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Background: Evidence is lacking to explain how septin function is controlled during the cell cycle.

Results: Phosphorylation of SEPT9 by Cdk1 creates a binding site for Pin1 that is required for cytokinesis.
Conclusion: Septin interaction with Pinl is controlled by Cdk1 and is necessary for timely cytokinesis.
Significance: Improper cell division results in cancer, in which both SEPT9 and Pin1 have been implicated.

Precise cell division is essential for multicellular develop-
ment, and defects in this process have been linked to cancer.
Septins are a family of proteins that are required for mammalian
cell division, but their function and mode of regulation during
this process are poorly understood. Here, we demonstrate that
cyclin-dependent kinase 1 (Cdkl) phosphorylates septin 9
(SEPT9) upon mitotic entry, and this phosphorylation controls
association with the proline isomerase, Pinl. Both SEPT9 and
Pinl are critical for mediating the final separation of daughter
cells. Expression of mutant SEPT9 that is defective in Pin1 bind-
ing was unable to rescue cytokinesis defects caused by SEPT9
depletion but rather induced dominant-negative defects in cyto-
kinesis. However, unlike SEPT9 depletion, Pinl was not
required for the accumulation of the exocyst complex at the
midbody. These results suggest that SEPT9 plays multiple roles
in abscission, one of which is regulated by the action of Cdk1 and
Pinl.

Septins are filament-forming GTPases required for cell divi-
sion in diverse organisms from yeast to man (1). They were first
identified in yeast during screens for cell cycle mutations and
septin mutations lead to cytokinesis defects. All septins contain
a GTP-binding domain and variable N and C termini, the latter
of which often contains a coiled coil. In yeast, seven genes
encode septins, five that are expressed during vegetative growth
and two that are expressed only during sporulation (2). Septins
exist in complexes that are composed of ordered non-polar
arrays of multiple different septins (3, 4). In yeast, septins Cdc3,
Cdc10, Cdcl1, and Cdc12 form an octameric complex, and the
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order was determined to be Cdcl1-Cdc12-Cdc3-Cdcl0-
Cdc10-Cdc3-Cdc12-Cdcll through visualization of tagged
proteins by electron microscopy (3).

In humans, 13 genes encode septins, and their diversity is
further amplified by alternative splicing giving rise to additional
N and C termini. The 13 genes can be grouped, based on se-
quence similarity, into four subgroups. The SEPT2 subgroup
consists of septins 1, 2, 4, and 5; the SEPT6 subgroup consists of
septins 6, 8, 10, 11, and 14; and the SEPT3 subgroup consists of
septins 3, 9, and 12, whereas SEPT7 represents a unique sub-
group (5). The crystal structure of a complex composed of the
recombinant mammalian septins 2, 6, and 7 revealed that as in
yeast, mammalian septins are also precisely ordered (4). Recent
studies have revealed that in cell lines, human septins, similar to
those of yeast, also form octameric complexes with SEPT9 at
the terminal position (6, 7). Hence, a human septin complex is
ordered SETP9-SEPT7-SEPT6-SEPT2-SEPT2-SEPT6-SEPT7-
SEPTY, with a member of each subgroup represented at two
places in the octamer.

Among mammalian septins, SEPT9 undergoes the most
alternative splicing, with five alternative N termini and three
alternative C termini (8). Coordinated expression of different
SEPT9 isoforms seems to be critical as alteration in SEPT9
expression patterns has been linked to cancer (9 —-11) and muta-
tions in the SEPT9 gene have been associated with hereditary
neuralgic amyotrophy (12). In HeLa cell lysates, SEPT9_il-
SEPT9_i3 co-migrate as a single band, whereas SEPT9_i4
migrates more quickly. The function of the N terminus is not
known, but we recently showed that only the longest three
SEPT9 N-terminal variants (SEPT9_i1-SEPT9_i3) could rescue
cytokinesis phenotypes caused by SEPT9 depletion, whereas
shorter forms (SEPT9_i4) resulted in a dominant-negative
abscission defect (13), indicating that the N termini of different
isoforms control unique functions.

Analysis of the N termini of SEPT9 reveals few structural
features that would explain this isoform specificity, but two
recent high throughput phosphorylation screens identified a
threonine residue within the N-terminal region of the long
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forms of SEPT9, but lacking from the short forms, as a putative
mitotic phosphorylation site (14, 15). This raises the possibility
that phosphorylation of the N-terminal region of SEPT9_il-
SEPT9_i3 may be important for their role during cell division.
Although regulation of mammalian septin function by kinases
during the cell cycle has been speculated for some time (16), it
has never been demonstrated experimentally.

We therefore considered the possibility that the N termini of
SEPT9 might be an important region controlling septin func-
tion during cytokinesis. Here, we show that SEPT9 is phospho-
rylated by cyclin-dependent kinase 1 (Cdk1)* at Thr-24 and
that this phosphorylation creates a binding site for the pepti-
dylprolyl isomerase Pinl. We also show that Pinl, similar to
SEPTY, is required for abscission in human cells, and its deple-
tion causes phenotypes similar to knockdown of SEPT9, con-
trolling a previously uncharacterized step in abscission.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLa cells were cultured as described (17).
Cells were arrested in mitosis by adding 50 ng/ml nocodazole
(Sigma) to the culture medium and incubating for ~16 h. For
Cdk1 inhibition, 25 um roscovitine (Sigma) was added for the
final 3 h of nocodazole treatment. SF21 cells were cultured in
suspension in a 1:1 mixture of Grace’s media and Sf-900II SFM
(Invitrogen) at room temperature.

Plasmids—Human SEPT9_v3 (accession no. NM_006640)
and SEPT9_v4 (accession no. NM_001113494.1) were cloned
into pFastBacHTA using standard methods. Threonine 24 in
SEPT9_v3 was mutated to alanine via site-directed mutagene-
sis. Both SEPT9_v3 and SEPT9_v3 T24A were then subcloned
into a modified version of pEGFPC. GST-Pinl and GST-
Pin1Y*** were described previously (18). Human Polo-like
kinase-1 (Plkl) ¢cDNA was obtained from ATCC (IMAGE
3854860), and the Polo-box domain (PBD) (19) was cloned into
pGEX-6P. H538A and K540M mutations were introduced by
site-directed mutagenesis, generating a Plkl PBD mutation
(which cannot bind to phosphorylated ligands (20)).

Transfections—GFP-tagged constructs were transfected into
HelLa cells using FuGENE 6 (Roche Applied Science) according
to the manufacturer’s instructions. Protein expression was per-
mitted for ~24 h before treatment with or without nocodazole.

Immunoprecipitation—Cells were lysed in Triton X-100 lysis
buffer (30 mm HEPES, pH 7.5, 100 mm NaCl, 1 mm EGTA, 1%
Triton X-100, 20 mm NaF) with additional phosphatase (1 mm
sodium orthovanadate, 100 nm okadaic acid, and 100 nwm caly-
culin A) and protease inhibitors. 1-4 ug of 10C10 (13) or GFP
(Invitrogen) antibody was added to ~1 mg of lysate and incu-
bated at 4 °C with constant mixing for atleast 1 h. After washing
with Triton X-100 lysis buffer, 30 —50 ul of protein A Sepharose
(Sigma) or protein G Sepharose (GE Healthcare) was added to
the antibody-lysate mixture and incubated at 4 °C with con-
stant mixing for at least 1 h. The beads were then washed three
times, resuspended in SDS-PAGE loading buffer containing
DTT (see Fig. 4E) or N-ethylmaleimide (see Fig. 1, A, B, E,and F,
and Fig. 5, A and B), and subjected to Western blotting.

“The abbreviations used are: Cdk1, cyclin-dependent kinase 1; Plk1, Polo-like
kinase-1; pT-P, phospho-Thr-Pro; PBD, Polo-box domain.
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Western Blotting— W estern blotting was performed accord-
ing to standard procedures using the following primary anti-
bodies: SEPT9 (17), GAPDH (Millipore), GFP (Santa Cruz
Biotechnology), Cdk1 (Calbiochem), Pin1 (Santa Cruz Biotech-
nology), Mpm-2 (Upstate), Thr(P)-Pro(P) (Cell Signaling), and
FLAG (Sigma).

Protein Purification from Bacteria—Bacteria expressing the
GST fusion protein of interest were inoculated in 5 ml of Luria
broth containing 100 ug/ml ampicillin or Luria broth contain-
ing 100 pg/ml ampicillin and 50 pg/ml kanamycin (for BL21
Magic) and grown overnight at 37 °C (BL21 for GST-Pinl and
its variants, and BL21 Magic for GST-Plkl and its variants).
This starter culture was then diluted into 500 ml of Luria broth
with ampicillin (or with ampicillin and kanamycin for BL21
Magic) and grown at 37 °C until the Ay, . reached 0.8-1.
Expression was induced by adding isopropyl-B-p-thiogalacto-
pyranoside as follows: 1 mMm isopropyl-B-p-thiogalactopyrano-
side for 4 h at 30 °C for GST-Pin1 and its variants and 0.1 mm
isopropyl-B-p-thiogalactopyranoside for 3 h at 37 °C for GST-
Plk1 and its variants. Bacteria were centrifuged at 6000 X g for
10 min. For long term storage, bacterial pellets were frozen at
—80 °C at this stage. Bacterial pellets were suspended in 20 ml
of resuspension buffer (25 mm HEPES, pH 7.8, 100 mm NaCl, 5
mMm MgCl,, 0.05% Tween 20, 1 mm DTT, and protease inhibi-
tors) and lysed using a French press. Lysates were centrifuged at
15,000 X g for 10 min, and the supernatant was added to 1 ml of
glutathione-agarose beads (50% slurry in resuspension buffer).
This mixture was rotated end-over-end for at least 1.5 h. The
beads were then washed three times with resuspension buffer
(lacking protease inhibitors) and stored at 4 °C as a 50% slurry
(in resuspension buffer) for up to 4 weeks. To elute GST-Pinl
for Far Western analysis, beads were first washed three times
with 50 mm Tris, pH 8.0, 1 mm DTT, and then incubated with 1
ml of elution buffer (50 mm Tris, pH 8.0, 1 mm DTT, 20 mm
reduced glutathione) for 1 h at 4 °C with constant mixing. The
sample was dialyzed with 50 mm Tris, pH 8.0, 150 mm NaCl, 1
mM DTT, and frozen at —80 °C until use.

Pulldown Analysis—Interphase cells were washed with TBS
and harvested by scraping in Tris lysis buffer (50 mm Tris, pH
8.0, 140 mm NaCl, 10% glycerol, 1% Triton X-100, 1 mMm
DTT, 100 mM NaF) containing phosphatase (1 mm sodium
orthovanadate, 100 nm okadaic acid) and protease (1 ug/ml
leupeptin, 1 mm PMSF, 2 mm benzamidine, and 1 ug/ml pep-
statin A) inhibitors. Fresh medium was added to mitotic cells,
which were subsequently harvested by shake off, washed with
TBS, and resuspended in Tris lysis buffer. Cells were then lysed
by passing through a 27.5-gauge needle four to five times and
rotated for 45 min at 4 °C. Lysates were clarified by centrifuga-
tion at 4000 X g for 5 min, and the supernatant was used for
pulldown experiments. In some cases, 50 units/ml of calf intes-
tinal phosphatase (New England Biolabs) was added to the
lysate for 30 min at 30 °C prior to pulldown analysis. Equal
amounts of glutathione-agarose beads complexed with GST,
GST-Pinl, GST-Pin1¥?** (18), GST-PIkl PBD, or GST-PIkl
PBD mutant were added to 0.5-1 mg of cell lysate and incu-
bated for 1.5 h at 4 °C with continuous mixing. The beads were
subsequently washed four times with Tris lysis buffer, resus-
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pended in SDS-PAGE loading buffer, and subjected to Western
blotting.

Far Western Analysis—HeLa cells were transfected with
GFP-SEPT9 v3 or GFP-SEPT9 _v3 T24A, and treated with 100
nM calyculin A (Sigma) for the final 30 min of nocodazole arrest.
Exogenously expressed SEPT9 was immunoprecipitated as
above, subjected to SDS-PAGE, and transferred to PVDF. After
overnight incubation at 4 °C in PBS with 5% milk, 0.2% Tween
20, 1 mm DTT, and 1 mm PMSF, the membrane was treated
with 10 ug/ml GST-Pinl in PBS with 0.05% Tween 20, 1 mm
DTT, and 1 mm PMSF for 2 h at 4 °C. Following extensive wash-
ing with PBST, GST-Pinl bound to the membrane was detected
by Western blotting.

Protein Purification from Insect Cells—SF21 cells were
infected with baculovirus expressing His,-SEPT9_i3, His,-
SEPT9_i4, or His,-SEPT9_i3 T24A and incubated for ~6 days.
Cells were lysed by a French press in isolation buffer (40 mm
Tris, pH 7.4, 100 mm NaCl, 2 mm -mercaptoethanol, 20% glyc-
erol, and 25 mMm imidazole) with protease inhibitors, and His-
tagged protein was purified on nickel-nitrilotriacetic acid-aga-
rose beads (Qiagen). Bound protein was eluted in 40 mm Tris,
pH 7.4, 100 mm NaCl, 2 mm -mercaptoethanol, 20% glycerol,
and 500 mm imidazole and stored at —80 °C until use.

Kinase Assays—>5 pl of 5X reaction buffer (40 mm MOPS, pH
7.0,1 mM EDTA), 10 wl of ATP mixture (25 mM MgAc, 0.25 mm
ATP, 1 uCi of [y->*P]ATP (PerkinElmer Life Science) per 10 ul
of mixture), and 2.5 pg of substrate were mixed to a final vol-
ume of 22.5 ul and warmed to 30 °C. Reactions were initiated by
adding 10 ng of recombinant Cdk1/cyclin B (Upstate) in kinase
dilution buffer (20 mm MOPS, pH 7.0, 1 mm EDTA, 5% glycerol,
0.01% Brij-35, 0.1% 2-mercaptoethanol, 1 mg/ml BSA). After
incubating for 10 min at 30 °C with vortexing every minute,
reactions were stopped by adding 5 ul of 3% phosphoric acid,
spotted on MF-Membrane filters (Millipore), washed exten-
sively with 0.75% phosphoric acid, and subjected to scintillation

counting.
SiRNA Treatment—siRNA for SEPT9 (13) (GCACGATAT-
TGAGGAGAAA), Pinl (21) (Pinl-1, GCCATTTGAA-

GACGCCTCQG) and control siRNA (13) (GCAGCGACCAT-
GAGTA-TCA) were obtained from Dharmacon. Cdkl siRNA
(AAGGGGTTCCTAGTACTGCAA) was obtained from Qia-
gen (hs_Cdc2_10 HP), as was the second Pin1 siRNA (Pinl1-2,
CCGCCAGAT TCTCCCTTAA; hs_PIN1_5 HP). Cells grown
to 60-80% confluence in six-well plates were transfected with
120-240 pmol of double stranded siRNA using Lipofectamine
2000 (Invitrogen). Knockdown was achieved after at least 56 h
for SEPT9 and Cdk1 and 72 h for Pinl. For siRNA treatment of
stable cell lines, antibiotics were removed prior to transfection.

Immunofluorescence and Time-lapse Microscopy— This was
performed as described previously (13).

Generation of SEPT9_i3 T24A Stable Cell Line—SEPT9_v3
T24A was FLAG-tagged and made siRNA-resistant by intro-
ducing three silent point mutations into the siRNA target
sequence and was subsequently cloned into pRetroX Tight
Pur (Clontech). A stable cell line that inducibly expresses
siRNA-resistant SEPT9 i3 T24A was then generated as
described (13).
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Mapping of the 10C10 Epitope—The DNA sequences encod-
ing amino acids 8-39 (Epia), 8-95 (Epia-b), 40-95 (Epib),
40-146 (Epib-c), and 96 —146 (Epic) of SEPT9_i3 were ampli-
fied by PCR. Each sequence was cloned into His-Myc-SUMO
pQE30 and transformed into BL21 magic cells. Bacteria
expressing the fusion protein of interest were grown overnight
in terrific broth containing ampicillin and kanamycin. 2.5 ml of
this starter culture was diluted to 50 ml of terrific broth con-
taining ampicillin and kanamycin and grown for 30 min at
37 °C. 100 ul of uninduced culture was collected, spun down,
and resuspended in 50 ul of SDS-PAGE loading buffer contain-
ing DTT. The remaining culture was induced with 0.4 mm iso-
propyl-B-p-thiogalactopyranoside for 2.5 h. 50 ul of induced
culture was collected, spun down, and resuspended in 50 ul of
SDS-PAGE loading buffer containing DTT. 10 ul of each lysate
was subjected to SDS-PAGE and Coomassie staining, whereas 5
wul of each sample was subjected to Western blotting with
10C10.

Statistical Analysis—Two-tailed Student’s ¢ tests were
applied to determine statistical significance.

RESULTS

Cdkl Phosphorylates Thr-24 in the N-terminal Region of
SEPT9 in a Mitosis-specific Manner—We first addressed the
possibility that SEPT9 may be regulated by phosphorylation
during mitosis. Exogenously expressed GFP-SEPT9 i3 was
immunoprecipitated from unsynchronized or nocodazole-ar-
rested (hereafter called “mitotic”) HeLa cell lysates and probed
with a phospho-Thr-Pro (pT-P) antibody (Fig. 14). Although
we did not detect phosphorylation of SEPT9 in unsynchronized
cells, SEPT9 in mitotic cells was recognized by the pT-P anti-
body. Cdk1 phosphorylates at least 70 different proteins critical
for both the initiation of and progression through mitosis (22).
This kinase preferentially phosphorylates the motif (S/T)PX(K/
R), where X is any amino acid (23). The phosphorylation
screens mentioned above identified Thr-24 of SEPT9 (num-
bered according to SEPT9_i3) as a putative phosphorylation
site (14, 15), and this residue matches the Cdk1 consensus motif
perfectly. We therefore hypothesized that Cdkl phosphorylates
SEPTY at Thr-24 during mitosis. Consistent with this notion,
treatment of mitotic cells with the cyclin-dependent kinase
inhibitor roscovitine completely abolished SEPT9 phosphoryl-
ation (Fig. 1A4). Control total cell lysates (right panel) reveal the
increase in pT-P levels in the synchronized cells that is reduced
by roscovitine treatment. In addition, mutation of Thr-24 to
alanine completely abolished SEPT9 phosphorylation detected
by the pT-P antibody (Fig. 1B). In vitro kinase assays demon-
strated that Cdkl1 preferentially phosphorylates SEPT9_i3, but
not SEPT9_i4, which lacks Thr-24 (Fig. 1C). Likewise, mutation
of Thr-24 to alanine greatly decreased the in vitro phosphoryl-
ation of SEPT9 i3 (Fig. 1D), demonstrating that Cdk1 directly
phosphorylates SEPT9 at Thr-24. Although the in vivo phos-
phorylation of SEPT9 (Fig. 1B) was completely abolished by the
T24A mutation, the in vitro phosphorylation (Fig. 1D) was only
decreased by ~60%. This suggests that Cdkl phosphorylates at
least one other site in SEPT9 in vitro that is either not phospho-
rylated in vivo or is not recognized by the pT-P antibody (as
would be the case with a pSer-Pro motif).
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FIGURE 1. SEPT9 is phosphorylated by Cdk1 at Thr-24 in a mitosis-specific manner. A, SEPT9_i3 is phosphorylated in a mitosis-specific manner. HelLa cells
were transfected with a plasmid encoding GFP-SEPT9_i3. Cells were either left untreated, arrested in mitosis with nocodazole (Noco.) for 16 h, or arrested in
mitosis and treated with the Cdk inhibitor roscovitine for the final 3 h of nocodazole treatment. Left, GFP-SEPT9_i3 was immunoprecipitated, and the
precipitates were probed for pT-P and GFP. Right, lysates were probed for pT-P. Unsync, unsynchronized; rosc, roscovitine. B, mitotic phosphorylation of
SEPT9_i3 occurs at Thr-24. GFP-SEPT9_i3 WT or GFP-SEPT9_i3 T24A was immunoprecipitated from mitotically arrested HeLa cells and probed for pT-P and GFP.
C, Cdk1/cyclin B preferentially phosphorylates SEPT9_i3 over SEPT9_i4. SEPT9_i3 or SEPT9_i4 were incubated with Cdk1/cyclin B in the presence of radiola-
beled ATP. Reactions were spotted on nitrocellulose, and radioactivity was counted using a scintillation counter. Data are expressed as a percentage of the
counts per minute (cpm) obtained for SEPT9_i3 after normalizing to a no substrate control and are represented as mean = S.E. (n = 3). D, Cdk1/cyclin B
phosphorylates SEPT9_i3 at Thr-24. SEPT9_i3 and SEPT9_i3 T24A were subjected to kinase assays as described in C. Data are expressed as a percentage of the
cpm obtained for SEPT9_i3 after normalizing to the SEPT9_i4 control and are represented as mean * S.E. (n = 3). E, endogenous SEPT9 is phosphorylated
during mitosis in a Cdk1-dependent manner. Hela cells were arrested in mitosis with nocodazole and treated with or without roscovitine. Left, SEPT9 was
immunoprecipitated, and the precipitates were probed for pT-P and SEPT9. Right, lysates were probed for pT-P. F, Cdk1 knockdown abrogates the mitotic
phosphorylation of SEPT9. Hela cells were treated with control or Cdk1 siRNA and arrested in mitosis with nocodazole. Left, SEPT9 was immunoprecipitated,
and the precipitates were probed for pT-P and SEPT9. Right, lysates were probed for Cdk1, pT-P,and GAPDH. G, quantification of mitotic SEPT9 phosphorylation
upon Cdk1 inhibition with roscovitine. Data are expressed as a percentage of the pT-P signal obtained upon control treatment after normalizing to the amount

of SEPT9_i1-3 present in the immunoprecipitate and are represented as mean = S.E. (n = 3). KD, knockdown; Con, control.

To determine whether endogenous SEPT9 undergoes
mitotic phosphorylation, we immunoprecipitated SEPT9 from
mitotic HeLa cells and probed with the pT-P antibody (Fig. 1E).
As expected, endogenous SEPT9 was also recognized by this
antibody, and treatment of mitotic cells with roscovitine com-
pletely abolished endogenous SEPT9 phosphorylation. Note
that SEPT9_i4, which lacks this residue, was not recognized by
the pT-P antibody. Total cell lysates (right panel) demonstrate
the presence of other pT-P species and their reduction follow-
ing roscovitine. To provide further evidence that Cdk1 is the
kinase responsible for the mitotic phosphorylation of SEPT9 at
Thr-24, we assessed the effect of Cdkl depletion on SEPT9
phosphorylation. As shown in Fig. 1F, Cdkl knockdown
decreased the mitotic phosphorylation of SEPT9. pT-P levels in
total cell lysates (right panel) were also reduced. Quantification
of the effects of roscovitine on SEPT9 phosphorylation is shown
in Fig. 1G. Collectively, our results demonstrate that Cdkl
phosphorylates SEPT9 at Thr-24 during mitosis and thus iden-
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tify the first link between a mammalian septin and the cell cycle
machinery. We cannot rule out the possibility that Cdk1 acti-
vates another kinase, which, in turn, phosphorylates SEPT9 at
Thr-24, but given our in vitro data, we feel that this is unlikely.

Mitotic Phosphorylation of SEPT9 at Thr-24 Does Not Regu-
late Association with Plkl—We next sought to determine the
functional significance of SEPT9 phosphorylation at Thr-24. A
recent proteomic screen identified SEPT9 as a putative binding
partner of Plk1, which has been shown to act as a regulator of
cytokinesis (20, 24). PIk1 contains a PBD that binds to S(pS/
pT)P motifs in target proteins (19). Because Thr-24 of SEPT9
resides in such a motif, we tested whether mitotic phosphoryl-
ation of SEPT9 regulates binding to Plk1l. We performed GST
pulldowns using recombinant GST-Plkl PBD and mitotic
lysate from HeLa cells that were transfected with a plasmid
encoding GFP-SEPT9_i3. Blots were probed with SEPT9 anti-
body (Fig. 2, top panels) to detect SEPT9 interaction with Plk1
PBD and also the Mpm-2 antibody (Fig. 2, bottom panels) which
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FIGURE 2. Mitotic phosphorylation of SEPT9 at Thr-24 does not regulate
association with Plk1. A, the PBD of Plk1 interacts with SEPT9 in a phosphor-
ylation-dependent manner. Hela cells were transfected with a plasmid
encoding GFP-SEPT9_i3 and arrested in mitosis with nocodazole. Lysates
were incubated with glutathione-agarose beads complexed with GST, GST-
Plk1 PBD, or GST-Plk1 PBD mutant (which cannot bind to phosphorylated
ligands). Bound proteins were analyzed by Western blotting for SEPT9 or
Mpm-2 (which recognizes the motif phospho-Ser/Thr-Pro and thus serves as
a positive control). B, Hela cells were transfected with plasmids encoding
GFP-SEPT9_i3 or GFP-SEPT9_i3 T24A. Cells were arrested in mitosis and sub-
jected to pulldown analysis as described in A. WB, Western blot.

recognizes the S(pS/pT)P consensus sequence recognized by
PBDs and serves as a control to demonstrate pulldown of other
PBD targets. SEPT9 i3 interacted with the PBD of Plkl1, and
this association was impaired upon mutation of residues in the
PBD that are required for binding to phosphorylated ligands
(Fig. 2A). Note that the many Mpm-2 positive bands were also
unable to bind. However, mutation of Thr-24 to alanine had no
effect on the ability of SEPT9_i3 to bind to the PBD of Plk1 (Fig.
2B). These results suggest that phosphorylation of SEPT9 at
Thr-24 does not control association with Plk1.

Mitotic Phosphorylation of SEPT9 at Thr-24 Regulates Bind-
ing to Pin1—W e identified the peptidyl-prolyl isomerase, Pin1,
as a putative septin-interacting protein in a yeast two-hybrid
screen (data not shown). Pinl is a highly conserved enzyme
consisting of two domains: an N-terminal WW domain and a
C-terminal peptidyl-prolyl isomerase domain (25). The WW
domain acts as a substrate recognition module by binding to
specific phosphorylated Ser/Thr-Pro (phospho-Ser/Thr-Pro)
motifs (26). The peptidyl-prolyl isomerase domain isomerizes
the peptide bond between the pS/T and proline (27). This con-
formational change has been shown to have various effects on
Pin1 substrates, such as regulation of function, stability, and/or
localization (28, 29). Interestingly, Pin1 interacts with many of
its substrates in a mitosis-specific manner (30), and has also
been implicated in cancer (31-33).

We therefore hypothesized that Pinl may interact with
SEPTY in response to mitotic phosphorylation at Thr-24 by
Cdk1. To test this, we performed GST pulldowns using recom-
binant GST-Pinl and unsynchronized or mitotic HeLa cell
lysates. Pulldowns were blotted with antibody to SEPT9 (Fig. 2,
top) and with Mpm-2 as a control (bottom) to prove that the
Pinl domains pulled down pT/S-P containing proteins.
Although no interaction was observed between Pinl and
SEPT9 when unsynchronized lysates were used, SEPT9 in
mitotic lysates associated with Pinl (Fig. 3A). Note that
SEPT9_i4 did not interact with Pinl. Ponceau S staining was
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performed to verify that equal amounts of each GST construct
were used in the various pulldowns (data not shown). The
SEPT9-Pinl1 interaction was dependent on the WW domain of
Pinl, as inactivation of the WW domain through a Y23A muta-
tion (34) completely abolished the interaction (Fig. 3A). Treat-
ment of lysates with calf intestinal phosphatase (Fig. 3B) or
pretreatment of cells with roscovitine (Fig. 3C) prior to pull-
down analysis greatly impaired the SEPT9-Pinl association,
arguing that the interaction is dependent on Cdkl-mediated
phosphorylation.

To elucidate whether Pinl binds SEPT9 at Thr-24, we first
transfected HeLa cells with plasmids encoding GFP-SEPT9_i3
or GFP-SEPT9_i3 T24A, arrested the cells in mitosis, and per-
formed pulldowns with GST-Pinl. Although GFP-SEPT9_i3
interacted with Pinl, the single T24A point mutation greatly
inhibited the association, demonstrating that Thr-24 is critical
for Pinl binding (Fig. 3D). We performed a similar experiment
to determine whether Pinl directly binds to SEPT9 at Thr-24.
GFP-SEPT9_i3 or GFP-SEPT9_i3 T24A was immunoprecipi-
tated from mitotically arrested HeLa cells. Far Western analysis
using recombinant Pinl as a probe showed that Pinl interacts
directly with wild type SEPT9 but binds more poorly to the
T24A mutant (Fig. 3E), even though endogenous SEPTI is still
detected in long exposures (bottom panel).

To evaluate an isomerization, we employed a monoclonal
antibody called 10C10 that appears to be sensitive to N-termi-
nal SEPT9 conformation (13). Intriguingly, this antibody con-
sistently immunoprecipitates far more SEPT9 from unsynchro-
nized cells than from mitotic cells, even though SEPT9
expression levels do not change upon mitotic entry (Fig. 4A).
This raises the possibility that phosphorylation and/or isomer-
ization of SEPT9 by Cdkl and Pinl (at onset on mitosis) may
affect the ability of 10C10 to recognize SEPT9. To address this
possibility, we first mapped the epitope of SEPT9 that is recog-
nized by 10C10 (Fig. 5). Western blotting was performed to
assess whether 10C10 can recognize purified His-SEPT9_i1,
His-SEPT9_i3, and His-SEPT9_i4. As shown in Fig. 54, 10C10
recognizes His-SEPT9_il and His-SEPT9_i3 but not His-
SEPT9_i4. This demonstrates that the 10C10 epitope is some-
where within the 139 amino acids at the N-terminal region of
SEPT9 that are common between SEPT9_il and SEPT9_i3 and
are absent from SEPT9_i4 (Fig. 5B). To map the epitope further,
we generated peptides corresponding to different fragments of
this region (called Epia, Epia-b, Epib, Epib-c, and Epic; see Fig.
5, B and C) and assessed whether 10C10 can recognize these
peptides by Western blotting (Fig. 5D). Only peptides contain-
ing Epic, which corresponds to amino acids 96 to 146 of
SEPT9_i3, were recognized by 10C10. This shows that Thr-24
does not lie within the epitope of SEPT9 that is recognized by
10C10. Consequently, the inability of 10C10 to efficiently
immunoprecipitate SEPT9 from mitotic cells is not simply a
direct consequence of phosphorylation of SEPT9 at Thr-24.

We next depleted Pin1 (Fig. 4A4) by siRNA, immunoprecipi-
tated SEPT9 with 10C10 from unsynchronized and mitotic
cells, and probed the immunoprecipitate with our polyclonal
SEPT9 antibody (17). Consistent with previous work, cells
treated with control and Pinl siRNA had similar cell cycle pro-
files (21) and arrested in mitosis with similar efficiencies upon
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FIGURE 3. Pin1 interacts with SEPT9 upon mitotic phosphorylation at Thr-24 by Cdk1. A, Pin1 interacts with SEPT9 in a mitosis-specific manner via its WW
domain. Unsynchronized or mitotic Hela cell lysates were incubated with glutathione-agarose beads complexed with GST, GST-Pin1, or GST-Pin1Y%** (which
has aninactivated WW domain). Bound proteins were analyzed by Western blotting for SEPT9 or Mpm-2 (which recognizes the motif phospho-Ser/Thr-Pro and
thus serves as a positive control). B, the SEPT9-Pin1 interaction is phosphorylation-dependent. Mitotic HelLa cell lysates were incubated with or without calf
intestinal phosphatase (CIP), and pulldowns were performed as described in A. C, the Pin1-SEPT9 interaction is dependent on Cdk1-mediated phosphorylation.
Mitotic HeLa cells were treated with or without the Cdk1 inhibitor roscovitine prior to lysis, and pulldowns were performed as described in A. D, Thr-24 of SEPT9
isrequired for the association with Pin1. HeLa cells were transfected with plasmids encoding GFP-SEPT9_i3 or GFP-SEPT9_i3 T24A. Cells were arrested in mitosis
and subjected to pulldown analysis as described in A. E, pulldown analysis was performed as described in D. The lower panel demonstrates that endogenous
SEPT9_i1-3 are present in the GST-Pin1 pulldown upon transfection with either GFP-SEPT9 WT or GFP-SEPT9 T24A. F, Pin1 binds to SEPT9 directly via Thr-24.
GFP-SEPT9_i3 or GFP-SEPT9_i3 T24A was immunoprecipitated from mitotically arrested Hela cells and subjected to Far Western analysis using recombinant
Pin1 as the probe. WB, Western blot.

A Immunoprecipitation Lysate
Inter Mitotic Inter Mitotic
ConKD ConKD PinlKD ConKD ConKD PinlKD

B 100+ |—*—|

90
80 -
70 1
60 <
50 4
40 -
30 4
20 4
10 -

0 v T
Interphase + Mitosis + Mitosis + Pin1KI
ConKD ConKD

FIGURE 4. The 10C10 epitope on SEPT9 is masked upon mitotic entry in a Pin1-dependent manner. A, Hela cells were treated with control (Con) or Pin1
siRNA. SEPT9 was then immunoprecipitated with 10C10 from interphase (Inter) or mitotic Hela cells. Precipitates were probed with a polyclonal SEPT9
antibody (left), and lysates were probed for Pin1and SEPT9 (right). B, quantification of the amount of SEPT9 present in the 10C10 immunoprecipitates shown in
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FIGURE 5. Mapping the epitope of SEPT9 that is recognized by 10C10. A, 10C10 does not recognize SEPT9_i4. His-SEPT9_i1, His-SEPT9_i3, and His-SEPT9_i4
were purified from insect cells and subjected to Western blotting with His and 10C10 antibodies. B, schematic of the 139 amino acids at the N-terminal region
of SEPT9 that are common between SEPT9_i1 and SEPT9_i3 and are absent from SEPT9_i4 (SEPT9 N-terminal). Constructs expressing peptides Epia, Epia-b,
Epib, Epib-c, and Epic were generated. The Cdk1 phosphorylation site (Thr-24) is shown in red. C, lysates of induced bacteria expressing the various peptides
were subjected to SDS-PAGE and stained with Coomassie. D, lysates of uninduced (U) and induced (/) bacteria expressing the various peptides were subjected
to Western blotting with 10C10. Numbers to the right of the blot represent molecular mass standards in kDa. KD, knockdown.

treatment with nocodazole (data not shown). Strikingly, Pinl
depletion significantly rescued the ability of 10C10 to immuno-
precipitate SEPT9 from mitotic cells (Fig. 4, A and B). This
demonstrates that the 10C10 epitope on SEPT9 is masked upon
mitotic entry in a Cdk1- and Pinl-dependent manner, likely as
a result of Pinl-mediated isomerization.

Pinl Is also Important for Midbody Abscission—Given that
SEPT9 plays an important role in midbody abscission (13), we
next sought to elucidate whether Pinl is also involved in this
process. We first depleted Pinl by siRNA (Fig. 64) and assayed
for defects in cytokinesis by immunofluorescence. Strikingly,
Pinl-depleted cells exhibited a similar cytokinetic defect to that
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observed upon SEPT9 depletion. 19% = 2% (S.E.) of Pinl-de-
pleted cells remained joined by a midbody, compared with
7% £ 1% (S.E.) of the control cells (Fig. 6, B and C; t test, p <
0.005). Similar results were observed with a second siRNA tar-
geting a different region of the Pin1 gene (Fig. 6C), arguing that
this cytokinetic defect was not due to off-target effects of the
siRNA. These results are consistent with previous observations
(35) and suggest that Pinl may also play a role in mediating
midbody abscission.

To confirm these results, we followed HeLa cells treated with
control (Fig. 6D) or Pinl siRNA (Fig. 6E) through cell division
by time-lapse microscopy. In cells treated with control siRNA,
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FIGURE 6. Pin1 is important for midbody abscission. A, efficiency of Pin1 depletion by siRNA. HeLa cells were treated with control siRNA or one of the two
siRNAs targeting different regions of the Pin1 gene. Lysates were probed for Pin1 and GAPDH. Numbers to the right of the blots represent molecular mass
standards in kilodaltons. B, representative example of cells attached by persistent midbodies following depletion of Pin1(Pin1-1 siRNA) (red, a-tubulin; blue,
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control siRNA results are shown separately. Data are represented as mean = S.E. (n = 300 cells from three or more independent experiments). Asterisks indicate
differences between control and Pin1 knockdown cells; **, p < 0.005 (t test). D, division of HeLa cells after treatment with control siRNA. HelLa cells were
transfected with control siRNA and randomly selected cells were followed through division by time-lapse microscopy. The time (in hours:minutes) since the
beginning of DNA segregation is shown. Black arrows point to intact midbodies, whereas white arrows denote abscission. Scale bar represents 16 um. E, Pin1
depletion causes defects in midbody abscission. HeLa cells were transfected with Pin1-1 siRNA and imaged as described in D. F, quantification of effect of Pin1
depletion on midbody abscission. The time from DNA segregation to midbody abscission was determined for each cell (n = 32 cells for control knockdown, n =

33 cells for Pin1-1 knockdown), and the cumulative percentage of cells that have abscised is plotted as a function of time. ConKD, control knockdown.

the midbody abscised an average of 3 = 0.2 h (S.E.) after the
onset of cytokinesis, and 97% of these cells successfully com-
pleted abscission within 5.5 h (Fig. 6F). Cells depleted of Pinl
exhibited defects in midbody abscission. Of the cells that suc-
cessfully abscised, the average abscission time was 4.4 = 0.4 h
(S.E.) (Fig. 6F; t test, p < 0.005). However, only 64% of Pinl-
depleted cells abscised within 5.5 h of cytokinesis onset. The
remaining cells either underwent apoptosis after abscission
failure or took longer than 6.25 h to abscise. (In some cases,
imaging was terminated at this point.) This was somewhat sur-
prising given that mice lacking Pinl are viable (36), but the
recent discovery of a second functional Pinl isoform in mice
(but not humans) suggests that redundancy may only exist in
mice (37). In addition, detailed analysis of dividing mouse
embryonic fibroblasts derived from Pinl knock-out mice
revealed that these cells take twice as long to abscise compared
with wild type mouse embryonic fibroblasts (35). Therefore, it
appears that Pinl plays an important role in abscission.
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The Pinl-SEPT9 Interaction Is Important for the Completion
of Cytokinesis—Because both SEPT9 and Pin1 are important for
midbody abscission, we sought to determine whether the
SEPT9-Pinl interaction is important for this process. To this
end, we generated a stable cell line that expresses siRNA-
resistant SEPT9_i3 T24A under the control of an inducible pro-
moter and performed a similar rescue experiment to that
described previously (13). This cell line exhibits low levels of
leaky expression in the absence of induction, which is close to
the level of endogenous SEPT9 expression (Fig. 7A). Hence,
although we were able to induce robust expression by adding
doxycycline, all subsequent experiments were performed with-
out addition of the drug and relied on basal expression. We
depleted endogenous SEPT9 from this cell line, which allowed
us to determine whether this low expression of SEPT9_i3 T24A
can rescue the cytokinetic defect seen upon SEPT9 depletion.
As we showed previously, the accumulation of cells defective in
midbody abscission caused by total SEPT9 depletion could be
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attached by persistent midbodies (in some cases to several cells) and (C) multinucleated cells following basal (uninduced) stable expression of siRNA-resistant
SEPT9_i3 T24A (red, a-tubulin; blue, DNA). White arrows point to midbodies, which in some cases appear to have regressed. Scale bar represents 53 um. D,
Representative examples of the parent cell line used to generate the FLAG-SEPT9_i3 T24A cell line. Scale bar represents 53 um. E, efficiency of SEPT9 depletion
by siRNA. The parent and FLAG-SEPT9_i3 T24A cell lines were treated with control or SEPT9 siRNA. Lysates were probed for SEPT9 and GAPDH (all lysates were
probed on the same blot). F, the parent and siRNA-resistant SEPT9_i3 T24A cell lines were treated with control or SEPT9 siRNA and assayed for defects in
cytokinesis by immunofluorescence microscopy. Unresolved cytokinesis refers to cells exhibiting midbody attachment or multinucleation. Data are repre-
sented as mean = S.E. (n = 300 cells from 3 experiments); **, p < 0.005 (t test).

rescued by wild type SEPT9_i3, not SEPT9_i4 (13). Using the
same approach, the basal expression of siRNA-resistant
SEPT9_i3 T24A, similar to SEPT9_i4, caused severe cytokinetic
defects, even in the presence of endogenous SEPT9 (Fig. 7C;
compare control knockdown in the parent cell line to control
knockdown in the SEPT9_i3 T24A cell line; £ test, p < 0.005).
Approximately half of these cells remained joined by midbodies
to one or multiple cells, and/or had more than one nucleus (Fig.
7, B and C). Similar defects were observed in multiple inde-
pendent clones, arguing that this is not a clone-specific phe-
nomenon. These defects were not suppressed by depleting
endogenous SEPT9 (Fig. 7C), suggesting that they are not sim-
ply the result of increased total SEPT9 levels. Furthermore,
depletion of endogenous SEPT9 in the SEPT9_i3 T24A cell line
did not cause an increase in cytokinesis defects. These results
suggest that SEPT9_i3 T24A has a dominant negative effect and
argue that the interaction between SEPT9 and Pinl is impor-
tant for the completion of cytokinesis.

Pinl-mediated Isomerization of SEPT9 Is Not Important for
Exocyst Recruitment to the Midbody—Because it has been dem-
onstrated that SEPT9 mediates the recruitment of the exocyst
complex to the midbody (13), we next assessed whether Pinl-
mediated isomerization of SEPT9 is important for this process.
Depletion of Pinl by siRNA had no effect on the localization of
the exocyst component Sec8 at the midbody (Fig. 8). In addi-
tion, Sec8 localization at the midbody appeared normal in the
SEPT9_i3 T24A cell line (data not shown). This suggests that
SEPT9 mediates recruitment of the exocyst complex to the
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midbody in a Pinl-independent manner and that Pin1 function
is required for a distinct step in abcission.

DISCUSSION

Given that mammalian septins undergo dramatic changes in
localization and possibly function at the onset of cell division, it
has long been speculated that they may be regulated by the cell
cycle machinery that controls mitotic entry (16). However,
experimental evidence supporting this hypothesis has been
lacking. The work presented here describes the first link
between a mammalian septin and a cell cycle-dependent kinase.
Specifically, we have demonstrated that Cdkl phosphorylates
SEPT9 at Thr-24 at the onset of mitosis. This creates a S-pT-P
motif, which is a perfect match to the consensus recognition
motif of the Plk1 PBD (19). Although SEPT9 did interact with
the PBD of PIkl, this association was not dependent on phos-
phorylation at Thr-24. Further work will be required to identify
the PIkl binding site in SEPT9 and elucidate the functional
significance of this interaction. We have demonstrated that
mitotic phosphorylation of SEPT9 at Thr-24 by Cdk1 creates a
binding site for the WW domain of Pinl. Immunoprecipitation
analysis revealed that the 10C10 epitope on SEPT9 is masked in
a Pinl-dependent manner. This is consistent with the notion
that Pinl induces a conformational change in the N-terminal
region of SEPTY at the onset of mitosis, in response to phos-
phorylation at Thr-24 by Cdk1.

We previously demonstrated that SEPT9_i3 is sufficient to
drive cytokinesis in the absence of the other SEPT9 isoforms
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(13). In the present work, we show that SEPT9_i3 T24A (which
cannot interact with Pin1) acts in a dominant-negative manner,
causing severe defects in cytokinesis. Similar defects were
observed previously upon expression of SEPT9_i4 (13), which
lacks the Pinl binding site. These results argue that the SEPT9-
Pinl interaction is important for the completion of cytokinesis
and shed new light on how alterations in SEPT9 levels may
contribute to carcinogenesis. Loss of SEPT9 function impairs
the completion of cell division (13), thus potentially causing
genomic instability, which could ultimately contribute to can-
cer (38). Increased expression of SEPT9_i4 (9, 11), which lacks
the Pin1 binding site, could lead to cancer in a similar manner.
Overexpression of SEPT9_il (10, 11), which contains the Pin1-
binding site, could overwhelm Cdk1 and/or Pinl and result in
SEPT9 that is not isomerized by Pinl, which could have a sim-
ilar effect. The finding that Pin1 is important for the cytokinetic
function of SEPTY is particularly interesting given the many
links between alterations in Pinl expression and cancer (33).
Because variations in Pinl levels would presumably directly
affect the ability of SEPT9 to mediate abscission, it is possible
that alterations in Pinl expression could contribute to cancer
through modulating SEPT9 activity. Future studies will be
aimed at addressing this possibility.

As SEPT9 mediates the recruitment of the exocyst complex
to the midbody (13), it seemed feasible that Pinl-mediated
isomerization of SEPT9 may be important for this process.
However, both depletion of Pinl by siRNA and expression of
SEPT9_i3 T24A had no effect on exocyst complex localization,
suggesting that SEPT9 mediates recruitment of the exocyst
complex to the midbody in a Pinl-independent manner. Future
work will therefore focus on elucidating the mechanism by
which Pinl-mediated isomerization of SEPT9 facilitates abscis-
sion. It is possible that isomerization of the N terminus of
SEPTY could unmask a binding site for some other protein, and
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this interaction may be important for abscission. SEPT9 i3
T24A would be unable to interact with this protein, as the bind-
ing site would remain masked upon mitotic entry. Conse-
quently, SEPT9_i3 T24A would be expected to act in a domi-
nant-negative manner, as was observed. SEPT9_i4 would lack
the binding site for this protein altogether. As a result,
SEPT9_i4 would also be expected to act in a dominant-negative
manner, as shown previously (13).

Members of the septin family vary greatly in terms of the
sequence and length of their N and C termini (16). In the crystal
structure of the SEPT2/6/7 complex (4), the extreme N and C
termini are disordered, and it remains unclear whether they are
involved in septin-septin interactions. Consequently, the role of
these regions is not understood. Based on the location of the
Pinl-binding site near the extreme N terminus of SEPTY, it is
tempting to speculate that the N-terminal region of septins may
serve as an important regulatory domain. Consistent with this,
phosphorylation near the extreme N terminus of mouse SEPT5
by Cdk5 regulates association with syntaxin-1 in the brain (39,
40). In addition, phosphorylation near the extreme C terminus
of the yeast septin Cdc3p by Cdc28p is required for septin ring
disassembly (41), suggesting that the C-terminal domain of sep-
tins may also serve a regulatory role. Because many septins,
similar to SEPT9, have multiple isoforms with different termini,
the various isoforms of a given septin may be differentially
regulated.

Intriguingly, the above described septin phosphorylation
sites also represent putative Pin1-binding sites. In addition, the
yeast Pinl homologue, Ess1 (42), demonstrates synthetic lethal-
ity with the yeast septin CDCI12 (43). These studies therefore
suggest that Pin1-mediated isomerization, in response to phos-
phorylation, may serve as an evolutionarily conserved mecha-
nism of regulating septin function in a variety of cellular
contexts.
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