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Mitotic yeast (Saccharomyces cerevisiae) cells express five related septins (Cdc3, Cdc10, Cdc11, Cdc12, and Shs1) that form
a cortical filamentous collar at the mother-bud neck necessary for normal morphogenesis and cytokinesis. All five possess
an N-terminal GTPase domain and, except for Cdcl10, a C-terminal extension (CTE) containing a predicted coiled coil.
Here, we show that the CTEs of Cdc3 and Cdc12 are essential for their association and for the function of both septins in
vivo. Cdc10 interacts with a Cdc3—-Cdc12 complex independently of the CTE of either protein. In contrast to Cdc3 and
Cdc12, the Cdc11 CTE, which recruits the nonessential septin Shsl, is dispensable for its function in vivo. In addition,
Cdcll forms a stoichiometric complex with Cdc12, independent of its CTE. Reconstitution of various multiseptin
complexes and electron microscopic analysis reveal that Cdc3, Cdc11, and Cdc12 are all necessary and sufficient for septin
filament formation, and presence of Cdcl0 causes filament pairing. These data provide novel insights about the connec-
tivity among the five individual septins in functional septin heteropentamers and the organization of septin filaments.

INTRODUCTION

Septins play crucial but ill defined roles in many cellular
processes, such as cytokinesis, cellularization, and exocyto-
sis in yeast, insects, and mammals (Kinoshita, 2003). Genes
encoding septins were first identified in budding yeast via
temperature-sensitive mutations that prevent cytokinesis at
the restrictive temperature and cause accumulation of mul-
tibudded and multinucleated cells, with markedly elongated
buds (Hartwell, 1971). Five septins (Cdc3, Cdc10, Cdcll,
Cdcl2, and Shsl) are expressed in mitotic yeast and are
structural components of a cortical collar of highly ordered
filaments at the mother-bud neck (Byers and Goetsch, 1976;
Frazier et al., 1998). On dialysis into low-salt buffer, septin-
enriched fractions isolated from yeast polymerize into
paired filaments of 7-9 nm in diameter (Frazier ef al., 1998).

All septins contain a conserved core comprising a GTP-
binding domain and, to its C-terminal side, a region unique
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to septin family members of as yet unknown function (Fig-
ure 1). The N terminus is variable, except for a tract of basic
residues that may represent a phosphoinositide-binding re-
gion (Zhang et al., 1999; Casamayor and Snyder, 2003). Most,
but not all, septins have a prominent C-terminal extension
(CTE). Available algorithms (Woolfson and Alber, 1995;
Wolf et al., 1997) predict that a segment with coiled coil-
forming capacity might be present within each CTE.

In yeast, septins congregate early in the cell cycle as a
patch at the incipient bud site, which transforms into a
cylindrical collar during bud emergence. This patch-to-col-
lar transition correlates with a sharp decrease in septin mo-
bility, as determined by fluorescence recovery after photo-
bleaching (Caviston et al., 2003; Dobbelaere et al., 2003).
Correspondingly, well-ordered septin arrays have been ob-
served via electron microscopy (EM) only in budded cells
(Byers and Goetsch, 1976; Frazier et al., 1998). We have
demonstrated recently that GTP binding to Cdcl0 and
Cdcl12 is required for collar assembly in vivo and for septin
polymerization in vitro (Versele and Thorner, 2004). In ad-
dition, phosphorylation of septins by Cla4, a p21-activated
kinase (Dobbelaere ef al., 2003; Versele and Thorner, 2004),
and by Gin4, a microtubule-associated protein/microtubule
affinity-regulating kinase family member (Longtine et al.,
1998; Mortensen et al., 2002), is necessary for proper septin
collar assembly. Time-lapse confocal microscopy of septin
structures in certain mutants of Cdc42, the physiological
activator of Cla4, or in mutants of Cdc42 GAPs (Rgal, Rga2,
and Bem3), indicates that the initial patch at the bud site is
a flat ring or disk, which subsequently expands into the
collar as the bud emerges (Caviston et al., 2003). The collar
remains at the bud neck throughout the cell cycle until it is
split at cytokinesis and disassembles upon completion of cell
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Figure 1. Primary structure of S. cerevisize mitotic A
septins. (A) Schematic depiction of the domain struc-
ture of yeast septins. Characteristic features include
N termini of variable length and sequence (red box),
tract of basic and hydrophobic residues implicated in Cdel)
septin-phosphoinositide interaction (hatched box),

C-terminal
extension

Variable N- Phosphoinositide GTP-binding domain Septin-unique

terminus

binding motif element

globular GTPase domain (dark blue box), a sequence o -
element diagnostic of septins (light blue box), and the Ce3
variable C-terminal extensions (white box) contain- Cdel 1
ing, where indicated, a predicted coiled coil segment

Shsl

(wavy box). The number of residues in each protein is
indicated to the right, and the residue numbers above
demarcate the boundaries of the indicated domains. B

Asterisks denote known sites of covalent attachment

of Smt3 (yeast SUMO). (B) Amino acid sequence of  C4¢10 THIECEIFROITALIENANSRSSADISSHATOR. 322
the C-termini beyond the last 15 residues of the sep- Eroball < § n i e iy
tin-unique element (boxed). In each of the indicated cde11 ENBRIEREAEECE JvATSs AL BT TRRNTNPFQSNNINNDVLNPISDMICE nsmarmmsuma:m
septins, the CTEs (number of residues) are as follows: L oL FRIACLY T (1) WL
Cdc10 (18), Cdc12 (91), Cdc3 (107), Cdcl1 (115), and Cde12 —— R COR D B BB k. 107

Shs1 (210). Identities and conservative substitutions

cdel sT:uAuxwxochsMaﬂuwﬂswnxusrm 520
shared by all five septins, or by the indicated septin o rr e

pairs, are shown as white letters on blue boxes. Pe-

riod indicates the C-terminal end of each polypep-
tide; dashes indicate gaps introduced to maximize the
alignment, or to position the predicted coiled coil

+ 4 & 4

Cdell mam: mmnm:m 415
shsl SETH--PYIREHERENATROFSE SN s AJELOF HELERKAHE LKLRERL INQNKLNGS S 55 INSLOOS TREQIKRNDTY TDLASTASGRD . 55 1
+ 0+ + o+ + o+ + o+ + o+

forming segments in the same approximate register. Strongly predicted a-helical segments (in Cdc3 and Cdc12 only) are underlined;
residues constituting the diagnostic 4-3 repeat of primarily hydrophobic residues characteristic of coiled coils are indicated by the plus
sign. Number in parentheses indicates a large insert present in Shsl.

division. Dephosphorylation of septins by the phosphatase
PP2A (bound to a regulatory subunit, Rts1) may be required
for the disassembly process (Dobbelaere et al., 2003).

Aside from their vital function in cytokinesis, septins play
important roles in bud-site selection (Zahner et al., 1996),
bud morphology (Barral et al., 1999; Shulewitz et al., 1999),
and maintenance of both asymmetric bud-specific localiza-
tion of integral membrane proteins and polarization of actin
(Barral ef al., 2000; Takizawa et al., 2000). The septin collar
also serves as a structural scaffold at the bud neck that
recruits different components at specific stages during the
cell cycle (Gladfelter et al., 2001; Sakchaisri et al., 2004). Some
bud neck-associated proteins localize only to the daughter
side, whereas others localize to the mother side, suggesting
that the septin filaments in the collar have some sort of
inherent polarity or asymmetry.

In all cell types studied, different individual septin mono-
mers assemble into heteromeric multiseptin complexes—at
the cleavage furrow of dividing cells or elsewhere at the
leading edges of membrane extensions (Fares et al., 1995;
Field et al., 1996; Frazier et al., 1998; Kinoshita et al., 1998;
Beites et al., 1999). Heterodimerization of mammalian Sept6
and Sept7 is required for their association with the septin
regulator Borg3 (Sheffield et al., 2003). Purified or recombi-
nant septins assemble into higher-order structures, such as
linear filaments, rings, and spirals (Field et al., 1996; Ki-
noshita et al., 1997; Frazier et al., 1998; Kinoshita et al., 2002).
The nature of these multiseptin complexes and the rules
governing their formation have not been elucidated, nor do
we know how these complexes order themselves into fila-
ments. To date, no crystal structure for any individual sep-
tin, septin complex, or septin filament has been reported.

Given the remarkable diversity among septins in the
lengths and features of their CTEs, and given the known role
of coiled-coils in mediating protein—protein associations, we
investigated the role of the CTE in each septin with regard,
first, to the effect of its absence in vivo. We then examined in
vitro the role of the CTE in each septin with regard to its
ability to mediate association with each of the other septins,
individually and in reconstituted heteromeric complexes
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prepared from purified recombinant septins. Finally, we
examined the competence of those complexes, if formed, to
assemble into filaments and the ultrastructural properties of
those filaments.

MATERIALS AND METHODS

Strains and Growth Conditions

Yeast strains used in this study are listed in Table 1. Standard rich (YP) and
defined minimal (SC) media (Sherman ef al., 1986), containing either 2%
glucose (Glc), 2% raffinose (Raf), or 2% galactose (Gal) as the carbon source
and supplemented with appropriate nutrients to maintain selection for plas-
mids, were used for yeast cultivation. Cells were routinely grown at 30°C,
except where otherwise indicated. Standard yeast genetic techniques were
performed according to Sherman et al. (1986).

Plasmids and Recombinant DNA Methods

Plasmids used in this study are listed in Table 2. Plasmids were constructed
using standard procedures (Sambrook et al., 1989) in Escherichia coli strain
DH5« (Hanahan, 1983). The lack of errors in constructs prepared by poly-
merase chain reaction (PCR), correct in-frame junctions, and site-directed
mutations were verified by nucleotide sequence analysis (Sanger et al., 1977).
Genomic DNA that served as template for PCR amplifications was prepared
from strain BY4741 (Table 1).

Protein Binding to Immobilized Glutathione
S-Transferase (GST) Fusions

Freshly transformed BL21(DE3) cells carrying a plasmid expressing the indi-
cated GST-fusion protein were grown, induced, and lysed as described in
detail in Versele and Thorner (2004). The cleared lysates were incubated with
a 50% slurry of Pharmacia glutathione-Sepharose (Pfizer, New York, NY) for
1 h at 4°C. The beads were washed three times with 1 ml of wash buffer (50
mM sodium phosphate, pH 7.5, 125 mM NaCl, 0.1% Tween 20), and finally,
resuspended in binding buffer (50 mM sodium phosphate, pH 7.5, 125 mM
NaCl, 0.05% Tween 20, 0.1 mM dithiothreitol [DTT]). Cdc12(His),
Cdc12(A339-407)(His),, (His)s-Cdc3, (His)s-Cdcl0, or Cdcl11(His), was pre-
pared using Ni?*-nitrilotriacetate (NTA) affinity beads also as described in
Versele and Thorner (2004). These proteins were diluted in binding buffer and
incubated with GST-coated glutathione-Sepharose for 30 min at room tem-
perature. The resulting precleared supernatant fractions were then incubated
with glutathione-Sepharose beads coated with the GST-fusion protein to be
tested or with GST alone (as a negative control) in binding buffer for 1 h at
room temperature. The beads were then washed four times with ice-cold
binding buffer. Proteins were solubilized by addition of 100 ul of two times-
concentrated SDS-PAGE sample buffer and boiling for 5 min. Samples of the
solubilized eluate were resolved by SDS-PAGE and analyzed using Coomas-
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Table 1. Yeast strains used in this study

Strain Relevant genotype Source/reference
BY4741 MATa his3A1 leu2 A0 met15A0 ura3A0 Brachmann et al., 1998
BY4743 MATa/MATa his3A1/his3A1 leu2A0/leu2A0 met15A0/MET15 lys2A0/LYS2 ura3A0/ura3A0 Brachmann et al., 1998
Y21935 MATa/MATa his3A1/his3A1 leu2A0 leu2A0 met15A0/MET15 lys2A0/LYS2 ura3A0/ura3A0 Invitrogen, Carlsbad, CA
cdc12A:: KANMX4/CDC12

BJ2168 MATa leu2 trpl ura3-52 prbl-1122 pep4-3 prc1-407 gal2 Jones, 1991

YMVB172 BJ2168 CDC12(A337-407)(URA3) This study

Y25223 BY4743 CDC3/cdc3A(:: KANMX4) Invitrogen, Carlsbad, CA
YMVB32P BY4743 CDC11/cdc11A(::HIS3) This study

YMVB5P BY4741 cdc10A(:: KANMX4) This study

2 pMVB23 (CDCI12AC; see Table 2) was digested with Mlul to integrate this construct at the CDC12 genomic locus.

b CDC11 was deleted using the PCR-based “short flanking homology regions” method with vector pFA6HIS3 as a template (Wach et al., 1994).
The correct replacement of the CDC11 open reading frame (ORF) with the HIS3 cassette was verified by PCR. CDC10 was deleted using vector
PFAG6 as a template; correct replacement of the CDC10 ORF with the KANMX4 cassette was verified by PCR.

sie Blue stain or immunoblotting by using anti-His(C-term) antibody (Invitro-
gen, Carlsbad, CA) for the detection of C-terminally tagged Cdc12, Cdc12AC,
and Cdcl11, or anti-His (Roche Diagnostics, Indianapolis, IN) for the detection
of N-terminally tagged Cdc3 and Cdc10.

Preparation of Septin Complexes

Cultures (100 ml) of E. coli BL21(DE3) coexpressing His,Cdc12 or HissCdc10,
and untagged Cdc3, Cdcl0, and Cdcl1 from corresponding plasmids (Table
2) constructed from bicistronic vectors with compatible replication origins
(pET-Duet and pACY-Duet; Novagen, Madison, WI) were grown to an Agqq
nm = 1, induced with isopropyl-g-p-thiogalactoside (1 mM final) for 3 h at
37°C, collected by centrifugation, and washed once in lysis buffer (250 mM
NaCl, 2 mM MgCl,, 40 uM GDP, 1 mM EDTA, 5 mM B-mercapto-ethanol,
0.5% Tween 20, 12% glycerol, 50 mM Tris-HCI, pH 8.0). Washed cells were
resuspended in lysis buffer (5 ml) containing protease inhibitor mix (Com-
plete EDTA-free; Roche Diagnostics), and 0.2 mg/ml lysozyme, incubated on
ice for 15 min, and then lysis was completed by two 15-s pulses of sonication
(Branson sonifier 450). Lysates were clarified at 4°C by centrifugation at
12,000 X g. The resulting supernatant fraction (~5 ml) was mixed with 200 ul
of a 50:50 slurry of Ni>"-NTA agarose beads (QIAGEN, Valenica, CA) that
had been preequilibrated in lysis buffer and incubated for 1 h at 4°C on a
rollerdrum. Beads were collected by centrifugation for 1 min at 500 X ¢ and
washed with five 1-ml portions of rinse buffer (250 mM NaCl, 20 mM
imidazole, 0.1% Tween 20, 50 mM Tris-HCI, pH 8.0). His,-tagged proteins and
any interacting proteins were then eluted with 200 ul of 250 mM NaCl, 300
mM imidazole, 0.1% Tween 20, 12% glycerol, 50 mM Tris-HCI, pH 8.0. After
elution, the eluate containing the resulting protein complexes was dialyzed
against a low-salt buffer (50 mM KCl, 2 mM MgCl,, 1 mM DTT, 10% glycerol,
50 mM potassium phosphate, pH 7.2).

Antibodies

The polyclonal Cdc12-specific antiserum used was raised against purified
Cdc12AC, as described in detail previously (Versele and Thorner, 2004). Other
antibodies were obtained from the following sources: mouse monoclonal
anti-His(C-term) (Invitrogen), mouse monoclonal anti-green fluorescent pro-
tein (GFP) (Roche Diagnostics), mouse monoclonal anti-His (Roche Diagnos-
tics), and rabbit polyclonal anti-Cdc11 (gift from Doug Kellogg, University of
California, Santa Cruz, Santa Cruz, CA).

Preparation of Yeast Extracts for Immunoblots

Protein extracts were prepared in lysis buffer (125 mM NaCl, 0.1% Tween 20,
1 mM DTT, 50 mM sodium phosphate buffer, pH 7.5), containing a mixture of
protease inhibitors (Complete; Roche Diagnostics). The suspended cells were
subjected to vigorous shaking with glass beads (0.5 mm in diameter) in an
automated device (FastPrep 120; Bio 101, Vista, CA/Thermo Savant, Hol-
brook, NY), and the resulting lysates were clarified by centrifugation. A
sample (30 ug of total protein) of these extracts was resolved by SDS-PAGE,
blotted onto nitrocellulose filters, and analyzed using appropriate antibodies,
which were detected using chemiluminescence (Super-Signal Pico West;
Pierce Chemical, Rockford, IL).

Immuno-staining and Negative-Stain Electron Microscopy
to Monitor Filament Formation

For immuno-staining, protein samples (1 ug) were applied onto 12-well
polylysine-coated glass slides, blocked with 2% bovine serum albumin in PBS,
incubated with polyclonal anti-Cdc12AC antibodies, washed, incubated with
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a TRITC-conjugated secondary anti-rabbit IgG antibody, and viewed in a
BH-2 epifluorescence microscope (Olympus, Tokyo, Japan) using a 100X
objective, equipped with a red (545 nm) band-pass filter (Chroma Technology,
Brattleboro, VT). Images were collected using a charged-coupled device cam-
era (Olympus), processed with Magnafire SP imaging software (Optronics,
Goleta, CA) and Photoshop (Adobe Systems, Mountain View, CA). For neg-
ative-stain electron microscopy, protein samples (0.25 ug) were applied to
polylysine-treated, glow-discharged, carbon-coated copper grids; stained
with 1% uranyl acetate in 50% methanol; and viewed in a Philips Tecnai 12
transmission electron microscope (FEI Company, Eindhoven, The Nether-
lands). Measurements were carried out using the Digital Micrograph R01 tool
(Gatan, Inc., Pleasanton, CA).

Microscopy

To visualize GFP-fusions in live cells in real time, yeast from culture samples
were collected by filtration, washed once with PBS, and viewed immediately
under an epifluorescence microscope (BH-2; Olympus) by using a 100X
objective equipped with a GFP band-pass filter (Chroma Technology). Images
were collected and processed as described for immunostaining. To stain
nuclei, cells were fixed briefly in 70% ethanol, washed several times with PBS,
and incubated with 4,6-diamidino-2-phenylindole (DAPI) (0.2 ug/ml final).
To stain chitin, cells were incubated with 0.1 mg/ml calcofluor white (Fluo-
rescent Brightener 28; Sigma-Aldrich, St. Louis, MO) for 10 min and washed
several times with PBS. Chitin-stained cells were visualized upon excitation
with UV light.

RESULTS

The CTE Is Necessary for Cdc12 Function

Cdcl2 contains an apparent coiled coil-forming segment at
its C terminus (Figure 1A), as predicted by algorithms like
MultiCoil (Wolf et al., 1997) that recognize sequence covaria-
tion in 4-3 hydrophobic repeats compatible with the forma-
tion of coiled coils. In Cdc12, the predicted 40-residue coiled
coil extends from Glu368 to the C-terminal residue (Lys407).
In addition, programs for secondary structure prediction
indicate that the immediately preceding sequence (Arg341-
Trp367) has a striking propensity to form an extended o-he-
lix. Both of these elements lie downstream of the septin-
unique domain, which flanks the GTP-binding domain and
is present in all septins (Figure 1B). The predicted a-helix is
broken at Asn339-Pro340. Therefore, we consider the region
from residue 339 to the C terminus to be the CTE.

Cdc12, Cdc3, and Cdcll are required for viability,
whereas Cdc10 is essential only at 37°C, and Shsl is dispens-
able even at elevated temperature. Therefore, we first used a
genetic approach to examine whether the CTE is necessary
for Cdc12 function in vivo. For this purpose, we constructed
a truncated allele, CDC12(A339—-407) (hereafter Cdc12AC)
and tested whether it was able to support growth when
present as the sole source of Cdc12. Either full-length CDC12
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Table 2. Plasmids used in this study

Plasmid Description Source/reference

pMVB12 CDC12-His, Versele and Thorner, 2004

pMVB13 CDC12AC-Hisg Versele and Thorner, 2004

pMVB120 CDC11-His, Versele and Thorner, 2004

pBEG2 His,-CDC3 Versele and Thorner, 2004

pBEG2 His,-CDC10 Versele and Thorner, 2004

pGST-CDC11 GST-CDC11 D. Kellogg (University of California, Santa Cruz, CA)
MVB292 GST-CDC11AC This stud

}};MVBZ4 GST-CDC10 Versele ar}lld Thorner, 2004

pMVB25 GST-CDC12 Versele and Thorner, 2004
MVB262 GST-CDC12AC This stud

}};MVBZ7 GST-CDC3 Versele ar}:d Thorner, 2004
MVB302 GST-CDC3AC This study

}};BEGALb GST-SHS1 This study

pBEG24P GST-SHS1AC This study

pMVB172¢ His,-GST-CTECd<12 This study

pMVB121 pETDuet-His,CDC12 Versele and Thorner, 2004

pMVB128¢ pETDuet-His,CDC12-CDC10 This study

pMVB134¢ pETDuet-His,CDC10 This study

pMVB132¢ pACYDuet-CDC3 This study

pMVB133¢ PACYDuet-CDC3-CDC11 This study

pMVB1274 PACYDuet-CDC11 This study

pMVB122 pETDuet-His,CDC12-CDC3 Versele and Thorner, 2004

pMVB129¢ pETDuet-His,CDC12AC This study

pMVB130¢ pETDuet-His,CDC12AC-CDC10 This study

pMVB135¢ pETDuet-His,CDC12AC-CDC3 This study

pMVB45¢ CEN, LEU2, CDC12 This study

pMVB48e CEN, LEU2, CDC12AC This study

pMVB52°¢ CEN, LEU2, CDC12AC(543V) This study

pMVB53¢ CEN, LEU2, CDC12AC(T48N) This study

pLP17 CEN, LEU2, CDC12-GFP Lippincott and Li, 1998

pMVB33f CEN, LEU2, CDC12AC-GFP This study

pMVB628 2u, LEU2, CDC12-GFP This study

pMVB638 2u, LEU2, CDC12AC-GFP This study

pMVB23h URA3, CDC12AC This study

pMVB54! 2um, LEU2, CDC12AC This study

pMVB2i CEN, URA3, GAL1-CDC12-GFP This study

pMVB160i CEN, URA3, GAL1-CDC12AC-GFP This study

pMVB162* CEN, LEU2, GAL1-CDC12 This study

pMVB164* CEN, LEU2, GAL1-CDC12AC This study

pSB5 CEN, URA3, CDC11-GFP Versele and Thorner, 2004

CDC3-GFP CEN, URA3, CDC3-GFP B. Haarer (SUNY Upstate Med. Ctr., Syracuse, NY)
LA10 CEN, URA3, CDC10-GFP Cid et al., 1998

EMVB381 2wm, LEU2, P(CDC12)-GFP-CTE®412 This study

pMVB100™ CEN, URA3, CDC3 This study

pMVB102™ CEN, URA3, CDC3AC This study

pSBI® CEN, URA3, CDC11 This study

pSB2» CEN, URA3, CDC11AC This study

YCpUG-CDC11° CEN, URA3, GAL1-CDC11 This study

YCpUG-CDC11AC® CEN, URA3, GAL1-CDC11AC This study

2 CDC11(A357-415), CDC12(A339-407), or CDC3(A427-521) were cloned into pGEX3 (Amersham Biosciences).

b SHS1 or SHS1(A418-551) were cloned into pGEX4T-1 (Amersham Biosciences).
¢ The C-terminus of Cdc12 (aa 339-407) was cloned in pKM263 (Melcher, 2000).
4 These vectors are based on pETDuet-1 and pACYDuet-1 (Novagen). The His,-tag in pACYDuet-1 was entirely deleted by PCR mutagenesis.

¢ CDC12, CDC12(A339-407), CDC12(A339-407)S43V, and CDC12(A339-407)T48N, including 500 bp of its promoter region, were cloned into
YCplacl11 (Gietz and Sugino, 1988).

fCDC12(A339-407) was cloned into pLP17, digested with PstI/BamHI to remove full-length CDC12, but leaving GFP intact and in frame.
8 CDC12-GFP and CDC12(A339-407)-GFP were subcloned from pLP17 and pMVB33, respectively, to pRS425 (Sikorski and Hieter, 1989).

h CDC12(A339-407), including 500-bp promoter region, was cloned in pUC18, and 446 bp of the terminator sequence of CDC12 was inserted.
Then, the URA3 gene, excised from p]J244 (Jones and Prakash, 1990) was inserted into the SnaBI site in the terminator region of CDC12.

1 CDC12(A339-407) was cloned into YEplacl81 (Gietz and Sugino, 1988).
JCDC12 and CDC12(A339-407) were cloned in frame with GFP in TS395 (a gift from Tim Stearns, Stanford University).

kK CDC12 and CDC12(A339-407) were cloned in TS395 without the GFP fusion; in addition, a LEU2 marker was inserted at the URA3 locus of these
plasmids.

! GFP, under the control of the CDC12 promoter, was fused to residues 337-407 of CDC12, and cloned into YEplac181 (Gietz and Sugino, 1988).
™ CDC3 and CDC3(A440-520) were cloned into YCplac33 (Gietz and Sugino, 1988).

" CDC11 and CDC11(A372-415) were cloned into pRS316 (Sikorski and Hieter, 1989).

© CDC11 and CDC11(A372-415) were cloned into YCpUG (Bardwell ef al., 1998).
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Figure 2. The essential function of Cdcl2 requires its C-
terminal extension. (A) A c¢dc12A/CDC12 heterozygous dip-
loid (Y21935) was transformed with a CEN plasmid carry-
ing either wild-type CDC12 (pMVB45), CDCI2AC
(pPMVB48), CDC12(543V)AC (pMVB52), or CDC12(T48N)AC
(pMVB53), sporulated and individual tetrads (1-6) were
dissected and the resulting spore clones (A-D) were germi-
nated on YPD plates. Samples (30 ug of total protein) of
extracts were prepared and analyzed by SDS-PAGE and
immunoblotting with an anti-Cdc12AC antibody [lane 1,
Y21935 transformed with a CEN plasmid expressing wild-
type CDC12; lane 2, Y21935 transformed with the same CEN
vector expressing CDC12AC (right-most panel)]. (B) Wild-
type cells (BY4741) were transformed with a CEN plasmid
expressing either CDC12-GFP (pLP17) or CDC12AC-GFP
(pMVB33), grown at 26°C to midexponential phase on
SCGlc(-Leu), and samples of each culture were analyzed by
differential interference contrast (DIC) optics (left) or fluo-
rescence microscopy (right). Samples (30 ug of total protein)
of extracts were prepared from the same cultures and ana-
lyzed by SDS-PAGE and immunoblotting with an anti-GFP
monoclonal antibody (lane 1, BY4741 expressing CDC12-
GFP; lane 2, BY4741 expressing CDC12AC-GFP; right-most
panel). (C) Cdc12AC interferes with septin collar assembly.
A wild-type strain (BJ2168) was transformed with an empty
vector or with either an integrating vector (YMVB17) or a
multi-copy (2 um DNA) vector expressing CDC12AC, and
samples of each were examined by bright field (left) or
stained with DAPI to reveal the location of nuclei and
examined by fluorescence microscopy (right). Samples (30
ug of total protein) of extracts were prepared from the same
cultures and analyzed by SDS-PAGE and immunoblotting
with polyclonal anti-Cdc12AC antibody (lane 1, BJ2168
transformed with empty vector; lane 2, BJ2168 transformed
with the integrating vector expressing CDCI12AC; lane 3,
BJ2168 transformed with the multi-copy vector expressing
CDC12AC; right-most panel). (D) A wild-type strain
(BY4741) expressing either GALI-CDC12-GFP (pMVB2) (left
column) or GALI-CDC12AC-GFP (pMVB160) (right col-

umn), or the same strains coexpressing either GAL1-CDC12 (pMVB162) or GAL1-CDC12AC (pMVB164) along with each of the indicated
plasmids [CDC3-GFP, CDC10-GFP (pLA10) or CDC11-GFP (pSB5)], were grown to midexponential phase on SCGlc(-Leu,-Ura) at 30°C,
and samples were analyzed by DIC optics (left) or fluorescence microscopy to visualize GFP-tagged septins (right).

or the truncated allele, under control of the authentic CDC12
promoter, was introduced on a low-copy-number (CEN)
plasmid into a heterozygous cdc12A/CDC12 diploid. After
sporulation and tetrad dissection, the ability of normal
Cdc12 and Cdcl12AC to rescue the inviability of the cdc12A
spores was compared (Figure 2A). For diploids transformed
with the plasmid expressing normal Cdc12, all of the tetrads
(=20 analyzed) displayed three or four viable spores, show-
ing that plasmid-borne CDC12 readily rescued the inviabil-
ity of cdc12A spores (which also were marked by the inser-
tion of a resistance marker, kanMX, to the antibiotic G418).
By contrast, for the diploids transformed with the plasmid
expressing Cdc12AC, only two viable spores were obtained
in every tetrad (=20 analyzed), and those spores were al-
ways G418 sensitive. In the heterozygous diploids, and
when produced from a CEN plasmid, the truncated protein
was stably expressed at a level equivalent to full-length
Cdcl12 (Figure 2A, far right). Hence, Cdc12AC could not
support cell viability. Cdc12AC was unable to rescue viabil-
ity of cdc12A cells even when overexpressed from a multi-
copy (2 um DNA) plasmid or from the GAL1 promoter
(unpublished data). Hence, the inability of Cdc12AC to res-
cue Cdcl2-deficient cells was not due to its lack of expres-
sion or instability. Also, the truncated protein is folded
because Cdc12AC binds GTP as tightly as normal Cdc12 and
has a GTPase activity that is at least 5 times higher than
wild-type Cdcl2 (Versele and Thorner, 2004). These proper-
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ties of the mutant protein suggested that perhaps its ele-
vated GTPase activity might account for its deleterious func-
tion in vivo. Consistent with this possibility, full-length
Cdc12 mutants compromised for either GTP binding or GTP
hydrolysis are able to rescue the lethality of cdc12A cells
(Versele and Thorner, 2004). However, when mutations
(T48N and S43V, respectively) that abrogate, respectively,
GTP binding and GTP hydrolysis were introduced into
Cdc12AC (Versele and Thorner, 2004), neither of the corre-
sponding Cdc12AC derivatives could support the growth of
cdc12A spores (Figure 2A). Thus, the CTE of Cdc12 is nec-
essary for the essential function of Cdcl2 in vivo and that
function is independent of the GTP-dependent activities of
Cdcl12.

Another potential explanation for the inability of
Cdc12AC to substitute for normal Cdc12 is that it may not
localize properly. Because Cdc12 is essential and Cdc12AC is
nonfunctional, we could only test whether the CTE is re-
quired to target Cdcl2 to the bud neck by expressing full-
length Cdc12-GFP or Cdc12AC-GFP in otherwise wild-type
cells. Both Cdc12-GFP and Cdc12AC-GFP were expressed at
the same level and were recruited to the bud neck (Figure
2B). However, we consistently noted that Cdc12AC-GFP was
incorporated less efficiently into the collar than its wild-type
counterpart, despite its equivalent expression, as judged by
the reproducibly dimmer signal at the bud neck in every cell
(Figure 7A). Moreover, heterozygous cdc12/CDC12 diploids
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transformed with the plasmid expressing CDCI2AC dis-
played a mild elongated-bud morphology. This dominant
effect suggested that Cdc12AC interferes with the function of
Cdc12 in the same cell.

To confirm this conclusion, a haploid strain was con-
structed that contained a single copy of the normal CDC12
gene and a single copy of the truncated allele (also under
control of a CDC12 promoter) integrated into the genome at
the CDC12 locus. We found that even one copy of Cdc12AC
in otherwise wild-type cells was sufficient to disrupt normal
cell morphology, as indicated by the markedly elongated
buds (Figure 2C). When the ratio of Cdc12AC to Cdc12 was
further elevated by expression of CDCI2AC from a multi-
copy plasmid, morphological perturbation of the cells was
even more pronounced, even though the steady-state level
of Cdcl12AC was still somewhat less than that of Cdcl2
(Figure 2C). Expression of Cdc12AC (from its own promoter)
on either a CEN or 2 um DNA plasmid was sufficient to
noticeably perturb the bud neck localization of C-terminally
GFP-tagged versions of Cdc3, Cdcl0, Cdcll, and Cdcl2
itself (unpublished data). Prolonged overexpression of
Cdcl12AC driven by the GALI-promoter caused even more
severe defects in cell morphology and grossly disrupted the
organization of the septin collar, as judged by the mislocal-
ization and aberrant deposition of three other septins, Cdc3,
Cdc10, and Cdcl1 (each marked with a C-terminal GFP tag)
or of Cdc12AC-GFP itself (Figure 2D). Overexpression of
normal Cdcl2 in the same manner had no such effects. Thus,
the CTE of Cdcl2 is critically important for the proper
organization of septins in vivo.

Cdc12 Interacts with Cdc3 via the CTE and with Cdc10
Independently of the CTE

To determine whether the CTE of Cdcl2 participates in
direct septin—septin interactions, an in vitro assay was used
to test the binding of any given septin (with or without its
CTE) to every other septin (with or without its CTE). First,
glutathione-agarose beads were coated with GST fusions
either to full-length septins (Cdc3, Cdc10, Cdc11, Cdcl12, and
Shs1) or to derivatives of each septin lacking its cognate CTE,
namely, Cdc3(A427-520), Cdc11(A357-415), Cdc12(A339-407),
and Shs1(A418-551). Cdcl0 is the only yeast septin that
lacks a CTE (Figure 1). Second, each septin to be tested (with
or without its CTE) was tagged with a (His), tract (at either
its N or C terminus), expressed in bacteria, purified by
metal-chelate affinity chromatography, and then incubated
in solution with the bead-bound GST-fusions. After washing
the beads, bound proteins were eluted and analyzed by
SDS-PAGE. Neither Cdc12-His, nor Cdc12AC-His, bound to
beads coated with GST alone (Figure 3A). Full-length Cdc12-
His, interacted strongly with three other septins (GST-Cdc3,
GST-Cdcl10 and GST-Cdcll) and also with itself (GST-
Cdc12), but not with GST-Shsl (Figure 3C). By comparison,
binding of Cdc12AC-His, to GST-Cdc3 and GST-Cdcl1, and
to GST-Cdc12 itself, was markedly reduced (Figure 3A). In
contrast, Cdcl12 and Cdcl12AC interacted with GST-Cdc10
with apparently equal affinity. Conversely, a GST-fusion to
Cdc3AC interacted poorly with either Cdcl12-His, or
Cdc12AC-His, (Figure 3A). Also, the interactions between
Cdc12-His, and Cdc12AC-His, with either GST-Cdc11AC or
GST-Cdc12AC were reduced compared with their interactions
with full-length GST-Cdc11 and GST-Cdc12 (Figure 3A).

To corroborate and extend these conclusions, the ability of
His¢-Cdc3, His,-Cdc10, and Cdc11-His, to associate with the
panel of GST-fusions was assessed. His,-Cdc3 did not bind
detectably to GST alone (Figure 3B, left). His,-Cdc3 bound
well to GST-Cdc12, yet not to GST-Cdc12AC, confirming
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that the CTE of Cdc12 is essential for Cdc3—Cdc12 associa-
tion (Figure 3B). His¢-Cdc3 also bound to Cdc10, but not to
GST-Cdcl1 (Figure 3B) or GST-Shs1 (Figure 3C). Like Cdc12-
His,, Hisg-Cdce3 displayed some self-association that was
dependent on its CTE.

Consistent with the preceding results, His,-Cdc10 bound
well to both GST-Cdc12 and GST-Cdc12AC (Figure 3B, mid-
dle). Likewise, in accord with the binding of His,-Cdc3 to
GST-Cdc10, His,-Cdcl10 bound to both GST-Cdc3 and GST-
Cdc3AC. Hiss-Cdc10 did not bind detectably to either GST-
Cdc11 (Figure 3B, middle) or to GST-Shsl (Figure 3C). Like
Cdc12 and Cdc3, Cdc10 displayed a modest degree of self-
association.

In agreement with the lack of interaction between His,-
Cdc10 and GST-Cdcl1, Cdcl1-His, did not interact detect-
ably with GST-Cdc10 (Figure 3B, right). The strongest inter-
action observed for Cdc11-His, was with GST-Shs1 (Figure
3C). In fact, the only septin able to associate with Shs1 was
Cdcl1. The binding of Cdc11-His, to GST-Shsl was mark-
edly and reproducibly reduced when the CTE of Shs1 was
absent. Cdcl1-His, also interacted with GST-Cdc3, GST-
Cdc3AC, GST-Cdc12, GST-Cdc12AC, and with itself (either
GST-Cdcll or GST-Cdc11AC) (Figure 3B, right). Thus, all of
these interactions of Cdcl1 were largely independent of the
CTEs of any of the septins.

The results of these binding interactions are compiled in
Table 3. Briefly, Cdc3—Cdc12 interaction requires the CTE of
each protein; both Cdc3 and Cdc12 associate with Cdc10,
and do so independently of their CTEs. Cdcl0 does not
associate at all with Cdcll or Shsl. The only septin that
binds Shs1 is Cdcll, and this interaction is largely depen-
dent on the CTE of Shsl. Finally, Cdc3, Cdc10, Cdcl1, and
Cdcl12, all self-associate to at least some degree (Shsl was
not tested). However, this analysis of the direct pairwise
interactions between the septins, although very informative,
left a few ambiguities. Cdcll bound to Cdcl12, but it was
unclear from these particular experiments whether this in-
teraction is influenced by the CTE of either protein. It also
was unresolved whether Cdcl1 binds to Cdc3.

Requirements for Septin Complex Formation

In the cell, septins are all present together, and multivalent
contacts among them may contribute to higher order inter-
actions that mediate formation of the multiseptin complexes
found in vivo. Therefore, we coexpressed the core septins
Cdc3, Cdc10, Cdcl1, and Cdcl12 (with or without their CTE)
in all possible binary, tertiary, and quaternary combinations
in E. coli by using compatible bicistronic vectors. (Shs1l was
not included in this analysis because, unlike the core septins,
it is not an essential protein in vivo and because our binding
assays indicated that it only associates with Cdcl1 and does
so via its CTE.) In each case, only a single septin (usually
Cdc12) carried a (His), tag and was the septin expressed
from the vector and promoter that ensured that it would be
the protein expressed in the most limiting amount (unpub-
lished data). The Hisc-tagged protein and any associated
polypeptides were purified by Ni*>*-chelate affinity chroma-
tography and the composition of the resulting complexes
was analyzed by SDS-PAGE.

As judged by densitometry of the Coomassie Blue-stained
protein bands, formation of stoichiometric complexes be-
tween Cdc3 and His,-Cdcl2 and between His,-Cdcl2 and
Cdcll was observed reproducibly (Figure 4A). No com-
plexes between His,-Cdc3 and Cdcll, or between His,-
Cdc10 and Cdcll, were detected (unpublished data). Re-
vealingly, the amount of Cdc3 bound in complexes with
His,-Cdc10, and the amount of Cdc10 bound in complexes
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with Hisg-Cdcl2, was strikingly substoichiometric (Figure
4A, right). In marked contrast, Cdc10 was incorporated sto-
ichiometrically into complexes that contained both Cdc3 and
His,-Cdc12 (Figure 4A, left), suggesting that efficient incor-
poration of Cdcl0 into multiseptin complexes requires its
simultaneous association with both Cdc3 and Cdc12.

The only other ternary complex observed was between
Cdc3, Cdcll, and His,-Cdcl2 (Figure 4A, left), in keeping
with the fact that Cdcl2 associated in stoichiometric binary

Table 3. Summary of direct septin-septin interactions

Hisg®

GSTP Cdc3 Cdc10 Cdc12 Cdcl12AC Cdcl1
Cdc3 + +++ +++ + +
Cdc3AC - ++ - + +/-
Cdc10 +++ + +++ +4++ -
Cdcl1 - - ++ + +
Cdcl1AC - - + + +/-
Cdc12 +++ +++ ++ + +
Cdc12AC - ++ + + +/-
Shsl - - - - ++
Shs1AC - - - - —/+

2Cdc3 and Cdcl0 are N-terminal His, fusions; Cdcl2, Cdcl12AC,
and Cdcll contain a C-terminal His, tag.

b All GST fusions are N-terminal.
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Figure 3. Role of septin CTEs in pairwise septin-septin inter-
actions. (A) Equivalent amounts of the indicated GST-septin
fusions [Cdc3, Cdc3(A427-521), Cdc10, Cdcl1, Cdcl1(A357-416),
Cdc12, and Cdc12(A339-407)] were immobilized on glutathio-
ne-agarose beads, incubated with either Cdcl12(His), or
Cdc12AC(His)s, and washed extensively. Bound proteins were
eluted with SDS-PAGE sample buffer, resolved by SDS-PAGE,
and analyzed either by Coomassie Blue (to verify equal loading
of the GST-fusion proteins) or by immunoblotting by using
anti-His(C-term) antibody to detect the input and bound (His),-
tagged proteins. Input, 20% of the amount of Cdc12-His, or
Cdc12AC-Hiss added in each binding reaction. (B) The same
GST-septin fusions as in A, immobilized on glutathione-agarose,
were incubated with Hiss-Cdc3, Hise-Cdc10, and Cdcl1-His,, as
indicated, and analyzed as described in A, except either anti-His
antibody or anti-His(C-term) was used, as appropriate. C. GST-
Shs1 and GST-Shs1(A418-551) were immobilized on glutathio-
ne-agarose and incubated with the indicated His,-tagged septins
and analyzed as described in B.

complexes with both Cdc3 and Cdcl11. Presence of all three
of these septins in stoichiometric amounts in the ternary
complex suggests that Cdc3 and Cdcl1 associate with dif-
ferent sites on Cdc12. This conclusion is also in accord with
the GST-pull down assays, in which strong Cdc3-Cdc12
association required the CTE of each protein (Figure 3A),
whereas Cdcll was able to associate with either full-length
Cdc12 or Cdc12 lacking its CTE (Figure 3B).

When Cdcl0, Cdcl1, and Hisg,-Cdcl2 were coexpressed,
His,-Cdc12-Cdcl1 binary complexes were recovered, but no
significant amount of Cdc10 was incorporated (unpublished
data). Moreover, when His,-Cdc3, Cdc10, and Cdcll were
coexpressed, no protein other than His,-Cdc3 was recovered
efficiently; likewise, when Cdc3, Hiss-Cdcl0, and Cdcll
were coexpressed, no other protein copurified with Cdc10
(unpublished data). However, when all four proteins were
coexpressed, stoichiometric heterotetrameric complexes of
Cdc3, Cdc10, Cdcll, and His,-Cdcl2 were readily and re-
producibly recovered (Figure 4A). These results reinforce
the conclusion that presence of Cdcl12 is critical to assembly
of heteromeric septin complexes.

Finally, this coexpression approach was used as an inde-
pendent means to confirm the role of the Cdcl2 CTE in
Cdc3-Cdcl12 interaction, but not in Cdc12-Cdcl1 interac-
tion. Indeed, as expected, Cdcl1 was copurified in stoichio-
metric complexes with either His,-Cdc12 or His,-Cdc12AC,
whereas Cdc3 formed stoichiometric complexes with His,-
Cdc12, but copurified in only trace amounts with Hisg-
Cdc12AC (Figure 4B, left). Likewise, stoichiometric ternary
complexes containing Cdc3, Cdc10, and His,-Cdcl2 were
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Figure 4. Reconstitution of stoichiometric septin com-
plexes requires the CTE of Cdcl2. (A) His,-Cdcl2 or
Hisg-Cdc10, as indicated, was coexpressed in E. coli with
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readily purified, but neither Cde3 nor Cdc10 were efficiently
recovered with His,-Cdc12AC (Figure 4B, middle), in agree-
ment with the fact that the CTE of Cdc12 is required for
Cdc3-Cdcl12 association and that incorporation of Cdcl0
into complexes requires the presence of both Cdc3 and
Cdc12 (Figure 4A).

Similarly, stoichiometric ternary complexes containing
Cdc3, Cdcll, and Hiss-Cdcel2 can be readily purified, but
Cdc3 is very inefficiently recovered with His,-Cdc12AC,
even though Cdcll binding to His,-Cdc12AC is undimin-
ished (Figure 4B, middle). Finally, heterotetrameric com-
plexes prepared with His,-Cdcl2 contain stoichiometric
amounts of each of the other three core septins; but, in the
absence of the Cdcl2 CTE, only Cdcll is recovered in a
stoichiometric amount with His,-Cdc12A and both Cdc3 and
Cdc10 are greatly underrepresented (Figure 4B, right). These
results confirm that the CTE of Cdcl12 is required for its
association with Cdc3, but not with Cdc11.

The Cdc12 CTE, but Not Its Coiled Coil Element, Is
Sufficient for Interaction with Cdc3

Because Cdc12 and Cdc3 association requires their CTEs
(and self-association of each of these two septins is also
dependent on their CTEs), the simplest interpretation of
these findings is that the CTEs physically interact. Moreover,
the presence of predicted coiled coil sequences within the
CTEs raised the possibility that CTE-CTE interaction is me-
diated by coiled coil formation. To determine whether the
predicted coiled coil sequences are, by themselves, sufficient
to interact, synthetic peptides corresponding to Cdc12(369-
407), Cdc3(459-503) and, as a control, Cdc11(369-415), were
prepared and their circular dichroism signal was monitored
at 222 nm (diagnostic of helix formation) as a function of

Vol. 15, October 2004

temperature (unpublished data). No individual peptide
adopted a stable a-helical conformation at physiological pH,
temperature, and salt concentration. At high peptide con-
centration (400 uM), Cdc12(369-407) formed an unstable
homo-oligomer under physiological conditions. Unexpect-
edly, mixing Cdc12(369-407) and Cdc3(459-503) produced
no synergistic effects, and no stable interactions were de-
tected in any two-way or three-way combinations of the
three peptides. Thus, the predictions of MultiCoil (Wolf et
al., 1997) notwithstanding, these isolated polypeptide seg-
ments were unable to form stable autonomous coiled coils.

Given that the predicted coiled coil sequences in both
Cdc3 and Cdcl2 are preceded by an additional segment
predicted to be a-helical that could buttress the helix-form-
ing propensity of a juxtaposed coiled coil, we examined
whether a longer portion of the Cdc12 CTE that included the
additional predicted a-helix would be sufficient to mediate
association of Cdc12 CTE with other septins. Using purified
bacterially expressed proteins, only His,-Cdc3 and His,-
Cdc12, and not His,-Cdc10 or Cdcl1-His,, bound to beads
coated with purified GST-CTE“4<!2 (residues 339-407) (Fig-
ure 5). Thus, the entire CTE of Cdc12 is both necessary and
sufficient for mediating the interaction between Cdc12 and
Cdc3 and also contributes to Cdc12-Cdc12 self-association.
In vivo a GFP-CTES4<12 chimera was not stably recruited to
the bud neck (unpublished data); however, when extracts of
such cells were passed over glutathione-agarose beads
coated with the panel of GST-septin fusions, GFP-CTE<d<!2
bound avidly to GST-Cdc3, but not to GST-Cdc3AC (unpub-
lished data), consistent with the binding observed between
the highly purified proteins (Figure 5). The fact that GFP-
CTE“9<12 was not stably incorporated into the septin collar,
whereas Cdc12AC-GFP is (Figure 2B), indicates that stable
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filament assembly requires the globular, N-terminal GTP-
binding domain of Cdc12. This conclusion is in accord with
our finding that GTP binding to Cdc12 is indeed essential for
septin collar formation in vivo and for septin filament poly-
merization in vitro (Versele and Thorner, 2004).

Roles for the CTE of Cdc3 and Cdcl1

The pairwise interaction assays, the analysis of multiseptin
complex formation, and the binding properties of the iso-
lated CTE®9<12 described above all demonstrate that Cdc12
interacts via its CTE with Cdc3, and vice versa. These two
core septins are both essential proteins in yeast. By contrast,
the only septin that requires its CTE to interact with Cdc11
is the nonessential septin Shs1. If the reason that the CTE of
Cdcl12 is required for viability (Figure 2A) is that it is essen-
tial for mediating association with the CTE of Cdc3, the Cdc3
CTE should therefore also be necessary for cell viability. By
the same logic, if the only function of the CTE of Cdcl1 is to
recruit the nonessential septin Shsl, a Cdc11AC mutant
should be viable.

To test these ideas, truncations that removed the CTEs of
Cdc3 and Cdc11, namely, Cdc3(A440-520) and Cdc11(A372-
415), respectively, were constructed and introduced on plas-
mids into the corresponding heterozygous cdc3A/CDC3 or
cdc11A/CDC11 diploids. After sporulation, the resulting tet-
rads were analyzed (in each case, at least 20 tetrads were
examined). In our hands, deletion of CDC11 is lethal in
BY4741 (a derivative of S288c), as has been observed for
other S5288c derivatives (Casamayor and Snyder, 2003), and
in W303 (unpublished data), in contrast to what has been
reported for one strain background (YEF473), in which via-
ble cdc11A haploids purportedly were recovered (Frazier et
al., 1998). As anticipated, Cdc3AC was unable to rescue the
viability of cdc3A spores (Figure 6A), whereas Cdc11AC was
able to maintain the viability of cdc11A spores (Figure 6B).
Even when overexpressed from a multi-copy plasmid,
Cdc3AC was unable to support growth when present as the
sole source of Cdc3 (unpublished data). Likewise, cdc3A
haploids carrying a URA3-marked plasmid CDC3 (to main-
tain viability) and LEU2-based plasmids (either centromeric
or multi-copy) expressing CDC3AC were unable to grow
when plated on medium containing 5-fluoro-orotic acid,
which selects for cells that have lost the URA3 plasmid. As
observed for overexpression of Cdc12AC (Figure 2, C and
D), overexpression of Cdc3AC in otherwise wild-type cells
caused elongated bud morphology and cytokinesis defects,
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Figure 5. The Cdc12 CTE is sufficient for interac-
tion with Cdc3. GST-Cdc12(339-407) [GST-CT-
ECde12] expressed in bacteria from pMVB172 was
immobilized on glutathione-agarose and incu-
bated with the indicated purified Hisc-tagged sep-
tins. After washing, bound proteins were eluted,
resolved by SDS-PAGE, and analyzed either by
Ponceau S dye (to verify equal loading of the GST-
fusion proteins) or by immunoblotting by using
anti-His monoclonal antibody to detect the input
and bound (His)e-tagged proteins. Input, 20% of
the total amount of the indicated Hisg-tagged pro-
tein that was added in each binding reaction.

and perturbed the localization of Cdc3-GFP, as well as that
of Cdcl0-GFP, Cdc11-GFP, and Cdc12-GFP (unpublished
data). Thus, like the Cdc12 CTE, the Cdc3 CTE is critically
important for proper organization of septins in vivo.

Although absence of the Cdcll CTE is not lethal, cells
containing Cdcl1AC as the only source of this septin dis-
played severe cytokinesis defects and elongated buds, indi-
cating that Cdcl1 CTE is required for proper septin collar
function. These results with regard to the CTE of Cdcl11 are
in agreement with a previous report (Casamayor and Sny-
der, 2003), but at odds with another prior study (Lee et al.,
2002). We found that Cdcl1AC is more unstable than full-
length Cdcl1 (unpublished data), which suggested that the
observed phenotypes of cells expressing Cdcl11AC as the
sole source of this septin might simply be due to the lower
level of the mutant protein. However, overproduction of
CDC11AC using the GALI promoter exacerbated, rather
than ameliorated, the aberrant morphology of cells express-
ing Cdc11AC (Figure 6C). In contrast to Cdc12AC-GFP and
Cdc3AC-GFP, Cdcl11AC still localized normally to the bud
neck, even in cells lacking normal Cdc11 (Figure 6C) and did
not interfere with localization of Cdc12-GFP at the bud neck
(Figure 6D). Thus, unlike the CTE of Cdc3 and Cdc12, the
CTE of Cdcl1 does not seem to play a major role in septin
collar formation, but rather in septin collar function.

Roles of Cdc10 in Septin Collar Architecture

Cdc12 associates with Cdc3 via its CTE and with Cdc10 (and
Cdcll) in a CTE-independent manner. To determine
whether both of these modes of binding are necessary for
incorporation of Cdc12 into the septin collar in vivo and to
assess the specific role that Cdcl0 may play in localizing
Cdc12 to the bud neck, we examined the subcellular local-
ization of Cdc12-GFP and Cdc12AC-GFP in normal and in
cdc10A cells, which are viable at or below normal growth
temperature (30°C). In wild-type cells, both Cdc12-GFP and
Cdc12AC-GFP decorated the bud neck, but Cdc12AC
seemed to be incorporated less efficiently, as expected, based
on the reproducibly dimmer staining seen in every cell
(Figures 2B and 7A). In cells lacking Cdc10, Cdc12-GFP still
localized at the bud neck, but at a greatly reduced level.
However, Cdc12-GFP is significantly less stable in cells lack-
ing Cdc10 than in wild-type cells (Figure 7A, right), which
presumably accounts for the reduction in signal observed. In
marked contrast, no detectable Cdc12AC-GFP was present at
the bud neck in cells lacking Cdc10, even though Cdc12AC-
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Figure 6. The Cdc3 CTE is essential, but the Cdc11 CTE is not. (A)
A ¢dc3A/CDC3 heterozygous diploid (Y25223) was transformed
with empty vector, or a CEN plasmid carrying either CDC3
(pPMVB100) or CDC3AC (pMVB102), sporulated and the meiotic
products analyzed described in the legend of Figure 2A. (B) A
cdc11A/CDC11 heterozygous diploid (YMVB32) was transformed
with empty vector, or a CEN plasmid expressing CDC11 (pSB1) or
CDC11AC (pSB2), and analyzed as in A. C. A cdc11A mutant ex-
pressing either CDC11 or CDC11AC from the GALI promoter on
CEN vectors (YCpUG-CDC11 and YCpUG-CDC11AC, respectively)
were grown to midexponential phase and analyzed by differential
interference contrast (top) or indirect immunofluorescence by using
rabbit polyclonal anti-Cdcll as the primary antibody (bottom).
Samples (30 ug total protein) of extracts prepared from the same
cultures were analyzed by SDS-PAGE and immunoblotting by us-
ing the anti-Cdcl1 antibody. D. A cdc11A mutant expressing either
CDC11 (WT) from pSB1 or CDCI11AC (cdc11AC) from pSB2 was
transformed with a plasmid (pLP17) expressing Cdc12-GFP, grown
to midexponential phase and viewed by DIC (left) or fluorescence
(right) microscopy (GFP).

GEFP is no less stable under these conditions than Cdc12-GFP
(Figure 7A). Thus, in the absence of the Cdc3-Cdc12 inter-
action mediated by its CTE, recruitment of Cdcl2 to the
septin collar in vivo requires Cdc10. These data suggest that,
in the absence of Cdcl0, the residual interactions between
Cdc12AC and other septins observed in vitro are not suffi-
cient to permit its stable incorporation into the septin collar
at the bud neck.

Close inspection revealed that, in cells lacking Cdcl0,
even normal Cdc12-GFP never localized to both sides of the
septin collar, as it does in wild-type cells (Figure 7B). To
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mark the cell boundary so that we could discriminate septin
recruitment to the mother and bud sides of the septin collar,
the chitin deposited at the bud neck was stained with cal-
cofluor white. Whether expressed in wild-type cells at a near
normal level (from the CDC12 promoter on a CEN plasmid)
or highly overexpressed (from a 2 um DNA vector), Cdc12-
GFP localization is centered around the chitin ring and
seems to be symmetrically distributed on the mother and
daughter sides of the septin collar (Figure 7B). In cdc10A
cells, however, Cdc12-GFP localized only to the daughter-
side of the bud neck, even when copiously overproduced
(Figure 7B). Likewise, both Cdc3-GFP and Cdcl11-GFP also
localize asymmetrically to the bud side of the neck in cdc10A
cells [unpublished data; see also Supplemental Material
cited in Castillon ef al. (2003)]. Thus, lack of Cdc10 grossly
perturbs septin organization; therefore, Cdc10 plays an im-
portant role in dictating the arrangement of the septin fila-
ments in the septin collar at the bud neck.

Cdc3, Cdc11, and Cdc12 Are Necessary and Sufficient for
Septin Filament Formation

To gain insight about the contribution of individual septins
to septin polymer assembly and the properties of septin
filaments, each of the purified stoichiometric complexes re-
constituted by coexpression of recombinant proteins was
examined for its ability to form polymers by using both an
immunostaining assay with anti-Cdc12AC antibodies and
examination in the EM after negative staining (Figure 8).
Because high ionic strength decreases the ability of hetero-
meric septin complexes to form septin filaments and low
ionic strength promotes filament formation (Frazier et al.,
1998; Kinoshita et al., 2002; Versele and Thorner, 2004), the
filament-forming capacity of each complex was examined
both in the high-salt (HS) elution buffer (containing 250 mM
NaCl and 300 mM imidazole) and after dialysis into a low-
salt (LS) buffer (50 mM KCI).

The His,Cdc12-Cdc3-Cdc10-Cdcll heterotetrameric com-
plexes formed filaments, even in HS buffer (Figure 8A). In
the EM, the filaments are typically straight and almost in-
variably paired. The range of widths measured for individ-
ual filaments (n = 30) was 7-10 nm, and for paired filaments
(n = 30) was 1622 nm. Lengths varied greatly, from 50 nm
to >1 um. Occasionally, lateral striations occurring with a
repeat length of 22-33 nm were visible (as measured on four
different filament pairs, each containing >15 striations). In
LS buffer, the filaments often associated laterally into bun-
dles of up to 20 filaments. These bundles could be observed
as straight, strikingly bright objects visible by light micros-
copy after immunostaining (Figure 8A).

In LS buffer (but not in HS), the His,Cdc12-Cdc3-Cdcll
ternary complex also formed filaments (Figure 8E). However,
the appearance of these filaments was rather different from
those generated from the heterotetrameric His,Cdc12-Cdc3-
Cdc10-Cdc11 complexes. At the light microscope level, the
filament bundles composed of the His,Cdc12-Cdc3-Cdc11
heterotrimeric complexes seemed shorter, more curved, and
less bright than those formed from the His,Cdc12-Cdc3-
Cdc10—Cdc1l heterotetrameric complexes. EM analysis con-
firmed that short, curved filaments were formed. Moreover,
unlike the filaments made from the His,Cdc12-Cdc3-Cdc10-
Cdcll complex, these filaments were not paired in register,
although many of the curved forms comprise apparently un-
organized bundles of multiple filaments (Figure 8E).

His,Cdc12 alone did not polymerize into filaments, but
sometimes small rings or disks (50200 nm in diameter)
could be observed by immunostaining and by EM (unpub-
lished data). The His,Cdc12-Cdcl1 complex nearly always
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formed rings or disks (200500 nm in diameter) in either HS
or LS buffers (Figure 8B). By contrast, the His,Cdc12-Cdc3
complex formed rather amorphous-looking blobs (400-500
nm in diameter) at the light microscope level, which, at the
EM level, sometimes had a honeycomb-like appearance with
knobby protrusions (Figure 8C). The His,Cdc12-Cdc3-
Cdc10 ternary complex failed to form any regular structure
that could be discerned by either immunostaining or EM
(Figure 8D). Finally, the complexes that contain stoichiomet-
ric amounts of His,Cdc12AC and Cdcll, but substoichio-
metric amounts of Cdc3 and Cdc10, did not form filaments,
but instead displayed rings (unpublished data), similar to
those formed by the His;Cdc12—-Cdc11 heterodimer complex
(Figure 8B).

These data demonstrate that the three essential septins—
Cdc3, Cdcll, and Cdcl2—are both necessary and sufficient
for polymerization of heteromeric septin complexes into
filaments, whereas Cdc10 is required to permit those poly-
mers to organize into straighter and more regular filament
pairs. The simplest model compatible with all of these data
(see Discussion) is that Cde3—-Cdc12-Cdcll complexes poly-
merize end to end. We entertained the notion that the Cdc3-
Cdcl1 association observed under some circumstances (Fig-
ure 3B) might play a pivotal role in this polymerization.
Therefore, and because polymerization is enhanced at low
salt, we tested whether Cdc3—Cdcl1 association is salt-sen-
sitive. Indeed, binding of Cdc11-His, to GST-Cdc3 was ro-
bust at low salt and decreased at high salt, whereas binding
of Cdcll-His, to GST-Shsl (which is mediated by their
CTEs) was not salt dependent (Figure 8F).
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Figure 7. Cdc10 is essential for normal septin collar organiza-
tion at the bud neck. (A) Wild-type strain (BY4741) and a cdc10A
mutant (YMVB5) were transformed with plasmids expressing
Cdc12-GFP (pLP17) or Cdc12AC-GFP (pMVB33), grown at 26°C
to midexponential phase on SCGlc(-Leu), and samples of each
culture were viewed by differential interference contrast optics
(left) or fluorescence (right) microscopy (GFP). Samples (30 ug
of total protein) of extracts prepared from the same cultures was
analyzed by SDS-PAGE and immunoblotting by using an anti-
GFP monoclonal antibody. The blot was stained with Ponceau S
as a loading control. (B) Wild-type strain (BY4741) and cdc10A
mutant (YMVB5) were transformed with either a CEN plasmid
(pLP17) or a multi-copy (2 um DNA) vector (pMVB62) express-
ing Cdc12-GFP, grown to midexponential phase at 26°C on
SCGlc(-Leu), and samples of each culture were incubated with
calcofluor white to stain chitin and then viewed by fluorescence
microscopy, by using appropriate cut-off filters to view GFP and
chitin staining, as indicated.

DISCUSSION

Formation of CTE-mediated Cdc3—-Cdc12 Heterodimeric
Complex Is Essential for Cell Viability

Two structural hallmarks of septins are a conserved GTPase
domain, and in nearly all cases, a prominent CTE containing
a predicted coiled coil segment. The essential yeast septin,
Cdcl12, is an intrinsically active GTPase, but mutations that
abrogate its GTPase activity do not compromise the essential
function of Cdcl2 in vivo. A Cdcl2 GTPase mutant,
cdc12(543V), and even a GTP binding-defective mutant,
cdc12(T48N), rescue the inviability of cdc12A cells (Versele
and Thorner, 2004). By contrast, we have shown here that
absence of the CTE destroys the ability of Cdc12 to perform
its essential function in vivo, but it does not compromise its
ability to bind and hydrolyze GTP (Versele and Thorner,
2004).

The essential function of Cdcl2 for which its CTE is
required is formation of heterodimeric complexes with
Cdc3 via interaction with the CTE of Cdc3. Without this
critical pair, no stable multimeric septin complexes can be
assembled and no filament formation can occur. Several
observations support this conclusion. First, the pairwise
association of Cdc12 with Cdc3, and vice versa, depends
on an intact CTE in each protein (Figure 3). Second, even
in the presence of other septins that might potentially
stabilize higher oligomers, Cdc12AC is unable to form
complexes that contain stoichiometric amounts of Cdc3,
unlike full-length Cdc12 (Figure 4). Third, only complexes
in which Cdc3 and Cdc12 are present stoichiometrically
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Figure 8. Ultrastructural analysis of reconstituted septin filaments. (A-E) The ability of the indicated purified, recombinant, heteromeric
septin complexes (left panel) to form filaments in the high-salt elution buffer used for purification (HS) or after dialysis against 50 mM KCl
(LS) were analyzed, as indicate, either by immunostaining using anti-Cdc12AC antibodies (IS, bars represent 2% um) or by EM after negative
staining (bar represents scale indicated). (F) The interaction between Cdc3 and Cdc11 is weakened at high salt concentration. Binding assay
was performed as described in the legend to Figure 3 at the salt concentrations indicated.

are competent to form filaments (Figure 8). Fourth, puri-
fied Cdc3 binds tightly to purified GST-CTE<9<!? (Figure
5), and GFP-CTE®“9¢12 in cell extracts associates avidly
with GST-Cdc3, but not with GST-Cdc3AC (unpublished
data). Fifth, like the Cdc12 CTE (but not the Cdc11 CTE or
Cdc10 or Shsl), the Cdc3 CTE is essential for yeast cell
viability. Sixth, elevated expression of either Cdc12AC or
Cdc3AC (but not their full-length counterparts or
Cdc11AC) interferes with proper septin collar assembly.

Wild-type yeast display circular, 10-nm profiles (in
cross section) and 10-nm striations (in tangential/grazing
sections) in negatively-stained EM thin sections of the bud
neck (Byers and Goetsch, 1976). A lack of such objects at
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the neck in cdc10A cells was interpreted to mean that
septins may be able to function in the absence of normal
polymerization (Frazier et al., 1998). Our findings cast
doubt on this interpretation. Rather, our findings suggest
that septin filaments are present at the bud neck in cdc10A
cells, but lack the normal organization seen in wild-type
cells. First, we found that Cdc3-Cdc12-Cdcl1 heterotri-
meric complexes are competent to form filaments in vitro
(Figure 8), and they seem to be competent to form fila-
ments in vivo because septin-containing collars clearly
assemble in cdc10A cells (Figure 7). Second, the filaments
formed in vitro by Cdec3-Cdcl12-Cdcll complexes are
strikingly different from those formed from Cdc3-Cdc10-
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Cdc12-Cdcl1 complexes (Figure 8). Correspondingly, the
collar architecture in cells lacking Cdc10 is clearly aber-
rant (Figure 7). Third, in keeping with the altered form of
Cdc3-Cdcl12-Cdcll-containing filaments, the septins
themselves (Figure 7) and septin-associated proteins (un-
published data) are recruited to the bud neck in abnormal
distributions in cdc10A mutants (Castillon et al., 2003).
Finally, as we also have shown here, disruption of the
filament-forming capacity of any of the three core septins,
Cdc3, Cdcll, or Cdcl2, is not compatible with yeast cell
viability. Therefore, septin filament formation is essential
for yeast cell survival.

Unlike the CTEs of Cdc3 and Cdc12, the CTE of Cdcl1
is not essential for viability (although Cdcll itself is).
Thus, the globular, N-terminal GTP-binding domain of
Cdcll is sufficient for the essential function of Cdcll
(Figure 6A) and for its recruitment to the bud neck (Figure
6C). Nevertheless, cells containing Cdc11AC as the sole
source of this septin displayed severe morphological and
cytokinesis defects. The observed phenotype of the
Cdc11AC mutant may be due, at least in part, to lack of
recruitment of the nonessential septin Shsl because we
found that Cdcll is the only septin that associates with
Shs1 and that the CTE of Shsl is important for this inter-
action (Figure 3C). However, the possibility cannot be
excluded that the CTEs of septins serve other functions, in
addition to their role in mediating septin-septin interac-
tions. For example, it has been reported that Gin4, a
protein kinase localized to the bud neck, binds to the
region of Cdc3 that contains its presumptive coiled-coil
(Longtine et al., 1998); however, a more recent study in-
dicates that the septin to which Gin4 binds directly is Shs1
(Mortensen et al., 2002). Two-hybrid analysis indicates
that the Cdcll CTE may interact with Bem4, a protein
implicated in bud emergence (Casamayor and Snyder,
2003), but this conclusion must be interpreted with cau-
tion because bridging by other yeast proteins could be
responsible for the interaction observed in vivo. We found
that another bud-neck associated protein kinase, Hsll,
binds directly to Cdcl2 in vitro (Versele and Thorner,
2004); but, this interaction does not require the Cdc12 CTE
(unpublished data). Similarly, in vitro binding of Bni5,
another bud-neck-interacting protein, to Cdcl1 does not
require the CTE of this septin (Lee et al., 2002). It remains
to be determined how septin filament-associated proteins
are recruited to the bud neck, and whether the CTE of any
septin participates in these interactions.

A Model for the Heteropentameric Septin Complex in
Mitotic Cells

Based on the findings presented here, and taking into ac-
count prior analyses of the composition of septin complexes
isolated from yeast extracts (Frazier et al., 1998; Mortensen et
al., 2002), we propose a model for the arrangement of the
subunits in the heteropentameric septin complex present in
mitotic cells (Figure 9). Cdc12 is the linchpin of this assem-
bly. Cdc12 interacts with Cdc3 via the CTE of each protein,
and with Cdc11 via the N-terminal domain of each protein.
Based on the lack of a CTE in Cdc10 (Figure 1), on the fact
that the CTEs of neither Cdc3 nor Cdcl12 are necessary for
their interaction with Cdc10 (Figure 3), and on our observa-
tion that Cdcl0 has a higher affinity for the Cdc3-Cdcl2
complex than for either protein alone (Figure 4A), Cdcl0
presumably interacts with an interface created by the glob-
ular N-terminal domains of Cdc3 and Cdcl2.

The C-terminal ends of the CTEs of Cdc3 and Cdc12 are
predicted to form parallel coiled coils, but we have found
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Figure 9. Model for septin heteropentamer organization and as-
sembly into filaments. Together, the results obtained in this study
indicate that septin heteropentamers are assembled with the inter-
septin contacts indicated and suggest that filaments are formed by
the end-to-end polymerization of Cdc3-Cdc12-Cdcll complexes,
with Cdc10 serving as a bridge to bundle the polymers into paired
filaments.

no direct support for this structure, based on the lack of
apparent interaction between the corresponding Cdcl2
and Cdc3 peptides. Although coiled coil formation by the
entire CTE of each protein is not ruled out, the absence of
side chains to constitute a regular, 4-3 hydrophobic repeat
in the N-terminal portion of each CTE suggests that a
helical fold and novel contact surface distinct from the
canonical coiled coil may mediate association between the
CTEs of Cdc3 and Cdc12. We anticipate a parallel arrange-
ment in the association of the Cdc3 and Cdc12 chains for
three reasons: 1) the N-terminal domains of Cdc3 and
Cdc12 (Cde3AC and Cdc12AC) have detectable affinity for
each other (Figure 3); 2) the properties of Cdc10 associa-
tion with Cdc3-Cdc12 complexes (Figures 4 and 8) argues
that the N-terminal domains of Cdc3 and Cdc12 must be
in proximity; and 3) others have found that fluorescence
energy resonance transfer only occurs between two mam-
malian septins, Sept6 and Sept7 (whose closest yeast or-
thologues are Cdc3 and Cdcl2, respectively), when the
fluorophores are both attached to the N termini of the
proteins, but not when the probes are attached to opposite
ends (C. Low and I. Macara, personal communication).

Cdc12 interacts strongly with Cdcl1, and this associa-
tion does not require the CTE of Cdc12 (Figures 3 and 4)
and occurs in the presence of Cdc3 (Figure 4). Hence, in
the heteropentameric unit, Cdcll must be juxtaposed to
Cdc12 without interfering with the interaction of Cdc12
with Cdc3 (Figure 9). Although a direct Cdc3-Cdcl1 in-
teraction can be detected (Figure 3), using the approach of
bacterial coexpression to reconstitute septin complexes,
Cdcl11 had no impact on the recruitment of Cdc3 into the
complex. Instead, we presented evidence (Figure 8F) for
the idea that an electrostatic (salt-sensitive) interaction
between Cdc3 and Cdcll could play a key role in the
polymerization of septin complexes into filaments (Figure
9). Finally, by analogy to the Cdc3-Cdcl2 complex, the
association between Cdcll and Shsl (Figure 3C) is pre-
sumably parallel and mediated via interaction of their
respective CTEs.

In one study (Frazier et al., 1998), it was estimated that, in
purified septin filaments recovered from yeast cells, Cdc3,
Cdc10, and Cdcl2 were present in approximately equal
amounts, whereas Cdc11 was less abundant and Shs1 was not
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recovered. In a more recent analysis, Cdc11 and especially Shs1
were also substoichiometric to the other septins in complexes
that copurified with Gin4 (Mortensen et al., 2002). The recom-
binant heterotetrameric complexes we prepared reproducibly
contained stoichiometric amounts of all four input septins
(Cde3, Cdcl0, Cdcll, and Cdc12) (Figure 4) and displayed
robust filament formation (Figure 8). An important difference
in our work, which may account for the observed difference in
the efficiency of Cdcll recovery in heteromeric septin com-
plexes, is that we used only 250 mM salt during purification,
whereas 0.5-1 M salt was used in the other studies cited.

Our model (Figure 9) depicts the core of the complex as
comprising four sets of dimers. This proposed feature
reflects our finding that all septins tested (Cdc3, Cdcl10,
Cdcll, and Cdcl12) self-associated (Figure 2). The calcu-
lated M, for this predicted 2:2:2:2 arrangement is 382 kDa,
which is in remarkably good agreement with the apparent
molecular weight (370 = 60 kDa) of the native septin
complex isolated from yeast (Frazier et al., 1998). Circum-
stantial evidence suggests that the (Cdc3),—(Cdc12), sub-
complex may involve a helical tetrameric assembly: Cdc3-
Cdc3 and Cdc12-Cdc12 self-association requires the CTE
of each protein; the interaction of Cdc3 and Cdcl2 re-
quires the CTE of each protein; and, the isolated CTE of
Cdc12 associates both with itself and with Cdc3 (and the
latter interaction depends on the CTE of Cdc3). The ability
of the isolated Cdc12 CTE to interact with Cdc3 (Figure 5),
but the inability of a synthetic peptide corresponding to
just the predicted coiled coil-forming segment of Cdcl2 to
associate with the corresponding segment of Cdc3, argues
that the entire CTE sequence (Figure 1) is crucial for
stabilizing the CTE-CTE interaction.

Shsl seems to be most peripheral component of the
complex, in agreement with its substoichiometric pres-
ence in native septin complexes (Mortensen et al., 2002)
and with the fact that it is not essential for cell viability.
Despite its clear-cut, specific, and CTE-dependent binding
to Cdcll1 (Figure 2), we were unable to purify a stoichio-
metric complex between Cdcl11 and Shs1 by coexpression
in bacterial cells, suggesting that the competency of Cdc11
to recruit Shsl in yeast may depend on its association with
the other septins or on some other yeast-specific factor or
posttranslational modification.

Polymerization of Septin Complexes into Filaments and
Organization of the Septin Collar

Cdc3, Cdcll, and Cdcl2 are all necessary, and the three
together are sufficient, to form filaments in vitro, but only
under low ionic strength conditions. Hence, we favor the
view that the filaments arise from end-to-end polymeriza-
tion of the Cdc3—-Cdc12-Cdcl1 complex via electrostatic con-
tacts between the globular N-terminal heads of Cdc3 and
Cdcl1 (Figure 9). Our finding that septin polymerization
occurs in the absence of Cdc10 is at odds with a prior report
(Frazier et al., 1998). The following factors may account for
the failure of others to observe such filaments. First, Cdc3—
Cdc12-Cdcl1 filaments are less stable than filaments formed
from Cdc3-Cdc12-Cdc11-Cdcl0 heterotetrameric com-
plexes. Moreover, the latter polymerize even in high salt, the
former do not. Second, Cdcl1 is essential for filament for-
mation (Figure 8), yet Cdcl1 was reportedly substoichiomet-
ric in the native septin complexes purified in 1 M salt (Fra-
zier et al., 1998). In contrast, Cdcll was present in
stoichiometric amounts in our recombinant complexes.
Third, in the EM after negative staining with uranyl acetate,
septin filaments lacking Cdcl0 show weaker contrast and
are harder to resolve from the background than filaments
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containing all four core septins, perhaps because filaments
generated from Cdc3-Cdc12-Cdcll ternary complexes are
not paired in register, like the filaments generated from
Cdc3-Cdc12-Cdc11-Cdcl0 quaternary complexes.

Although Cdcl0 apparently is dispensable for septin
polymerization in vitro, it is required for the lateral pair-
ing of septin filaments. The paired filaments are straight
and stable under high ionic strength conditions. Because
Cdc10 self-associates, it is possible that pairing occurs via
homomeric interactions of Cdcl0 (Figure 9). Its mutual
binding to Cdc3 and Cdcl2, documented here, presum-
ably allows Cdcl0 to act as a linker to strengthen the
interaction between these two other core septins (and
perhaps to optimize their mutual orientation). These roles
for Cdcl0—as both a brace within an individual filament
and as a bridge to connect filaments laterally—fit with the
observed phenotypes of a cdc10A mutant. First, a cdc10A
cell is inviable above 30°C. Thus, although Cdc10 is not
essential for cell viability under normal growth condi-
tions, it does become essential under conditions where
septin filament structure is under greater thermal stress.
Second, even at lower temperatures, a cdc10A mutant
displays obvious defects in morphology and cytokinesis,
suggesting that, when Cdc10 is absent, there are abnor-
malities in the structure of the septin filaments and/or in
their organization at the septin collar. Indeed, in thin-
section EM, a cdc10A mutant does not show profiles that
resemble the normal neck filaments seen in wild-type cells
(Frazier et al., 1998). Reduced stability may make the
Cdc12-Cdc3-Cdcl1 filaments harder to visualize and/or
unable to withstand the preparation and fixation condi-
tions. Finally, we have shown here that, in cells lacking
Cdc10, GFP-tagged septins never decorate the collar in the
“double ring” typically seen in wild-type cells. Rather, in
a cdc10A mutant, septins are predominantly localized to
the daughter side of the bud neck. Thus, Cdc10-mediated
filament pairing seems essential for proper organization
of the septin filaments in the collar at the bud neck.

On a more speculative note, different models of septin
filament organization at the bud neck have been pro-
posed. In one, septin polymers are associated into fila-
ments that are perpendicular to the mother-bud axis and
organized circumferentially around the collar, like the
coils of a spring. Impetus for this “spiral model” first
came from EM images of grazing sections of the bud neck
(Byers and Goetsch, 1976), but the idea is supported by
the dramatic septin-containing coils seen in the elongated
buds elicited when Candida albicans Int1 is overexpressed
in S. cerevisiae (Gale et al., 2001) and by the finding that
certain mammalian septin complexes self-assemble into
spirals (Kinoshita et al., 2002). The alternative “picket
fence” model is that, in the collar, septin filaments orga-
nize into lateral bundles aligned parallel to the mother-
bud axis. This idea was first suggested on the basis of the
bar-like septin-containing aggregates seen in a gin4A mu-
tant (Longtine et al., 1998).

Either model is consistent with the extensive lateral
bundling of filaments we observed in our recombinant
filament preparations. In the picket fence model, assum-
ing that all of the lateral filament bundles are organized in
the same direction, the intrinsic polarity of a filament
comprised of nonsymmetrical subunits (Figure 9) could
provide an explanation for how proteins can be recruited
to one side of the collar or the other. Proteins that interact
with Cdc3 or another Cdc3-binding protein would be
associated with one side of the collar, and those that
interact with Cdcll or another Cdcll-binding protein
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would associate with the other side of the collar. Attrac-
tive as this idea is, there is little or no direct support for it.
Instead, in freeze-fracture and scanning EM images of the
cortical surface of yeast plasma membranes, those septin-
containing structures that can be visualized have a
“gauze-like” appearance (A. Rodal and ]. Hartwig, per-
sonal communication), where the filaments lie across each
other in a cross-hatched arrangement. This observation
might suggest a third model for the organization of the
septin filaments at the bud neck, in which the collar
expands, like the slats in a child’s safety gate, due to the
pivoting of the filaments or filament bundles against each
other. We are currently applying various strategies to
help distinguish between these models.
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