par6 are considered to be scaffold proteins.
Par6 forms a stable complex with aPKC and contains a semi-
Cdc42/Rac interactive binding (CRIB) domain that specifically
binds to the active GTP-bound form of the small GTPases,
Cdc42 and Rac1 (Joberty et al., 2000). Par3, on the other hand,
interacts with both Par6 and the T-lymphoma invasion and
metastasis 1 (Tiam1) protein, a guanine nucleotide exchange
factor for Rac (Kunda et al., 2001; Nishimura et al., 2005). Small
GTPases are central regulators of actin cytoskeleton dynamics
(Hall, 1998). Polarization of the mPar3/mPar6/aPKC complex
facilitates local activation of small GTPases at the tip of the
future axon (Schwamborn et al., 2007a, 2007b; Schwamborn
and Pischel, 2004). Further evidence for the role of mPar3
and mPar6 in the regulation of actin cytoskeleton came from
studies showing that they control the morphogenesis of dendritic
spines, cellular structures largely supported by filamentous
actin (Zhang and Macara, 2006; Zhang and Macara, 2008).
Although these studies link the mPar3/mPar6/aPKC complex to
local regulation of the actin cytoskeleton at the future axon tip,
it is unclear whether the polarization of Par proteins mediates
differential regulation of microtubule dynamics in the neurites
of developing neurons for polarization and axon specification.

RESULTS

The N-Terminal Portion of mPar3 Bundles and Stabilizes
Microtubules
To investigate the role of mPar3 in regulating microtubule orga-
nization, we performed structure-function analyses of mPar3
(Figure 1A). We generated a series of full-length or fragments
of mPar3 fused with enhanced green fluorescent protein
(EGFP) at the N terminus and examined their distribution in
COS-7 cells. Remarkably, when we expressed the N-terminal
portion of mPar3 lacking the C-terminal aPKC binding domain
and coiled coil region (i.e., amino acids 1 to 712, mPar3(1-
712)), it formed thick, rounded tubular structures in the cells
(Figure 1B; Figure S1, green, available online). Moreover, these
tubular structures colocalized with the microtubule cytoskeleton
revealed by tubulin immunostaining (Figure 1B, red), but not with
the actin cytoskeleton labeled by phalloidin staining (Figure 1B,
blue). Notably, although microtubules in EGFP-expressing cells
or nontransfected cells appeared as a profuse array of thin fila-
ments emanating from the centrosome (the major microtubule-
organizing center), they became unusually thick, rounded
bundles in EGFP-mPar3(1-712) expressing cells (Figure 1B). In
addition, we generated mPar3(1-712) constructs with EGFP
fused at the C terminus, or fused with a small His tag, or ex-
pressed EGFP-mPar3(1-712) in HEK293 cells (Figure S1). Under
all these conditions, mPar3(1-712) fusion proteins formed thick
tubular structures and colocalized with microtubules, suggesting
that this is an intrinsic property of mPar3(1-712).

To confirm that the thick, rounded tubular structures formed
by mPar3(1-712) are indeed microtubule bundles, we treated
the cells with colcemid, a microtubule-depolymerizing drug, or

latrunculin, an actin filament destabilizing drug (Figure 1B). We
found that, although the tubular structures formed by mPar3(1-
712) remained largely intact after latrunculin treatment, they
were completely eliminated by colcemid treatment. Taken
together, these results strongly suggest that mPar3(1-712) not
only localizes to microtubules, but also induces the formation
of unusually thick, rounded microtubule bundles in cells.

Bundling of microtubules often stabilizes them (Takemura
et al., 1992). To determine whether mPar3(1-712) bundles and
thereby stabilizes microtubules, we treated the cells expressing
EGFP or EGFP-mPar3(1-712) with a low concentration of noco-
dazole (10 uM), another microtubule-depolymerizing agent, and
stained them with the antibodies against acetylated tubulin and
tyrosinated tubulin, which mark stabilized and destabilized
microtubules, respectively (Westermann and Weber, 2003)
(Figures 1C and 1E). Upon nocodazole treatment, control cells
expressing EGFP showed a progressive decrease in the level
of acetylated tubulin and a concurrent increase in tyrosinated
tubulin. Nearly all cells lost acetylated tubulin 60 min after treat-
ment (Figures 1C and 1E). In contrast, a substantial fraction of
cells expressing EGFP-mPar3(1-712) possessed high levels
of acetylated tubulin and low levels of tyrosinated tubulin
(Figures 1C, 1E, S2A, and S2B). Usually stabilized microtubules
marked by acetylated tubulin are found near the center of the
cell, where the centrosome is located (Bulinski et al., 1988;
Piperno et al., 1987; Schulze et al., 1987; Schulze and Kirschner,
1987) (Figure 1C, arrow). However, stabilized microtubules in
cells expressing mPar3(1-712) extended to the cell periphery
(Figure 1C, arrowheads), indicating that these stabilized micro-
tubule bundles are not necessarily nucleated from the centro-
some, similar to the long microtubule bundles in the neurites of
developing neurons. These results suggest that mPar3(1-712)
bundles and stabilizes microtubules, and affects the state of
posttranslational modification of tubulin. In addition, microtubule
bundles stabilized by mPar3(1-712) can exist in the cytoplasm
independently of the centrosome.

Microtubule Association Domain in mPar3(1-712)

To identify the domain in mPar3(1-712) responsible for micro-
tubule association, we carried out further structure-function
analysis. We found that removal of the N-terminal conserved
oligomerization domain (amino acids 1-100, NTD or CR1)
completely prevented the protein, mPar3(101-712), from forming
thick microtubule bundles (Figure 1D) and the stabilization of
microtubules (Figure 1E). However, this domain was not required
for microtubule association, as mPar3(101-712) remained local-
ized to microtubule arrays (Figure 1D, arrowheads). In addition,
point mutations in the NTD (V13D/D70K) that selectively disrupt
the oligomerization activity without affecting protein folding
(Feng et al., 2007) prevented the formation of thick microtubule
bundles while retaining microtubule association (Figure S2C,
arrowheads). These results suggest that the oligomerization do-
main is required for bundling microtubules, whereas the micro-
tubule association domain lies within amino acids 101-712. To
further narrow down this domain, we performed microtubule
cosedimentation assays using lysates of COS7 cells expressing
various fragments of mPar3 fused to EGFP (Figure 2A, top) and
found that mPar3(1-712) and mPar3(360-712) containing both
PDZ domains 2 and 3 exhibited strong cosedimentation with
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Figure 1. The N-Terminal Portion of mPar3 Bundles and Stabilizes Microtubules

(A) Schematic illustration of the domain structure of mPar3. Numbers refer to amino acid positions. NTD, N-terminal oligomerization domain; CR1, conserved
region 1; PDZ, PSD-95/DIg/Z0-1; aPKC BR, aPKC binding region.

(B) Images of COS7 cells expressing EGFP or EGFP-mPar3(1-712) (green) stained with the antibodies against tubulin (red) and phalloidin (blue). Scale bars
represent 20 um.

(C) Images of COS7 cells expressing EGFP or EGFP-mPar3(1-712) (green) treated with DMSO or nocodazole (10 pM), a microtubule-depolymerizing agent,
for 60 min and stained with the antibodies against acetylated tubulin (red) and tyrosinated tubulin (blue). Arrow and arrowheads indicate stable acetylated
microtubules in cells expressing EGFP or EGFP-mPar3(1-712), respectively. Scale bars represent 20 um.

(D) Images of COS7 cells expressing EGFP-mPar3(1-712) or EGFP-mPar3(101-712) (green) and stained with the antibody against tubulin (red). High-magnifi-
cation images of a region in EGFP-mPar3(101-712)-expressing cell (broken lines) are shown to the right. Arrowheads indicate colocalization of EGFP-mPar3(101-
712) with microtubules. Scale bars represent 20 um and 10 pm.

(E) Quantification of the fraction of cells with stabilized microtubules expressing EGFP, EGFP-mPar3(1-712), or EGFP-mPar3(101-712) at different time points
after nocodazole (10 uM) treatment. Error bars indicate SEM of independent sets of experiments (EGFP, n = 6; EGFP-mPar3(1-712), n = 14; EGFP-mPar3(101-
712), n = 5). **p < 0.005; ***p < 0.0001.

See also Figures S1 and S2.

microtubules, whereas the N-terminal oligomerization domain
(1-100), PDZ 2 (360-589), PDZ 3 (590-681), and the C-terminal
portion (713-1333) did not (Figure 2A, bottom). Notably, PDZ1
(224-359), a region previously shown to indirectly associate
with dynein motor proteins (Schmoranzer et al., 2009), exhibited
partial cosedimentation with microtubules.

To map out the critical residues for microtubule association in
PDZ domains 2 and 3, we modeled the three-dimensional struc-
ture of this region (360-712) based on the existing protein struc-

ture database (Figure 2B, top). The binding of many microtubule-
associated proteins (MAPs) to microtubules is thought to involve
an ionic interaction between the basic tubulin-binding domain
and the acidic C terminus of tubulin (Littauer et al., 1986; Paschal
et al., 1989; Serrano et al., 1984). Therefore, we searched for
positively charged residues at the surface of the predicted struc-
ture and identified a cluster of basic residues including K606,
R609, and K611 that are well conserved between humans and
rodents, and partly conserved in Caenorhabditis elegans Par3
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(A) Top: schematic illustrations of the domain structure of full-length and fragments of mPar3 fused to EGFP (green oval). Bottom: cosedimentation analysis of
mPar3 fragments with microtubules. Sample western blot images are shown to the left and quantification of the percentage of proteins in the pellet (P, red bars)
versus supernatant (S, white bars) is shown to the right. Error bars represent SEM of four independent sets of experiments.

(B) A conserved cluster of positively charged residues (K606, R609, and K611 in mouse Par3) revealed by sequence alignment (top) and structural modeling

(bottom).

(C) Images of COS7 cells expressing EGFP, EGFP-mPar3(1-712), or EGFP-mPar3(1-712**) in which K606, R609 and K611 were mutated to alanine (A) (green)
and stained with the antibody against tubulin (red). Scale bars represent 20 um.

See also Figure S3.

protein and to a lesser degree in Drosophila Bazooka protein
(Figure 2B, bottom). Interestingly, mutations of these three resi-
dues to alanine (A) prevented the protein, mPar3(1-712**), from
associating with and bundling microtubules (Figure 2C), sug-
gesting that this cluster of positively charged residues is crucial
for the association of mPar3(1-712) with microtubules. These
three mutations in mPar3 did not interfere with the complex
formation among mPar3, mPar6 and aPKC (Figure S3A) or the

lipid binding of mPar3 PDZ domains (Wu et al., 2007) (Fig-
ure S3B), indicating that the loss of microtubule association is
unlikely due to an overall protein misfolding.

Direct Microtubule Association and Bundling by
mPar3(1-712)

After identifying the microtubule association domain, we next
evaluated whether the association between mPar3(1-712) and
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microtubules was direct. We purified mPar3(1-712) or mPar3(1-
712*%) fused to maltose-binding protein (MBP), or MBP
alone expressed in bacteria (Figure 3A), incubated them with
in-vitro-assembled microtubules, and performed the immuno-
precipitation (Figure 3B) and microtubule copelleting experi-
ments (Figure S4A). Although MBP did not bind microtubules,
MBP-mPar3(1-712) bound microtubules robustly. Moreover,
this direct association was largely abolished by mutating the
three positively charged residues that we identified, as MBP-
mPar3(1-712*) barely bound microtubules.

To test whether this direct association between mPar3(1-712)
and microtubules leads to microtubule bundling, we incubated
purified recombinant proteins with in-vitro-assembled fluores-
cence-labeled microtubules (Figures 3C and S4B). We found
that in the presence of MBP, microtubules existed as dense,
short and thin filaments. In contrast, in the presence of MBP-
mPar3(1-712), microtubules formed long and thick filaments at
a low density, which were decorated by MBP-mPar3(1-712)
recombinant proteins, suggesting that the short and thin micro-
tubule filaments are effectively bundled into long and thick fila-
ments by mPar3(1-712). As a result, the average microtubule
filament length was substantially longer and the average micro-
tubule filament fluorescence intensity was significantly higher in
the presence of MBP-mPar3(712) than that of MBP (Figure 3C).
Furthermore, this microtubule bundling activity of mPar3(1-712)
critically depends on the positively charged residue cluster in the
microtubule association domain, as mutating them to alanine
strongly inhibited the formation of long and thick microtubule
bundles (MBP-mPar3(1-712**) (Figures 3C and S4B).

To further reveal the nature of mPar3(1-712) microtubule
bundling activity, we examined microtubule configuration by
transmission electron microscopy (TEM) (Figure 3D). We found
that although microtubules in the control condition existed
mostly as single filaments (Figure 3D, left), they became thick
bundles containing on average four to six individual filaments
in the presence of mPar3(1-712), which decorated the length
of the thick microtubule bundles (Figure 3D, middle, arrow-
heads). Again, this microtubule bundling activity was largely
abolished when the positively charged residues in the microtu-
bule association domain were mutated (Figure 3D, right). Taken
together, these results clearly demonstrated that the N-terminal
portion of mPar3 acts as a microtubule-associating protein that
directly binds and bundles microtubules.

Suppression of Microtubule Bundling Activity

by the C-Terminal Portion

Having established that the N-terminal portion of mPar3 binds,
bundles, and stabilizes microtubules, we went on to explore
this activity in full-length mPar3. In our initial structure-function
analysis, we noted that full-length mPar3 only occasionally local-
ized to microtubules, raising the possibility that the microtubule
binding and bundling activity was mostly masked in full-length
mPar3. We postulated that the C-terminal portion of mPar3
might interact with its N-terminal portion and thereby suppress
its microtubule binding and bundling activity. To test this, we
first examined the potential interaction between the N- and
C-terminal portions of mPar3. We found that a Myc-tagged
N-terminal portion of mPar3, Myc-mPar3(1-712), coprecipitated
with an EGFP-tagged C-terminal portion, EGFP-mPar3(713-
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1333) (Figure 4A), suggesting an intramolecular interaction
between the N-terminal and C-terminal portions of mPar3.
Furthermore, we found that coexpression of the C-terminal
portion of mPar3 suppressed the N-terminal portion’s microtu-
bule binding and bundling activity in a dose-dependent manner
(Figures 5A and 5B). The higher the level of mPar3 C terminus
expression, the less frequent the cells with thick microtubule
bundles were observed.

To identify the region(s) in the C-terminal portion of mPar3
that interacts with the N-terminal portion, we expressed various
fragments of the C-terminal portion together with the N-terminal
portion and performed coprecipitation experiments (Figure 4B).
We found that the C-terminal coiled-coil region was critical
for the intramolecular interaction with the N-terminal portion,
as deletion of any two of the three previously characterized
fragments (4N1, 4N2, and 4N3) in this region (Nishimura et al.,
2005) impaired the interaction (Figure 4B). Moreover, the
coiled-coil region alone was sufficient for the interaction with
the N-terminal portion (Figure 4C). Should the coiled-coil region
at the C-terminal portion of mPar3 mediate the intramolecular
interaction that suppresses the microtubule binding and bundl-
ing activity of the N-terminal portion, we expect that removal of
this region would obviate the intramolecular interaction and
thereby promote microtubule binding and bundling activity.
Consistent with this, we found that a deletion in the coiled-coll
region substantially enhanced the microtubule binding and
bundling activity of mPar3 (Figure 5C).

To further confirm the intramolecular interaction between the
N- and C-terminal portions of mPar3, we fused yellow fluores-
cence protein (YFP) and Cerulean (a cyan fluorescence protein
[CFP] variant) to the N terminus and C terminus of mPar3,
respectively, and performed Forster resonance energy transfer
(FRET) experiments (Figures 4D, 4E, and S5). We found that
upon bleaching the acceptor fluorophore YFP, the fluorescence
intensity of the donor fluorophore Cerulean was markedly
increased (Figures 4D and S5), indicating that FRET occurs
between the two fluorophores and thereby implying the prox-
imity between the N and C termini of mPar3. As expected,
a direct fusion of Cerulean and YFP led to strong FRET (Figures
4E and S5). However, when YFP and Cerulean were fused to the
N terminus or the C terminus of mPar3 separately, no obvious
FRET was detected when the two proteins were coexpressed
(Figures 4E and S5). Furthermore, we found that a deletion in
the coiled-coil region that disrupted the intramolecular interac-
tion between the N- and C-terminal portions of mPar3 eliminated
FRET (Figures 4E and S5). Taken together, these results further
strongly support the notion that the N-terminal portion of
mPar3 interacts with its C-terminal portion.

Oligomerization of mPar3 Promotes Microtubule

Binding and Bundling

Previous studies have shown that the conserved N-terminal olig-
omerization domain mediates strong intermolecular interaction
and is critical for Par3 function (Benton and St Johnston,
2003a, 2003b; Feng et al., 2007; Mizuno et al., 2003). We found
that although this oligomerization domain did not bind micro-
tubules, it was required for microtubule bundling (Figures 1D
and 1E). Given that an intramolecular interaction between the
N- and C-terminal portions of mPar3 suppresses microtubule
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Figure 3. Direct Microtubule Association and Bundling by mPar3(1-712)

(A) Purification of MBP, MBP-mPar3(1-712) or MBP-mPar3(1-712**) recombinant proteins from E. coli. The arrow indicates full-length MBP-mPar3(1-712) and
MBP-mPar3(1-712**), and the arrowhead indicates some degradation products.

(B) Purified MBP, MBP-mPar3(1-712), or MBP-mPar3(101-712) proteins were mixed with in-vitro-assembled microtubules. Imnmunoprecipitation experiments
were then performed using the amylose beads to assess microtubules bound to the purified proteins. The arrow indicates full-length MBP-mPar3(1-712) and
MBP-mPar3(1-712**), and the arrowhead indicates some degradation products.

(C) Purified MBP, MBP-mPar3(1-712), or MBP-mPar3(1-712**%) proteins were mixed with in-vitro-assembled HylLyte 488-labeled microtubules. The
morphology of microtubules was then analyzed by fluorescence microscopy. Top: images of HyLyte 488-labeled microtubules assembled in vitro in the presence
of purified recombinant protein MBP (left), MBP-mPar3(1-712) (middle), or MBP-mPar3(1-712**) (right). High-magnification images are shown at the bottom.
Scale bars represent 20 um and 5 ym. Bottom: quantification of the average length (left, MBP, n = 405; MBP-mPar3(1-712), n = 377; MBP-mPar3(1-712**),
n = 726; from three independent sets of experiments) and fluorescence intensity (right, MBP, n = 329; MBP-mPar3(1-712), n = 295; MBP-mPar3(1-712"%),
n = 369; from three independent sets of experiments) of microtubules. A.U., arbitrary unit. Error bars represent SEM; ***p < 0.0001.

(D) Purified MBP, MBP-mPar3(1-712), or MBP-mPar3(1-712**) proteins were mixed with in-vitro-assembled microtubules. The morphology of microtubules
was then analyzed by TEM. TEM images of in-vitro-assembled microtubules in the presence of MBP (left), MBP-mPar3(1-712) (middle), or MBP-mPar3(1-712°%
(right). High-magnification images are shown as insets. Scale bars represent 500 nm and 100 nm.

See also Figure S4.
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Figure 4. Intramolecular Interaction between the N- and C-Terminal Portions of mPar3

(A) COS7 cells were transfected with plasmids carrying Myc-mPar3(1-712) and EGFP-mPar3(713-1333). Cell lysates were harvested 48 hr posttransfection
and immunoprecipitated with anti-EGFP antibody and agarose beads. Input lysate and bound proteins were separated by SDS-PAGE and immunoblotted
using antibodies against EGFP and Myc.

(B) Top: schematic illustration of the C-terminal fragments fused to EGFP (green oval), used to map the domain interacting with the N-terminal portion. Bottom:
immunoprecipitation of the C-terminal portion fragments with the N-terminal portion.

(C) The C-terminal coiled-coil region is sufficient to bind the N-terminal portion of mPar3, but does not bind the N-terminal oligomerization domain.

(D) Images of COS7 cells expressing YFP-mPar3-CFP before and after photobleaching the acceptor YFP. Pseudocolored images of the donor CFP and FRET
efficiency (FRET (%) = ((CFPpost — CFPpre)/CFPoosy) are shown to the right. Scale bars represent 20 pm.

(E) Quantification of FRET efficiency for YFP-CFP (n = 30), YFP-mPar3-CFP (n = 43), YFP-mPar3A4N1/N2-CFP (n = 28), and YFP-mPar3/mPar3-CFP (n = 31).
Error bars represent SEM. ***p < 0.0001.

See also Figure S5.
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Figure 5. Intramolecular Interaction Suppresses while Oligomerization of mPar3 Promotes Microtubule Binding and Bundling
A) Images of COS7 cells expressing EGFP-mPar3(1-712) (green) and Myc-mPar3(713-1333) (red), and stained for tubulin (blue). Scale bars represent 20 um.
B) Quantification of the percentage of cells expressing the N-terminal portion of mPar3 with microtubule bundles.

C

Images of COS7 cells expressing full-length (left) or A4N1/N2 (right) mPar3 fused to EGFP (green) and stained for tubulin (red). Scale bars represent 20 um.

E) Immunoprecipitation efficiency between the N-terminal portions or the N- and C-terminal portions at different salt concentrations.
F) Top: expression levels of EGFP-mPar3 revealed by western blot. Bottom: quantification of the percentage of cells expressing EGFP-mPar3 with thick

microtubule bundles. Error bars represent SEM. ***p < 0.0001.

binding and bundling, we hypothesized that the intermolecular
interaction of mPar3 through the oligomerization domain could
disrupt the intramolecular interaction and thereby expose the
microtubule binding region at the N-terminal portion. To test
this possibility, we expressed EGFP-tagged mPar3(1-712)
and Myc-tagged mPar3(713-1333) in COS7 cells and tested
whether coexpression of FLAG-tagged mPar3(1-712) was able
to compete with Myc-tagged mPar3(713-1333) in interacting
with EGFP-tagged mPar3(1-712). Indeed, we found that the
interaction between the N- and C-terminal portions of mPar3
was effectively competed off by the oligomerization interaction
between the N-terminal portions of mPar3 (Figure 5D).
Consistent with the notion that the intermolecular oligomeri-
zation of mPar3 is able to compete off the intramolecular
interaction, we found that the intermolecular interaction
between the N-terminal portions of mPar3 was more stable
under high salt conditions than the intramolecular interaction
between the N- and C-terminal portions (Figure 5E), suggesting
that the intermolecular oligomerizing interaction is stronger than

¢

(

©)

(D) Immunoprecipitation of EGFP-mPar3(1-712) with Myc-mPar3(713-1333) in the presence of different levels of FLAG-mPar3(1-712).
(

(

the intramolecular interaction. Furthermore, we found that
increasing the level of mPar3 expression facilitated its micro-
tubule binding and bundling activity (Figure 5F).

Microtubule Regulation in Polarizing Neurons by mPar3

Mammalian Par3 plays critical roles in neuronal polarization
(Figure S6) (Higginbotham et al., 2006; Nishimura et al., 2004,
2005; Schwamborn et al., 2007a; Shi et al., 2003, 2004; Vohra
et al., 2007; Yi et al., 2010). Having found that mPar3 acts as
a microtubule-associated protein that bundles and stabilizes
microtubules, we next wanted to know whether mPar3 does
indeed regulate microtubule dynamics and organization in polar-
izing neurons. We first examined the distribution of endogenous
mPar3 in developing hippocampal neurons and found that
mPar3 decorated stabilized microtubule filaments in the neurites
(Figure S7). Previous studies have shown that during neuronal
polarization, microtubules are preferentially stabilized in the
designated future axon and this polarized microtubule stability
is both necessary and sufficient to drive axon specification

Developmental Cell 24, 26-40, January 14, 2013 ©2013 Elsevier Inc. 33
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Figure 6. Microtubule Regulation in Polarizing Neurons by mPar3

(A) Images of neurons expressing EGFP (top) or EGFP-mPar3 (bottom) (green) stained with the antibodies against acetylated tubulin (red), a stabilized microtubule
marker, and TuJ1 (blue), an immature neuron marker. Scale bars represent 10 pm.

(B) Quantification of the relative intensity of acetylated tubulin in different neurites compared to that in the axon of control neurons (EGFP, n = 16; EGFP-mPar3,
n = 16). Error bars represent SEM. **p < 0.0001. N.S., not significant.

(C) Images of neurons expressing DsRedex/Control shRNA (top) or DsRedex/mPar3 shRNA (bottom) (red) stained with the antibodies against acetylated tubulin
(green) and TuJ1 (blue). Note that in control neurons expressing DsRedex/Control shRNA, acetylated tubulin was selectively enriched in the emerging axon
(arrows), but not in the remaining neurites (arrowheads). In contrast, in neurons expressing DsRedex/mPar3 shRNA, the level of acetylated microtubules was low
in all neurites (open arrowheads) and neurons failed to polarize. Scale bars represent 10 um.

(D) Quantification of the relative intensity of acetylated tubulin in different neurites compared to that in the axon of control neurons (Control shRNA, n = 16; mPar3
shRNA, n = 16). Error bars represent SEM. ***p < 0.0001; N.S., not significant.

See also Figures S6 and S7.

(Witte and Bradke, 2008; Witte et al., 2008). Consistent with this,
we found that in polarizing hippocampal neurons expressing
EGFP, the level of acetylated tubulin was significantly higher in
the emerging axon than in the other neurites (Figures 6A, top,
and 6B). Interestingly, in neurons expressing EGFP-mPar3,
high levels of acetylated tubulin were found in multiple neurites
(Figures 6A, bottom, and 6B). Consequently, neurons failed to
polarize (Figure 6A, bottom), as shown previously (Shi et al.,
2004; Shi et al., 2003). On the other hand, in neurons expressing
mPar3 shRNA that specifically knocks down endogenous
mPar3 (Bultje et al., 2009), the level of acetylated tubulin was
low in all neurites, and neurons also failed to polarize (Figures
6C, bottom, and 6D). Taken together, these results clearly

suggest that mPar3 in developing neurons not only stabilizes
microtubules, but also controls the spatial polarization of stabi-
lized microtubules, resulting in their selective enrichment in the
emerging axon. Given that mPar3 becomes enriched in the
future axon, this polarization of stabilized microtubules is likely
a consequence of the polarization of mPar3 proteins.

To further confirm that mPar3 regulates microtubule stability in
developing neurons, we examined the functional link between
overexpression or depletion of mPar3 and stabilization or desta-
bilization of microtubules. As shown previously, treatment of
neurons with 1 M Taxol, which globally stabilizes microtubules,
impaired axonal outgrowth and neuron polarization (Figure 7A,
top) (Chuckowree and Vickers, 2003; Dehmelt et al., 2003;
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Figure 7. Functional Link between mPar3 and Microtubule Stability in Polarizing Neurons

(A) Images of neurons expressing EGFP (green) treated with Taxol (1 uM) (top) or EGFP-mPar3 (green) (middle) or EGFP-mPar3 (green) in the presence of no-
codazole (1.6 uM) (bottom) stained with the antibodies against tubulin (red) and TuJ1 (blue). Arrows indicate looping neurites. High-magnification images of
looping neurites (boxed region) are shown to the right. Scale bars represent 10 um.

(B) Quantification of the percentage of neurons with looping neurites (EGFP, n = 13; EGFP/Taxol, n = 14; EGFP-mPar3, n = 16; EGFP-mPar3/nocodazole, n = 14).
Error bars represent SEM. “**p < 0.0001.

(C) Images of neurons expressing DsRedex/Control shRNA (red) treated with nocodazole (1.6 uM) (top) or DsRedex/mPar3 shRNA (red) (middle) or DsRedex/
mPar3 shRNA (red) in the presence of Taxol (1 uM) (bottom) stained with the antibodies against tubulin (green) and Tud1 (blue). Arrowheads indicate short
branches. Scale bars represent 10 um.

(D) Quantification of the number of total branch points in individual neurons (DsRedex/Control shRNA, n = 17; DsRedex/Control shRNA/nocodazole, n = 15;
DsRedex/mPar3 shRNA, n = 27; DsRedex/mPar3 shRNA/Taxol, n = 16). Error bars represent SEM. ***p < 0.0001.

See also Figures S6 and S7.

Letourneau and Ressler, 1984; Witte et al., 2008); moreover, it
caused extensive microtubule looping at the tip of neurites
(Figures S7A, top, and S7B), characteristic of excessive microtu-
bule assembly and stabilization that rarely occurs under normal
conditions. Interestingly, expression of EGFP-mPar3 resulted in
similar defects in neuronal polarization and microtubule looping

(Figures 7A, middle, and 7B). Furthermore, the microtubule loop-
ing defect caused by mPar3 overexpression was suppressed
when neurons were treated with nocodozole (1.6 uM), which
destabilizes microtubules (Figures 7A, bottom, and 7B). It was
expected that global treatment with nocodazole would not
rescue the polarization defect, as it inhibits axonal outgrowth

Developmental Cell 24, 26-40, January 14, 2013 ©2013 Elsevier Inc. 35
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Figure 8. Microtubule Binding and Bundling Activity of mPar3 Is Required for Neuronal Polarization

(A) Images of neurons expressing DsRedex/mPar3 shRNA (red) and one of four forms of shRNA-resistant mPar3 fused with EGFP (green): wild-type (EGFP-

mPar3’), with a deletion of the oligomerization domain (EGFP-mPar3’A100), with mutations in the positively charged residue cluster (EGFP-mPar3**), or with
(legend continued on next page)
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and neuronal polarization (Witte et al., 2008). Notably, nocoda-
zole treatment also smoothed out the punctate distribution of
EGFP-mPar3 (Figure 7A bottom), further indicating a direct link
between mPar3 and microtubules.

Conversely, we found that neurons expressing mPar3 shRNA
exhibited defects similar to those treated with nocodazole
(1.6 uM); they failed to polarize and grew numerous short protru-
sions (Figures 7C and 7D). Again, the abnormal growth of short
protrusions was rescued by Taxol (1 uM) treatment (Figures 7C
and 7D). Collectively, these results strongly suggest that
mPar3 stabilizes microtubules in developing neurons.

Microtubule Binding and Bundling Activity of mPar3 Is
Required for Neuronal Polarization

Given that mPar3 regulates the stability and spatial organization
of microtubules in developing neurons, we proceeded to ask
whether this microtubule regulatory activity is required for
mPar3 control of axon specification and neuron polarization.
Overexpression or depletion of mPar3 impairs neuron polariza-
tion (Nishimura et al., 2005; Schwamborn et al., 2007a; Shi
et al.,, 2003), which precludes direct functional analysis of
mPar3 mutants that fail to bind and/or bundle microtubules. To
overcome this, we established a rescue experiment paradigm.
We knocked down endogenous mPar3 using shRNA (Bultje
et al., 2009) in developing hippocampal neurons and at the
same time expressed either wild-type or various mutant forms
of mPar3 resistant to shRNA, and examined their effect on
neuron polarization (Figure 8).

We found that although expression of wild-type mPar3
rescued the neuronal polarization defect caused by mPar3
shRNA, expression of mPar3 carrying the mutations in the
microtubule binding domain, mPar3**4, or a deletion of the
oligomerization domain required for microtubule bundling,
mPar3(A100), or a deletion in the coiled-coil region critical for
the intramolecular interaction at a similar level failed to rescue
this defect (Figures 8A and 8B). These results demonstrated
that the microtubule binding and bundling activity of mPar3 is
required for its function in axon specification and neuronal polar-
ization. It is worth noting that similar results were obtained in
another well-characterized assay for mPar3 function: junction
assembly of Madin-Darby canine kidney (MDCK) cells in
a Ca®*-switch assay (Figure S8), suggesting that the microtubule
regulatory activity is likely crucial for mPar3 function in other
cellular contexts.

DISCUSSION

Previous studies established that microtubule stabilization can
specify axon formation (Witte and Bradke, 2008; Witte et al.,

2008); however, it remained largely unclear how microtubules
are preferentially stabilized in the emerging axons of developing
neurons. Our results provide evidence that mPar3 acts as
a microtubule-associated protein that binds and bundles micro-
tubules, likely in a conformation-dependent manner. In the
closed conformation, the intramolecular interaction between
the N- and C-terminal portions suppresses mPar3 microtubule
regulatory activity. As mPar3 accumulates, intermolecular oligo-
merization promotes an open conformation that directly binds,
bundles and stabilizes microtubules (Figure 8C). Previous
studies have shown that mPar3 accumulates in the emerging
axon of polarizing neurons (Nishimura et al., 2004; Schwamborn
et al., 2007a; Schwamborn and Plschel, 2004; Shi et al., 2003,
2004). Taken together, these results suggest that selective accu-
mulation of mPar3 stabilizes microtubules preferentially in the
emerging axon. It is interesting to note that polarization of
mPar3 to the emerging axon relies on microtubule-based trans-
portation (Nishimura et al., 2004; Shi et al., 2004). This raises an
intriguing possibility that the selective stabilization of microtu-
bules facilitates the further accumulation of mPar3 in the
emerging axon and this positive feedback loop drives neuronal
polarization.

Our finding that mPar3 is a microtubule-associated protein
directly regulating microtubule stability and organization is
both interesting and surprising, although upon reflection, not
entirely unexpected. Since its discovery, the function of Par3
has been extensively studied (Goldstein and Macara, 2007;
Kemphues, 2000). Although it plays essential roles in many
cellular contexts that involve microtubule regulation, such as
cell polarization and spindle orientation during asymmetric cell
division, Par3 is largely considered to be a scaffolding protein
that localizes other proteins including effector molecules like
protein kinases and small GTPases. Nonetheless, a role for
Par3 in microtubule anchoring and/or stabilization had been
hypothesized since initial observations of defects in spindle
orientation and positioning in Par3 mutant C. elegans embryos
(Cheng et al., 1995; Kemphues and Strome, 1997). Consistent
with this postulation, it has been shown that microtubules are
more stable at the anterior than the posterior cortex in
C. elegans embryos and this gradient in microtubule stability is
dependent on the anterior localization of Par3 (Labbé et al.,
2003). A similar anterior to posterior microtubule gradient has
been revealed in the Drosophila oocyte (Becalska and Gavis,
2010; Doerflinger et al., 2010; Parton et al., 2011). Interestingly,
this microtubule organization also depends on Bazooka, the
Drosophila homolog of Par3 (Becalska and Gavis, 2010; Doerf-
linger et al., 2010). Despite these experimental evidences, the
direct link between Par3 and microtubule regulation remained
obscure. Our data provide important insights into this link. It

a deletion in the coiled-coil region (EGFP-mPar3’A4N1/N2), and stained with the antibodies against TuJ1 (blue) and Tau1 (white), an axonal marker. Arrows

indicate the axon. Scale bars represent 10 um.

(B) Quantification of the percentage of neurons that are polarized with a single axon (EGFP, n = 8; EGFP-mPar3’, n = 13; EGFP-mPar3A100, n = 8; EGFP-
mPar3’'A4N1/N2, n = 6; EGFP-mPar3**A, n = 6). Error bars represent SEM. ***p < 0.0001.

(C) A model illustrating the conformation-dependent regulation of microtubule bundling and stabilization by mPar3 in specifying neuronal polarity. In the closed
conformation, the intramolecular interaction between the N- and C-terminal portions suppresses mPar3 microtubule regulatory activity. As mPar3 accumulates,
intermolecular oligomerization promotes an open conformation that directly binds, bundles and stabilizes microtubules through the N-terminal portion. This
microtubule regulatory activity of mPar3 is crucial for axon specification and polarization of mammalian neurons.

See also Figure S8.
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will be interesting to examine the function of Par3 as a microtu-
bule-associated protein that directly regulates microtubule
stability and organization in different cellular contexts including
spindle orientation and centrosome behavior across species
(Bultje et al., 2009; Girill et al., 2001; Januschke and Gonzalez,
2010; Knoblich, 2008; Siegrist and Doe, 2005; Siller and Doe,
2009; Wang et al., 2009).

Our results showed that the PDZ domains 2 and 3 of mPar3
bind microtubules, whereas the N-terminal oligomerization
domain facilitates their bundling and stabilization. Previous
studies showed that the evolutionarily conserved oligomeriza-
tion domain is critical for Par3 localization and function (Benton
and St Johnston, 2003a, 2003b; Mizuno et al., 2003). The oligo-
merization domain of mPar3 has recently been shown to form
a higher order helical filament that contains six units in one
complete helix (Feng et al., 2007). Interestingly, in our TEM
configuration analysis of microtubule bundles in the presence
of the purified N-terminal portion of mPar3, we observed up to
six microtubule filaments in individual microtubule bundles,
raising the possibility that the helical filament structure formed
by the oligomerization domains provides the wrapping force
for the bundling of microtubules.

Unlike conventional microtubule-associated proteins, such as
Tau, mPar3 appears to bind and bundle microtubules in a con-
formation-dependent manner. Both the microtubule association
domain and the oligomerization domain are located within the
N-terminal portion of mPar3. Interestingly, the C-terminal portion
of mPar3 interacts with the N-terminal region and masks its
microtubule regulatory activity. Therefore, in such a closed
conformation, mPar3 is not an effective microtubule-associated
protein. Remarkably, we found that this closed conformation
can be switched to an open conformation when mPar3 accumu-
lates, due to a stronger intermolecular oligomerization activity
that competes off the intramolecular interaction. This conforma-
tional switch provides a platform for dynamic and intricate regu-
lation of microtubules by mPar3. This is particularly interesting
because an increasing number of proteins have been shown to
interact with and sometimes even modify Par3 (Benton and
St Johnston, 2003b; Feng et al., 2008; Laprise and Tepass,
2011; Morais-de-Sa et al., 2010; Nishimura et al., 2004, 2005;
Schmoranzer et al., 2009; von Stein et al., 2005; Wu et al.,
2007). We expect that these interactions and modifications can
influence the conformational change in mPar3 and thus its micro-
tubule regulatory activity. For example, phosphorylation of the
conserved serine residue at position 151 (S151) in Drosophila
Bazooka by Par1 recruits 14-3-3 and interferes with Bazooka
oligomerization (Benton and St Johnston, 2003b), whichiis critical
for microtubule bundling and stabilization. Future efforts to
dissect the precise regulation of the conformational switch in
mPar3 will likely provide crucial insights into mPar3 function.

As a regulated microtubule-associated protein, mPar3 is ideal
for providing highly localized regulation of microtubule stability,
which is central to neuron polarization (Stiess and Bradke,
2011; Witte and Bradke, 2008; Witte et al., 2008). Selective stabi-
lization of microtubules in one and only one of the neurites in a
polarizing neuron is both necessary and sufficient for axon
specification. Our results showed that mPar3 functions as a
key microtubule-associated protein that stabilizes microtubules
selectively in the emerging axon and drives neuronal polariza-
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tion. It has been shown that mPar3 accumulates in the neurite
that becomes the axon (Nishimura et al., 2004; Schwamborn
and Puschel, 2004; Shi et al., 2003, 2004). It is conceivable
that once it accumulates in the emerging axon, mPar3 switches
to an open conformation and actively stabilizes microtubules,
which may facilitate further transportation of mPar3 to the
emerging axon. Although our results suggest that an increase
in the concentration of mPar3 triggers the conformation switch,
it is likely that the conformation switch is also regulated by
additional signaling events, especially in vivo (Arimura and
Kaibuchi, 2007; Barnes and Polleux, 2009; Insolera et al.,
2011). It is worth noting that microtubule elongation in axons is
promoted by CRMP2, which binds to tubulin dimers and trans-
ports them to the growing plus-end (Fukata et al., 2002; Inagaki
et al., 2001). Therefore, multiple microtubule regulatory proteins
need to function in concert to control neuron polarization.

In summary, we have demonstrated direct regulation of micro-
tubule stability and organization by mPar3, which is essential for
axon specification and neuron polarization. The strong conser-
vation of both expression of Par3 and its tight link to microtubule
regulation indicates that this activity of Par3 as a conformation-
dependent microtubule-associated protein is likely fundamental
to its function in many cellular contexts across species.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Immunofluorescence Microscopy
COST7 cells were plated at a density of 1 x 108 cells in either 100 mm plates
for biochemistry experiments or 2 x 10* cells on 12 mm glass coverslips for
immunofluorescence analysis, and grown overnight to ~70% confluence for
transfection using FuGene 6 (Roche) according to the manufacturer’s instruc-
tions. Mouse hippocampal dissociated neurons were prepared as described
previously (Shi et al., 2003) and transfected 2-3 hr after plating using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s instructions. All
procedures for animal handling and usage were approved by the Institutional
Research Animal Resource Center (RARC). Neuronal polarity was analyzed as
described previously (Shi et al., 2003).

For immunofluorescence analysis, cells were fixed with 4% paraformalde-
hyde/4% sucrose in PBS at 4°C for 30 min, washed three times with PBS,
and permeabilized by incubation in PBS with 0.3% Triton X-100 for 10 min.
After blocking in PBS with 10% goat serum and 0.3% Triton X-100 for 1 hr
at room temperature, cells were incubated with the primary antibodies at
4°C overnight, followed by incubation with the secondary antibodies at room
temperature for 2 hr. Coverslips were mounted onto glass slides with antifade
mounting medium (Vector Laboratories) and visualized with an inverted
microscope equipped with epifluorescence illumination and a cooled CCD
camera (Axio Observer, Zeiss). Images were taken with AxioVision (Zeiss)
and analyzed with AxioVision (Zeiss), MetaMorph (Molecular Devices)
and Adobe Photoshop (Adobe). Data were expressed as mean + SEM and
statistical differences were determined using nonparametric Mann-Whitney-
Wilcoxon and Kruskal-Wallis tests.

Immunoprecipitation and Microtubule Cosedimentation Assays

At 48 hr posttransfection, cells were harvested and homogenized in a lysis
buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol, 1%
Nonidet P-40, 2 mM EDTA, 5 mM NaVOy,, and 1Xx protease inhibitor cocktail
(Roche). The homogenate was incubated on ice for 15 min before centrifu-
gation at 12,000 x g for 10 min at 4°C. Cell lysates were immunoprecipitated
with the anti-GFP mouse monoclonal antibody (Roche) followed by adsorption
to protein A/G plus-Agarose beads (Santa Cruz). After three final washes
with the lysis buffer, proteins were analyzed by SDS-PAGE and immunoblotted
with the antibodies against EGFP, Myc, FLAG (Sigma, 1:2,000), B-actin
(Sigma, 1:2,000), and HA (Roche, 1:2,000). The microtubule cosedimentation
assay was performed as described previously (Hergovich et al., 2003).
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FRET Analysis

At 48 hr posttransfection, COS7 cells grown on glass coverslips were mounted
for acquiring FRET images using confocal laser scanning microscopy (SP2,
Leica). To photobleach YFP, the cells were illuminated until 20% of the original
fluorescence intensity was detected. Under these conditions, direct bleaching
of CFP was kept to a minimum. The increase in CFP emission under CFP
excitation after photobleaching YFP indicated FRET. The FRET efficiency,
FRET (%), of individual cells was measured as (CFPpost — CFPore)/CFPpost.

In Vitro Microtubule Binding and Bundling Assay

MBP, MBP-mPar3(1-712), and MBP-mPar3(1-712**%) recombinant proteins
with or without C-terminal fusion of mCherry were expressed in Escherichia
coli and affinity purified. Polymerized microtubules were prepared as
described above. After the incubation of purified MBP, MBP-mPar3(1-712),
or MBP-mPar3(1-712**Y) proteins with in-vitro-assembled microtubules,
amylose beads were used to absorb MBP or MBP fusion proteins. Bound
proteins were separated by SDS-PAGE and immunoblotted using the anti-
bodies against MBP and tubulin.

For the microtubule bundling assay, HiLyte Fluor 488-labeled tubulin (20 pg,
Cytoskeleton) was resuspended in 5 ul G-PEM buffer (pH 6.9) containing
100 mM PIPES, 1 mM MgCl,, 1 mM EGTA, and 1 mM GTP, and incubated
at 37°C for 20 min. Approximately 0.7 ul Taxol (200 uM, Invitrogen) in DMSO
was then added. After incubation at 37°C for 5 min, the solution was wrapped
in foil as polymerized microtubule stock solution. We added 1 pl polymerized
microtubule stock solution to 200 pl G-PEM buffer with 20 uM Taxol to recon-
stitute polymerized microtubule working solution. Afterimmediately mixing 5 pl
microtubule working solution with an equal volume of 0.5 uM recombinant
protein solution on ice, samples were transferred to a glass-bottomed dish
and covered with a cover glass. Images were taken using a prewarmed
inverted microscope (Axio Observer, Zeiss) equipped with epifluorescence
illumination and a cooled CCD camera (ORCA, Hamamatsu).

Transmission Electron Microscopy

Recombinant mPar3(1-712) or mPar3(1-712**) proteins expressed in E. coli
were affinity purified and mixed with polymerized microtubules prepared
in vitro as described above. The sample was deposited onto 200 square
mesh copper grids with carbon film coating (Electron Microscopy Sciences)
for 10 min prior to staining with 2% uranyl acetate. The transmission electron
microscopy (TEM) images were obtained at a magnification of 10,000x and
50,000 using the JOEL JEM 100cx transmission electron microscope.
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