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Modulation of septin higher-order structure by the Cdc28 protein kinase
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Abstract

Septins are a family of eukaryotic guanosine phosphate-binding proteins that form linear heterooligomeric complexes, which, in
turn, polymerize end-on-end into filaments. These filaments further assemble into higher-order structures at distinct subcellular
locations. Dynamic changes in the organization of septin cortex structures appear during cell cycle progression. A variety of
regulatory proteins and posttranslational modifications are involved in changes to the structure of septin assemblies during the
entire cell cycle. In particular, septin-associated protein kinases mediate changes to septin higher order structures or interconnect
cellular morphogenesis with the cell cycle. Yeast cyclin-dependent kinase, a master cell cycle regulator, is required for the
initiation of a new septin ring. Here, using epifluoresence and electron microscopy, we show that upon phosphorylation by the
Cdc28 kinase, septin filaments disassemble into hetero-octameric building blocks, and that filament depolymerization is specif-

ically G1 cyclin-dependent.
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Abbreviations

CDK  Cyclin-dependent kinase

DTT  Dithiothreitol

EGFP  Enhanced green fluorescent protein
IPTG  Isopropyl-f3-D-thiogalactopyranosid
NTA  Nitrilotriacetic acid

PMSF  Phenylmethylsulfonylfluorid

SD Standard deviation

Introduction

Septins are conserved guanosine phosphate-binding proteins
ubiquitous in eukaryotic species. These filament-forming
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proteins were first discovered in screens for temperature-
sensitive mutations affecting the budding yeast cell cycle
(Hartwell and Smith 1985). Five Saccharomyces cerevisiae
septin genes are expressed in mitotically-dividing cells, while
two septins, Spr3 and Spr28, are present only in cells under-
going meiosis and sporulation (Garcia III et al. 2016). The
mitotic septins assemble into two types of heterooctameric
linear complexes that differ only in their terminal subunit:
Cdc11-Cdc12-Cde3-Cdc10-Cde10-Cde3-Cdel12-Cdell and
Shs1-Cdc12-Cde3-Cdc10-Cdc10-Cdce3-Cdcl12-Shsl (Garcia
I et al. 2011). Complexes with Cdc11 terminal subunits po-
lymerize end-to-end into paired filaments in vitro, whereas the
formation of rings, curved bundles and a bird’s nest-like net-
work was observed in the presence of both complex types
(Garcia III et al. 2011).

Various regulatory proteins and posttranslational modifi-
cations control septin structure organisation at the bud neck.
Several protein kinases, including several cyclin-dependent
kinases (CDKs), are associated with the septin cortex at
particular points in the cell division cycle. CDKs are
serine/threonine protein kinases, which require a separate
cyclin subunit for their activity. CDKs play crucial roles in
cell cycle control, and they modulate transcription in re-
sponse to several extra- and intracellular impulses. In
S. cerevisiae, six CDKs have been identified: Cdc28
(Cdkl), Pho85 (ortholog of mammalian Cdk5), Kin28
(ortholog of mammalian Cdk7), Srb10 (ortholog of
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mammalian Cdk8), Burl (ortholog of mammalian Cdk9)
and Ctkl (ortholog of mammalian Cdk12) (Huang et al.
2007; Lee and Greenleaf 1991; Liao et al. 1995; Lorincz
and Reed 1984; Simon et al. 1986; Yao et al. 2000). A single
CDK, Cdc28, is sufficient for cell cycle control in budding
yeast, but many of its functions are also supported by the
non-essential Pho85. The other CDKs have regulatory func-
tions in transcription processes. Cdc28 alternately associ-
ates with nine G1, S, G2/M phase cyclins (CIn1-3 and
Clb1-6), whereas Pho85 associates with ten cyclins.
Cdc28 was first identified in a genetic screen for cell cycle
control genes (Hartwell and Smith 1985). This proline-
directed kinase prefers the consensus sequence S/T-P-X-
K/R (where X is any amino acid), although it also phosphor-
ylates the minimal consensus sequence S/T-P (Nigg 1993).
The first evidence for a functional link between septins and
a CDK came from Cvrckova etal. (1995), who described the
synthetic lethality of a particular Cdc12 allele with clnl A
cln2 A. Tang and Reed (2002) demonstrated that two serines
at the C-terminus of Cdc3 are phosphorylated by Cdc28. In
wild-type cells, the septin ring inherited from the previous
cell cycle must disassemble shortly before or simultaneous-
ly with assembly of a new ring during G1 phase. A
nonphosphorylable mutant of Cdc3 was defective in the
disassembly of the old septin ring at the end of the cell cycle.
In addition, G1 cyclin was also shown to be required for
efficient ring disassembly. In more recent work, the Shsl
septin showed strong genetic interactions with G1 cyclins,
and is a direct target of the CDKs associated with G1 cyclins
(Egelhofer et al. 2008). The Cdc3 and Shs1 septins were
identified among the 308 targets of Cdc28 in a screen com-
bining CDK chemical inhibition and quantitative mass
spectrometry (Holt et al. 2009). Recently, in experiments
using polarized fluorescence microscopy none of the previ-
ously described shs! phosphorylation-deficient mutants
(Egelhofer et al. 2008) had a rate of disassembly different
from the wild-type (McQuilken et al. 2017). All of these
mutants were comparably highly disorganized and had a
wide distribution of septin orientations, analogous to the
shsl null mutant. Phosphorylation of Shsl by CDK and
Pho58 seems to be important for modulating septin
higher-order organization, but not for the splitting process
(McQuilken et al. 2017). Shsl is also multiphosphorylated
at the C-terminus in the filamentous fungus Ashbya
gossypii, however, phosphorylation of this protein is not
required for the septin to organize into rings (Meseroll
etal. 2012).

Protein-protein interactions and posttranslational modifica-
tions induce changes in septin filament polymerization and
higher-order structure formation, but these processes are still
only partially understood at the molecular level. Here we
show that phosphorylation by a cyclin-dependent kinase dra-
matically alters the assembly of septin filaments in vitro.
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Materials and methods
Growth conditions and media

E. coli cells were grown in 1% Tryptone, 0.5% yeast extract,
and 0.5% NaCl (LB) or in 1.2% Tryptone, 2.4% yeast extract,
72 mM K,HPO,, 17 mM KH,PO, and 0.4% glycerol (TB)
supplemented with the appropriate antibiotics. General genet-
ic manipulations were conducted using standard procedures
(Ausubel et al. 1995). Strains used in this work are listed in
Table 1.

Construction of plasmids

In order to construct expression vectors, fragments of different
size were amplified using yeast chromosomal DNA as a tem-
plate, the Q5 or Phusion High-Fidelity DNA polymerase
(New England BioLabs) and the appropriate primers
(Table 2). The PCR products were digested with restriction
endonucleases (Table 2) and the resulting fragments were in-
troduced into expression vectors. The yEGFP PCR product
was digested with Eagl and Sa/l and the fragment introduced
between the Eagl and Sall sites of pFM455 (Farkasovsky
et al. 2005), resulting in plasmid pFM873. All plasmid con-
structs were confirmed by sequencing.

Heterologous expression and isolation of Cdc28,
Cdc37, Cak1, CIn2, Clb2, Cks1 and septin complex

E. coli strain BL21 (DE3) Rosetta (Novagen) was transformed
with the bicistronic plasmids pFM453 (CDCI0 and CDCI1)
and pFM873 (MBP-CDC12 and CDC3-yEGFP). This strain
was used to express a yeast septin complex containing a Cdc3-
yEGFP fusion protein, which was purified as described earlier
Farkasovsky et al. 2005). For bacterial expression of Cdc28,
the plasmids pFM1165 (CDC28), pFM1101 (CDC37) and
pFM1102 (CAKI) were transformed into the E. coli strain
BL21 (DE3) Rosetta (Novagen). The cells were grown in
TB medium, supplemented with ampicillin, kanamycin, strep-
tomycin and chloramphenicol, at 37 °C and induced by addi-
tion of 0.2 mM IPTG at an optical density of OD600 =0.6.
After 6 h at 28 °C, cells were harvested by centrifugation,
resuspended in isolation buffer IBI (25 mM NaHPO4
pH 7.8, 5% glycerol, 0.3 M NaCl, I mM MgCl,, 5 mM f3-
mercaptoethanol, Complete protease inhibitors (Roche),
2 mM PMSF), supplemented with 10 mM imidazole, and
disrupted by sonication. After high-speed centrifugation at
100000%g, the supernatant was incubated with Ni-NTA-
Sepharose (Qiagen), loaded onto a column, washed with buft-
er IB2 (10 mM Tris-Cl pH 7.8, 5% glycerol, 0.5 M NaCl,
1 mM MgCl,, 5 mM [3-mercaptoethanol, 5 mM ATP,
Complete protease inhibitors, 0.2 mM PMSF), supplemented
with 20 mM imidazole, washed with buffer IB3 (10 mM Tris-
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Table 1 Strains used in the study

Strain Genotype

E.coli DH5alpha

F endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG $80dlacZAM15

AlacZYA-argF)U169 hsdR17(rg mi) A~

BL21(DE3)Rosetta
Cam")

gal hsdSB lacY1 ompT (pPRARE araW argU glyT ileX leuW proL metT thrT tyrU thrU

ClpH 7.8, 5% glycerol, 0.3 M NaCl, I mM MgCl,, 5 mM f3-
mercaptoethanol) and the protein was eluted with 250 mM
imidazole in buffer IB3. The GST tag, used to improve the
protein solubility, was cleaved with thrombin (Serva), separat-
ed by GSH-Sepharose (GE Healthcare) and the Cdc28 com-
plex was further concentrated.

ClIn2 and Clb2, with maltose-binding protein tags, were
expressed in E. coli strain BL21 (DE3) Rosetta under similar
conditions as Cdc28. Cells were resuspended in column buffer
(50 mM Tris-HCI1 pH 7.9, 150 mM NaCl, 1 mM EDTA,
10 mM (-mercaptoethanol, Complete protease inhibitors
(Roche), 2 mM PMSF), sonicated and centrifuged at

30000xg at 4 °C for 20 min. The supernatant was diluted with
column buffer and loaded on amylase resin (New England
Biolabs) equilibrated with column buffer. The column was
washed with 10 volumes of column buffer, the proteins were
eluted with column buffer supplemented with 10 mM maltose,
concentrated, and stored at —80 °C.

GST-Cksl was expressed in E. coli strain BL21 (DE3)
Rosetta. The cells were grown in TB medium, supplemented
with ampicillin and chloramphenicol, at 37 °C and induced by
the addition of 0.2 mM IPTG at an optical density of
OD600=0.6. After 4 h at 28 °C, cells were harvested by
centrifugation, resuspended in isolation buffer IB4 (25 mM

Table 2 Plasmids used in the

study Plasmid

Vector Gene

Restriction
sites

Primers (5’-3')

pFM453°
pFM455°

pFM873  pFM455

CDCI2

pFM1101  pCDFDuet-1

pFM1102  pCDFDuet-1
pFM1104  pFM455-RSF®
pFM1105  pFM455-RSF®
pEM1150

pGEX4T-3

pFM1165 pEGST

CDC37

CAK1I

CLN2

CLB2

CKS1

CDC28

CDC10/11
CDC3/12

CDC3-yEGFP

CCATGTCGACGGCGGTGGTCCGATGT
CTAAAGGTGAAGAATTATT

CCATCGGCCGTGCCACCACCCGGTTT
GTACAATTCATCCATACCATG

CCAACCATGGCCATTGATTACTCTAA
G

CCAAGTCGACCTAGTCAACA
GTGTCGGC

CCAAAGATCTCATGAAACTGGATAGT
ATAG

CCAACTCGAGTGGCTTTTCTAATTCT
TGC

GGAAGGATCCATGGCTAGTG
CTGAACCAAG

GGAAGTCGACCTATATTACTTGGGTA
TTGC

CCAAGGATCCATGTCCAACCCAATAG
AAAAC

CCAAGTCGACTCATTCATGCAAGGTC
ATTATATC

CCAAGGATCCATGTACCATCACTATC
ACGC

CCAAGTCGACCTAGGAGATT
TGGGGTGGAAC

CCAAGGATCCATGAGCGGTGAATTAG
CAA

GGAACTCGAGTTATGATTCTTGGAAG
TAGG

Eagl/Sall

Ncol/Sall

Bglll/Xhol

BamHI/Sall

BamH1/Sall

BamHI/Sall

BamHI/Xhol

? Farkasovsky et al. 2005

® in pFM455, the P15A replicon was replaced with an RSF origin
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Tris-ClpH 7.9, 150 mM NacCl, 1 mM MgCl,, 5 mM DTE, 5%
glycerol, 1 mM ATP, Complete protease inhibitors, 2 mM
PMSF), sonicated and centrifuged at 28000xg and 4 °C for
20 min. The supernatant was applied to a GSH-Sepharose
column, equilibrated in IB4. The column was washed with
10 volumes of IB4, again with 10 volumes of IB4 without
protease inhibitors, and the fusion protein was cleaved with
thrombin on the column overnight at 4 °C. The protein was
eluted with column buffer, concentrated and stored at —80 °C.

Kinase reaction

For the kinase reaction, 0.3 uM septins and 0.01 uM Cdc28
were incubated with Cksl and cyclin Cln2 or CIb2 (each
0.01 uM) at 30 °C for 2 h in kinase buffer (50 mM HEPES
pH 7.6, 50 mM NaCl, 10 mM MgCl,, 1 mM DTT, Complete
protease inhibitors (Roche)) with 0.5 mM ATP. As a control,
septins alone or with Cdc28 were incubated in the kinase
reaction buffer with ATP. Dephosphorylation with lambda
phosphatase was carried out according to the manufacturer’s
instructions (New England BioLabs). Reactions were stopped
after 2 h with 5 x SDS-loading buffer.

Immunobloting

Kinase reaction samples were separated by SDS-PAGE, blot-
ted on Polyvinylidene difluoride membrane and the blot was
immunoprobed with Q5 PhosphoSerine antibodies (Qiagen).
Horseradish peroxidase-conjugated secondary anti-mouse an-
tibodies and a commercial (Perkin Elmer) or home-made en-
hanced chemiluminescent (Haan and Behrmann 2007) system
was used to detect phosphorylated serines.

Fluorescence microscopy

A Zeiss Axiovert microscope equipped with Zyla 4.2 PLUS
(Andor) was employed for the epifluorescence microscopy of
septin filaments in vitro. A Cdc3-yEGFP-Cdc10-Cdcl1-
Cdc12 complex in high salt buffer was diluted to 1-5 mg/
mL and dialyzed into 20 mM HEPES pH 7.9, 50 mM NaCl,
1 mM MgCl,, 1 mM dithioerythritol for up to 12 h at 4 °C.
Dialyzed samples were processed through a kinase reaction,
applied to slides and observed by fluorescence microscopy.
JFilament, an ImagelJ plugin, was used to measure length of
the filaments (Rueden et al. 2017; Smith et al. 2010).

Electron microscopy

Negative staining of samples was performed as previously
described (Brocker et al. 2012). In brief, samples (diluted into
20 mM Tris pH 7.9, 50 mM NaCl, | mM MgCl,, 1 mM DTE;
septins at 0.03 pM) were applied onto freshly glow-
discharged, carbon-coated copper grids, left for 2 min on the
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grid, and then blotted and stained with 0.5% (w/v) uranyl
formate. Specimens were examined with a JEOL JEM 1400
electron microscope equipped with a LaBg filament at an ac-
celeration voltage of 120 kV. Images were taken in minimal
dose mode at a magnification of 50,000 and a defocus of 1—
2 wm, and recorded with a 4k x4 k CMOS F-416 camera
(TVIPS).

Results

To study the interaction of Cdc28/cyclin with septin filaments,
we reconstituted the system in vitro. We chose two cyclins,
CIn2 and Clb2, to mimic the situations at the G1 to S phase
transition (CIn2) and early M phase (Clb2). We expressed all
yeast proteins heterologously in E. coli and purified them
biochemically (Materials and Methods, Online Resource 1).
To ensure the expression of a fully functional Cdc28, we co-
expressed it with the Cdc37 chaperone and the cyclin-
dependent kinase-activating kinase Cak1. Cks1, the regulato-
ry subunit and adaptor of CDK, was expressed in E. coli sep-
arately. CIn2 was used in the form of a maltose-binding fusion
protein to enhance its stability. In order to analyse septin fila-
ment formation in vitro, we expressed a functional yeast septin
complex, containing a Cdc3-yEGFP fusion protein, in E. coli,
isolated it in a similar way as the wild-type septin complex,
and monitored filament formation by fluorescence microsco-
py (Sadian et al. 2013). Filaments were formed by dialyzing
septins overnight against a low-salt buffer (50 mM NaCl);
these filaments were then used in kinase reactions. The
yEGFP-labeled septin complex (Cde3-yEGFP-Cdc10-
Cdcl11-Cdc12) forms straight filaments in vitro (average
length 56 um, SD=22 um, Fig. 1a). After the addition of
Cdc28 and 0.5 mM ATP and subsequent incubation at
30 °C, no difference was visible when compared to the isolat-
ed septins (average length 54 um, SD =29 um, Fig. 1b). A
dramatic change occurs in septin filament structure when
Cln2, the G1 cyclin is incubated together with Cdc28, septins
and ATP. Under these conditions, the septin filaments appar-
ently depolymerise: no filaments were visible (Fig. 1¢). After
adding lambda phosphatase to the depolymerized septin fila-
ments and incubating further at 30 °C, septin filaments
reappeared (average length 18 um, SD=8 pum, Fig. 1d). A
kinase reaction using the mitotic cyclin Clb2, in the presence
of Cdc28 and ATP, produced no significant structural changes
when examined by fluorescence microscopy, though the fila-
ments did show slightly more branching than the control
(average length 58 pm, SD =29 um, Fig. le).

To confirm our fluorescence microscopy observations
and to obtain more structural detail, we examined these
kinase reaction products using electron microscopy. The
majority of the septin filaments formed bundles showing a
characteristic striation (Fig. 2a) as well as pairs of
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Fig. 1 Gl cyclin-dependent
septin depolymerisation in vitro.
Yeast septin octamers (0.3 uM)
containing Cdc3-yEGFP,
polymerized by dialysis and
incubated in kinase buffer, a
alone, b in the presence of

0.01 uM Cdc28, ¢ in the presence
0f 0.01 uM Cdc28/ClIn2, d in the
presence of Cdc28/CIn2 treated
with lambda phosphatase, e in the
presence of Cdc28/Clb2. Samples
were viewed using
epifluorescence microscopy. All
panels are shown at the same
magnification. Scale bar, 10 um

Cdc28/CIn2

filaments as described in previous reports (Farkasovsky
et al. 2005; Patasi et al. 2015; Versele and Thorner
2004). The addition of Cdc28 to the kinase reaction did
not produce noticeably different results than the septin
alone (Fig. 2b), however septin samples treated with
Cdc28/Cln2, in contrast to the septin polymers alone
(Fig. 2a), contained only septin octamers (Fig. 2c¢).
Phosphatase treatment of these octamers once again initi-
ated septin filament assembly (Fig. 2d). Finally, the sam-
ple treated with Cdc28/Clb2 contained both straight and
branched filaments (Fig. 2e).

As described previously (Tang and Reed 2002), the
Cdc3 septin is phosphorylated on its C-terminus (S503

Cdc28/CIn2 — phosphatase

Cdc28/CIb2

and S509) by Cdc28 during early Gl phase. Filament
disassembly seems to depend on septin phosphorylation
(Figs. 1 and 2), because treatment with phosphatase re-
verses this process. To support this interpretation, we
examined the phosphorylation of Cdc3 in vitro by west-
ern blotting. We first performed kinase reactions and
then used antibodies to detect phosphoserine on the blot.
Cdc28 with CIn2 cyclin displayed a positive Cdc3 sig-
nal, whereas Cdc28 with CIb2 or Cdc28 alone showed
no signal. After phosphatase treatment of a kinase reac-
tion mixture containing Cdc28/Cln2, the Cdc3 western
blot signal disappeared, as expected (Fig. 3a). No other
septin appeared to be phosphorylated using this
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Fig.2 Electron microscopy of the a
kinase reaction products of septin
filaments. Representative EM
images of negatively stained
septin filaments diluted to

0.03 uM are shown. Yeast septin
octamers polymerized by dialysis
and incubated in kinase buffer, a
alone, b in the presence of Cdc28,
¢ in the presence of Cdc28/Cln2,
d in the presence of Cdc28/CIn2
treated with lambda phosphatase,
e in the presence of Cdc28/Clb2.
The protein concentration in all
reactions is the same as in Fig. 1.
Ten-fold dilution was used for
EM. All scale bars in (a—e) are
200 nm

antibody-based detection system. To increase the very
mild effect of CIb2 on septin filaments, we performed
the kinase reaction using a 10-fold excess of this cyclin.
Surprisingly, this did produce a Cdc3 phosphorylation
signal on the western blot (Fig. 3a, last column). The
filaments formed under these conditions are moderately
shorter than the control (average length 35 pum, SD=
21 um, p <0.0001) and show more frequent branching
(Fig. 3b).

Taken together, these data suggest that the Cdc28 kinase
specifically phosphorylates septin Cdc3 in a GI cyclin-
dependent manner in vitro, thereby causing the septin fila-
ments to depolymerise.
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Cdc28/Clb2

Discussion

The structure of the septin polymer network at the cell cortex
is highly regulated during the S. cerevisiae cell cycle and is
controlled by multiple classes of regulatory proteins. Protein
kinase phosphorylation plays a very important role in the for-
mation of the septin ring, in the transformation of higher-order
structures throughout the entire cell cycle, and in the assembly
of the septin collar for morphogenesis checkpoint monitoring
(Perez et al. 2016). As shown previously (Tang and Reed
2002), mutations preventing the phosphorylation of putative
CDK recognition motifs in Cdc3 decrease the disassembly of
the old septin ring following cytokinesis. In S. cerevisiae,
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Fig. 3 Cdc3 is specifically a
phosphorylated by Cdc28/CIn2. a
Kinase reactions were separated septins + + + + + +
by SDS-PAGE, blotted on PVDF CdC28 — + + + + +
membrane and incubated with
anti-phosphoserine antibodies. Cln2 - - + - + -
- - - - *
Secondary antibodies conjugated Clb2 + +
to horse-radish peroxidase in an ) phosphatase - - - - + -
enhanced chemiluminescent
system were used to detect anti P-Ser

phosphoserine (upper panel). The
blot was then stained with
Coomassie Brilliant Blue (lower
panel). Kinase reaction mixtures
from left to right: septin alone,
septin with Cdc28, septin with
Cde28/CIn2, septin with Cdc28/ b
ClIb2, septin with Cdc28/CIn2
treated with phosphatase, septin
with Cdc28/Clb2. * 10-fold
excess of Clb2. b Kinase reaction
with Cdc28 and 10-fold excess of
CIb2 viewed using
epifluorescence microscopy.
Scale bar, 10 pm

therefore, the activity of Cdc28 is presumably required for
disassembly of the old septin ring and the consequent initia-
tion of the new one, although the molecular mechanisms at the
root of this process remain unknown.

To examine the structural changes to septin filaments
which might arise following phosphorylation, we first heter-
ologously expressed the cyclin-dependent protein kinase
Cdc28 and cyclins CIn2 and Clb2. We then used different
yeast CDK/cyclin combinations in kinase reactions with
yEGFP-labelled septin complex (Cdc3-yEGFP-Cdc10-
Cdc11-Cdc12) to visualize filaments using fluorescence mi-
croscopy. Phosphorylation of this complex by Cdc28/CIn2
caused the filaments to become completely depolymerised.
This was confirmed by electron microscopy, which showed
only septin octamers (Figs. 1c and 2c). This septin filament
disassembly was reversible if treated with lambda phospha-
tase (Fig. 1d and 2d). Together, these results show that phos-
phorylation likely causes structural changes. Cdc3 phosphor-
ylation was also confirmed by western blotting (Fig. 3). These
results agree with previously published data (Tang and Reed
2002), which suggested that septin phosphorylation may reg-
ulate the equilibrium between the assembled and free
protomers. Septin phosphorylation seems not only to be the
signal for septin ring disassembly, but also directly affects
filament structural stability. We propose that phosphorylation
of the Cdc3 C-terminus disturbs the coiled-coil interaction
proposed to stabilize septin filaments (Bertin et al. 2008). It

load

| — v s
- —

is still unclear if it is phosphorylation of Cdc3 alone which is
responsible for filament disassembly of if phosphorylation of
some other septin, not identified in our blot, is also necessary.
It may be that the antibody used does not recognise all possi-
ble phosphoserine epitopes. Recently, it was reported that the
Candida albicans homolog of Clnl targets the Cdc28 kinase
activity to the Cdcl1 septin (Sinha et al. 2007); it is therefore
possible that S. cerevisiae Cdcl1 is also a CDK target. In
accordance with this hypothesis, S. cerevisiae Cdc11 contains
two potential phosphorylation sites, T90 and S100, matching
minimal consensus motif S/T-P. A more detailed investigation
into septin phosphorylation will be needed to address this.

We also observed that the Cdc28/Clb2 combination phos-
phorylates Cdc3 in vitro, but only when an excess of CIb2 is
used. One possible reason is that this cyclin interacts with
Cdc3 in a different, less efficient way, thereby requiring a
higher concentration for phosphorylation. Non-specific phos-
phorylation also cannot be excluded.

Mutation to the Cde3 phosphorylation sites only delays
initiation of septin ring assembly and bud emergence (Tang
and Reed 2002), so it is unlikely that septin phosphorylation is
the only pathway regulating septin disassembly. It remains a
possibility, however, that there are other proteins which main-
tain the septin structure at the bud neck that are inhibited by
phosphorylation, thereby causing septin ring disassembly in-
dependently of septin phosphorylation. Another possibility is
that the phosphorylation of regulatory proteins might be
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required to activate septin disassembly. A good candidate for
such a regulatory protein is Syp1, which has been implicated
in both the disassembly of the septin ring in the late stages of
cell division and in the formation of a septin ring at the incip-
ient bud site (Qiu et al. 2008). Interestingly, Syp! is a highly
phosphorylated protein (Albuquerque et al. 2008; Swaney
et al. 2013), and eight of the phospho-sites detected in this
protein match the T/S-P consensus for the kinase CDK/
Cdc28. The sumoylation of septins also seems to be involved
in septin ring disassembly given that a yeast strain containing
a septin with mutations to its sumoylation site accumulates
extra septin rings (Johnson and Blobel 1999). Finally, it
should be noted that septins are associated with the cytoplas-
mic membrane, and phosphorylation conditions in and around
the membrane may be quite different from those in free solu-
tion. Further investigation will be needed to determine wheth-
er phosphorylated septins bind to the membrane, or if
membrane-bound septins are phosphorylated at the same sites
as in free solution.

In summary, we have shown that the G1 cyclin-dependent
phosphorylation of septin filaments by yeast CDK in vitro
induces dramatic changes in filament structure. Septin phos-
phorylation might be one of the mechanisms by which disas-
sembly of septin filaments is induced after completion of
cytokinesis.
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