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Abstract. 

 

The septins are a family of proteins required 
for cytokinesis in a number of eukaryotic cell types. In 
budding yeast, these proteins are thought to be the 
structural components of a filament system present at 
the mother–bud neck, called the neck filaments. In this 
study, we report the isolation of a protein complex con-
taining the yeast septins Cdc3p, Cdc10p, Cdc11p, and 
Cdc12p that is capable of forming long filaments in 
vitro. To investigate the relationship between these fila-
ments and the neck filaments, we purified septin com-
plexes from cells deleted for 

 

CDC10

 

 or 

 

CDC11

 

. These 
complexes were not capable of the polymerization ex-
hibited by wild-type preparations, and analysis of the 

neck region by electron microscopy revealed that the 

 

cdc10

 

D

 

 and 

 

cdc11

 

D

 

 cells did not contain detectable 
neck filaments. These results strengthen the hypothesis 
that the septins are the major structural components of 
the neck filaments. Surprisingly, we found that septin 
dependent processes like cytokinesis and the localiza-
tion of Bud4p to the neck still occurred in 

 

cdc10

 

D

 

 cells. 
This suggests that the septins may be able to function in 
the absence of normal polymerization and the forma-
tion of a higher order filament structure.
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T

 

he

 

 septins are a family of proteins originally identi-
fied by analysis of budding yeast

 

 

 

cdc

 

 (cell division
cycle) mutants defective in cytokinesis (Hartwell,

1971; Cooper and Kiehart, 1996; Longtine et al., 1996).
These proteins were initially thought to be unique to yeast,
as cytokinesis in yeast and higher eukaryotes appeared to
proceed by distinct mechanisms. In recent years, however,
septins have also been identified in many other organisms,
including humans (Nottenburg et al., 1990; Nakatsura et al.,
1994), mice (Kato, 1990; Kumar et al., 1992; Kinoshita et al.,
1997; Hsu et al., 1998), and flies (Neufeld and Rubin, 1994;
Fares et al., 1995). Almost all of these proteins localize to
the future site of division (Neufeld and Rubin, 1994; Fares
et al., 1995; Kinoshita et al., 1997; Hsu et al., 1998), and
interfering with septin function by mutation or antibody
microinjection has been shown to disrupt cytokinesis in

budding yeast (Hartwell, 1971), 

 

Drosophila 

 

(Neufeld and
Rubin, 1994), and mammalian cells (Kinoshita et al.,
1997). In addition to a conserved role in cytokinesis, the
septins have also been implicated in a number of processes
involving dynamic cell-surface growth and the generation
of cell polarity (Chant et al., 1995; Sanders and Hersko-
witz, 1996; DeMarini et al., 1997; Hsu et al., 1998).

The proteins that comprise the septin family are at least
26% identical in amino acid sequence along their entire
lengths. The sequences are not similar to those of any
other proteins, except for the presence of a P-loop nucle-
otide binding motif and other sequences that define the
GTPase superfamily (Bourne et al., 1991). Although sep-
tins from 

 

Drosophila

 

 have been shown to bind and hydro-
lyze guanine nucleotide (Field et al., 1996), and mutations
in the GTP-binding site alter septin localization in mam-
malian cells (Kinoshita et al., 1997), the function of nucle-
otide hydrolysis has not been determined. In addition to
the predicted nucleotide binding domain, almost all of the
septins are predicted to contain coiled-coil domains at or
near their COOH termini. These coiled-coil domains may
be involved in interactions between the septins, as recent
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biochemical studies demonstrate that septins purified
from 

 

Drosophila

 

 and mammalian cells form robust com-
plexes (Field et al., 1996; Hsu et al., 1998). These com-
plexes have been shown to form short filaments in vitro,
but septin-containing filament structures have not been
observed in higher eukaryotic cells by EM.

Evidence that the septins form filaments in cells comes
from studies in budding yeast. Studies in wild-type and
conditional septin mutants suggest that the septins Cdc3p,
Cdc10p, Cdc11p, and Cdc12p are the major structural
components of the neck filaments, a series of 10-nm stria-
tions that are observed at the future site of cell division by
thin-section EM (Byers and Goetsch, 1976). These four
septins localize to the region of the neck filaments as as-
sayed by immunofluorescence, and in temperature-sensi-
tive septin mutants, loss of septin localization at the neck
correlates with loss of the neck filaments as observed by
EM (Byers and Goetsch, 1976; Haarer and Pringle, 1987;
Ford and Pringle, 1991; Kim et al., 1991).

The association of the septins with a filament structure
that appears to be required for cell division, combined
with evidence for nucleotide hydrolysis and filament for-
mation by purified septins, has led to the proposal that the
septins comprise a new class of cytoskeletal filaments
(Cooper and Kiehart, 1996), similar to intermediate fila-
ments, microtubules, and actin filaments. Polymerization
is central to the function of these three well-studied cy-
toskeletal filaments, whether it be the formation of a rigid
structure, the generation of mechanochemical force, or the
assembly of a transport track. Thus, mutations or drugs
that alter the polymerization behavior of the proteins that
make up these filaments radically disrupt the biological
processes dependent on them (Amos and Amos, 1991; Al-
berts et al., 1994; Fuchs and Cleveland, 1998). If the sep-
tins are to be thought of as a new class of cytoskeletal fila-
ment it must first be determined if, like the filaments
described above, septins polymerize in vivo, and if so, to
what extent the dynamics and regulation of polymeriza-
tion are central to septin function. In this study, we use a
combination of biochemistry and genetics to investigate
the functional relevance of septin polymerization in bud-
ding yeast.

 

Materials and Methods

 

Strains, Growth Conditions, and Genetic and
DNA Methods

 

The yeast strains used in this study are listed in Table I, with the construc-
tion of previously unpublished strains described in detail below. Yeast
media (rich solid medium [YPD] and synthetic complete [SC] medium
lacking specific nutrients) were prepared as described in Guthrie and Fink
(1991). Yeast strains were grown at 22

 

8

 

C unless otherwise noted. Standard
methods were used for DNA manipulations and yeast genetics (Sambrook
et al., 1989; Guthrie and Fink, 1991) except where noted. PCR reactions
were performed using Vent DNA polymerase (New England Biolabs,
Beverly, MA) according to the manufacturer’s instructions.

 

Deletion of CDC3, CDC11, and CDC12

 

The PCR method of Baudin et al. (1993) was used to generate complete
deletions of the 

 

CDC3

 

 and 

 

CDC12

 

 coding regions using the 

 

TRP1

 

 plas-
mid pRS304 as template (Sikorski and Hieter, 1989). Primers for dele-
tion of 

 

CDC3

 

 were cdc3

 

D

 

For 5

 

9

 

-ACGACAACTGAACGATTACATC-
GGCCTATAATACGTTGCCGATTGTACTGAGAGTGCACC-3

 

9

 

 and
cdc3

 

D

 

Rev 5

 

9

 

-TAATAGTGTATGTTTGAAATTTTTATATGTCTTT-
ATTTCGCTGTGCGGTATTTCACACCG-3

 

9

 

; primers for deletion of

 

CDC12

 

 were ML58 5

 

9

 

-GAGTATTGATAACGAACTACATCACAT-
ATTGTATCAAATAGATTGTACTGAGAGTGCACC-3

 

9

 

 and ML59
5

 

9

 

- AAATTGACGAGACAAAGAGGAAGACATTAATTAATCATC-
ACTGTGCGGTATTTCACACCG-3

 

9

 

. The PCR products were trans-
formed into strain YEF473. Correct integration at the target locus was
confirmed by 2

 

1

 

:2

 

2

 

 segregation of lethality linked to 

 

TRP1

 

 and by rescue
of the lethality by low-copy number plasmids carrying either 

 

CDC3

 

 or

 

CDC12

 

 (as appropriate) or the appropriate septin gene sequences fused
to glutathione-S-transferase (GST)

 

1

 

 (plasmid: YCp111GST/CDC3 or
YCp111GST/CDC12; see below). ML439 and ML437 (Table I) were seg-
regants carrying the GST fusion plamids.

To construct a plasmid for deletion of 

 

CDC11

 

, a SalI-StuI fragment
containing DNA from 

 

2

 

1503 to 

 

2

 

23 relative to the 

 

CDC11

 

 start codon
was ligated into SalI/StuI-digested pJJ248 (Jones and Prakash, 1990)
yielding pcdc11

 

D

 

5

 

9

 

. Next, a PCR product corresponding to sequences im-
mediately downstream of the 

 

CDC11

 

 stop codon was generated using
a 

 

CDC11

 

 plasmid as template and primers 5

 

9

 

-AACAGGATCCCGC-
TTTTGCCTTCCT-3

 

9

 

 and 5

 

9

 

-AACAGAGCTCGCAGATATAATA-
AGG-3

 

9

 

. This PCR product was digested with BamHI and SacI at the
sites (

 

underlined

 

) included in the primers and ligated into BamHI/SacI-
digested pcdc11

 

D

 

5

 

9

 

, yielding pcdc11

 

D

 

::TRP1. That plasmid was then di-
gested with SalI and SacI and used to transform strain YEF473, resulting

 

Table I. Yeast Strains Used in This Study

 

Strain Genotype* Source

 

YEF473

 

a

 

/a 

 

his3-

 

D

 

200/his3-

 

D

 

200 leu2-

 

D

 

1/leu2-

 

D

 

1

 

Bi and Pringle, 1996
YEF473A

 

a

 

 

 

his3-

 

D

 

200 leu2-

 

D

 

1 lys2-801 trp-

 

D

 

63 ura3-52

 

Bi and Pringle, 1996
YEF473B

 

a

 

 

 

his3-

 

D

 

200 leu2-

 

D

 

1 lys2-801 trp-

 

D

 

63 ura3-52

 

Segregant from YEF473
JAF25 as YEF473 except

 

 cdc10-

 

D

 

1/cdc10-

 

D

 

1

 

This study

 

‡

 

DDY185-1A

 

a

 

 

 

cdc10-

 

D

 

1 his3-

 

D

 

200 leu2-

 

D

 

1 lys2-801 trp1-

 

D

 

63 ura3-52

 

DeMarini et al., 1997
ML1366 as YEF473 except 

 

cdc11

 

D

 

/cdc11

 

D

 

See text
ML439 as YEF473B except 

 

cdc3

 

D

 

 [YCp111GST/CDC3] See text
ML424 as YEF473B except 

 

cdc10-

 

D

 

1

 

 [YCp111GST/CDC10] See text
ML426 as YEF473A except 

 

cdc11

 

D 

 

[YCp111GST/CDC11] This study

 

§

 

ML437 as YEF473A except 

 

cdc12

 

D 

 

[YCpGST/CDC12] See text

 

*

 

Brackets

 

, plasmids encoding GST–septin fusions (see text).

 

‡

 

Constructed by mating appropriate segregants from DDY185 (DeMarini et al., 1997).

 

§

 

A segregant from DDY185 (DeMarini et al., 1997) transformed with YCp111GST/CDC11.

 

1. 

 

Abbreviations used in this paper

 

:

 

 

 

GST, glutathione-S-transferase; HSS,
high-speed supernatant. 
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in deletion of 

 

CDC11

 

 sequences from 

 

2

 

23 to the stop codon. Correct inte-
gration at the 

 

CDC11

 

 locus was determined by a Southern blot (data not
shown). The transformed strain segregated 2

 

1

 

:2

 

2

 

 for 

 

TRP1

 

 and the phe-
notypes of 

 

TRP1

 

 segregants were rescued by a plasmid carrying either

 

CDC11

 

 or 

 

CDC11

 

 fused to GST sequences (plasmid YCp111GST/
CDC11; see below). Strain ML426 was a segregant harboring the latter
plasmid. To construct strain ML1366, 

 

a

 

 and 

 

a

 

 segregants carrying a 

 

URA3
CDC11

 

 plasmid were mated, and the plasmid was cured by growth on
plates containing 5-fluoroorotic acid.

 

Construction of Plasmids Encoding
GST–Septin Fusions

 

Plasmid YCp111GST was constructed by digesting YCplac111 (Gietz and
Sugino, 1988) with SmaI and HindIII and ligating to an 

 

z

 

1.8-kb StuI-
HindIII fragment from pEGKT (Mitchell et al., 1993) that encodes bacte-
rial GST. Plasmids carrying 

 

CDC3

 

, 

 

CDC10

 

, 

 

CDC11

 

, and 

 

CDC12

 

 fused to
GST sequences under the control of the 

 

GAL1/10

 

 promoter were con-
structed as follows; 

 

underlining

 

 indicates restriction enzyme sites incorpo-
rated in the primers to facilitate cloning. The PCR product obtained using
a 

 

CDC3

 

 plasmid as template and primers 5

 

9

 

-AATACGGATCCAT-
GAGTTTAAAGGAG-3

 

9 

 

and 5

 

9

 

-CGTTATGTCGACATTATGATAT-
TCTT-3

 

9

 

 was digested with BamHI and SalI and ligated into BamHI/SalI-
digested pEGKT. An 

 

z

 

2.5-kb EcoRV-SalI fragment from the resulting
plasmid was ligated into SmaI/SalI-digested YCplac111, yielding
YCp111GST/CDC3. The PCR product obtained using a 

 

CDC10

 

 plasmid
as template and primers 5

 

9

 

-TAATGGATCCCTCAGCTCAGTAC-39
and 59-GTACTCTAGAAAA GAAGGTAAAA-39 was digested with
BamHI and XbaI and ligated into BamHI/XbaI-digested pEGKT. An
z2.8-kb SalI-StuI fragment from the resulting plasmid was ligated into
SalI/SmaI-digested YCplac111, yielding YCp111GST/CDC10. The PCR
product obtained using a CDC11 plasmid as template and primers
59-TAACCAAGATCTATGTCCGGAATAATTG-39 and 59-TTGCTC-
GTCGACATTAATACTTTTAAG-39 was digested with BglII and SalI
and ligated into BamHI/SalI-digested YCp111GST, yielding YCp111-
GST/CDC11. An XhoI fragment containing CDC12 from plasmid
pEG202/CDC12 (De Virgilio et al., 1996) was ligated into SalI-digested
YCp111GST. To place CDC12 in frame with GST, the resulting plasmid
was digested with NcoI, blunt-ended with Klenow enzyme, and then reli-
gated. The resulting plasmid was then digested with XbaI, blunt-ended
with Klenow enzyme, and then religated, yielding YCp111GST/CDC12.
The GST–septin fusion plasmids were all able to complement the appro-
priate septin deletion strains at 238 and 378C (data not shown).

Preparation of Anti-Cdc3p Antibodies
The anti-Cdc3p antibody (referred to as PVP antibody) was raised against
a synthetic peptide corresponding to the COOH-terminal 15 amino acids
of the Saccharomyces cerevisiae protein Cdc3p ([C]NHSPVPTKKKG-
FLR) as described previously (Sawin et al., 1992).

Extract Preparation
Yeast extracts were prepared from log-phase diploid cells based on the
method of Kellogg et al. (1995). The extraction buffer used contained 50
mM Hepes, pH 7.6, 75 mM KCl, 0.2% Triton X-100, 1 mM PMSF, 1 mM
leupeptin, 1 mM chymostatin, and 1 mM pepstatin. Extraction buffer was
mixed with the cell lysate by vortexing and two 10-s pulses of sonication.
The yeast high-speed supernatant (HSS) used for purification of the septin
complex was obtained by centrifuging this extract at 116,000 g for 40 min.
In a typical preparation, we used 12 g of frozen yeast cells and obtained 25
ml of yeast HSS with a protein concentration of z25 mg/ml.

Complex Isolation
The yeast septin complex was purified by modifications of the procedure
of Field et al. (1996). Affinity-purified PVP antibody was adsorbed to pro-
tein A-Affiprep beads (Bio-Rad Laboratories, Hercules, CA) at room
temperature in IP buffer (20 mM Tris-HCl, pH 7.9, 75 mM KCl, 0.5 mM
Na3EDTA, 0.5 mM Na3EGTA, 8% sucrose). Approximately 500 mg of
antibody was used per 500 ml (packed volume) of resin. The remaining
procedures were carried out at 48C. The beads were washed once with 20
vol of 0.1% Tween in TBS and three times with 20 vol of IP buffer. The
beads were then added to 25 ml of yeast HSS (see above) and incubated

with gentle agitation for 1–3 h. The beads were sedimented, washed once
with 20 vol of 0.1% Tween in TBS, and four times with 20 vol of IP buffer.
The beads were then poured into a column and drained by gravity. One
column volume of elution buffer (20 mM Hepes, pH 7.5, 1 M KCl, 0.5 mM
Na3EDTA, 0.5 mM Na3EGTA, and 8% sucrose) containing 300 mg/ml
PVP peptide was then added. After the column had drained and been
stopped, one column volume of elution buffer containing peptide was
added to incubate overnight (10–16 h). The column was then allowed to
drain by gravity, and eluted with two more column volumes of elution
buffer containing peptide. The majority of the yeast septin complex (50 mg)
was found in the initial flowthrough and the overnight fraction. The con-
centrations of septin preparations were estimated by densitometry of
SDS-PAGE gels and Bradford assays as described previously (Field et al.,
1996).

Protein Identification by Mass Spectrometry
Wild-type septin complexes were subjected to one-dimensional SDS-
PAGE, gels were stained with Coomassie brilliant blue R-250, and the
four predominant bands were excised. The proteins contained in these gel
pieces were identified as described previously in Witke et al. (1998).

Hydrodynamic Analyses
To determine the sedimentation coefficient of the yeast septin complex in
1 M KCl elution buffer, 200 ml of freshly eluted protein at a concentration
of z0.08 mg/ml was loaded onto an 8–40% sucrose gradient and spun for
8 h at 55,000 rpm in a Beckman TLS-55 rotor (Beckman, Palo Alto, CA)
at 48C. The gradient was fractionated and analyzed by SDS-PAGE. The
gradients were calibrated on each run with catalase (11.3 S), BSA (4.4 S),
and ovalbumin (3.6 S). The Stokes radius was estimated by loading 1 ml of
freshly eluted septin complex (z0.07 mg/ml) onto a 24-ml prepacked Su-
perose 6 HR 10/30 column (Pharmacia Fine Chemicals, Piscataway, NJ) that
had been equilibrated in elution buffer. This column was calibrated with
the standards thyroglobulin (8.5 nm), ferritin (6.1 nm), aldolase (4.81 nm),
and ovalbumin (3.05 nm). The native molecular mass of the septin com-
plex was estimated by the method of Siegel and Monty (1966).

Electron Microscopy
Negative stain electron microscopy was performed on purified samples as
previously described (Field et al., 1996), except grids were stained with
1% uranyl acetate in 50% methanol. To examine short septin filaments,
protein preparations were adsorbed to the grid immediately after peptide
elution (see above). To look at the septins in the presence of physiological
salt concentrations, septin complexes were dialyzed for 30 min into elution
buffer containing 75 mM KCl (instead of 1 M KCl) before being adsorbed
to the grid. Thin-section electron microscopy was carried out on samples
prepared as described by Byers and Goetsch (1991). Three independent
rounds of embedding and sectioning were used to analyze 150 (cdc10D,
cdc11D) or 200 (wild-type) bud necks for the presence of filament struc-
tures. Thin sections were spaced such that the same bud necks were not
analyzed more than once for the presence of neck filament-associated
structures.

Filament Measurement
To determine the lengths of septin filaments, EM negatives were digitized
using UMAX MagicScan software (UMAX Data Systems Inc., Fremont,
CA) and measured using NIH Image (Bethesda, MD). Straight filaments
from six independent high-salt preparations were measured for each sep-
tin complex (wild-type, cdc10D, or cdc11D). The frequency of filaments
over 70 nm in wild-type high-salt preparations is underrepresented, as
most of these filaments were curved. The same method was used to calcu-
late the distance between the long filament pairs observed after septin
preparations were dialyzed into 75 mM KCl elution buffer.

Fluorescence Staining of Yeast Cells
Immunofluorescence staining of yeast cells was performed by modifica-
tions of the protocol of Pringle et al. (1991). Log-phase cells were fixed
with 0.025% glutaraldehyde for 3 min, rinsed with PBS, and then fixed
with 3.5% formaldehyde in PBS for 30 min. After fixation, 2 3 108 cells
were washed with phosphate buffer and then spheroplasted. Sphero-
plasted cells were applied to polylysine-coated coverslips and submerged
in 2208C MeOH for 6 min and 220°C acetone for 30 s (Novick and Bot-
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stein, 1985; Sanders and Herskowitz, 1996). The PVP antibody was used at
a concentration of 0.01 mg/ml, and the Bud4 antibody was used at a 1:5 di-
lution as described in Sanders and Herskowitz (1996). To determine the
budding pattern of haploid cells, a cdc10D or a wild-type cells (see Table
I) were grown to early log phase at 228C and stained with Calcofluor.
More than 200 Calcofluor-stained cells with three or more bud scars were
examined for each strain. Cells with single chains of bud scars were scored
as budding axially. Photomicrographs were taken on a Nikon Optiphot-2
with a 603 objective (Planfluor 1.40 NA) and a cooled CCD camera
(Princeton Scientific Instruments Inc., Monmouth Junction, NJ). Images
were transferred to Adobe Photoshop for montaging and printing (Adobe
Systems, San Jose, CA).

Results

Isolation of a Septin Protein Complex

To characterize the septins from S. cerevisiae biochemi-
cally, we purified a septin complex using an immunoaffin-
ity approach based on that of Zheng et al. (1996). The an-
tibody used for immunoisolation was raised to the 14
COOH-terminal amino acids of the yeast septin Cdc3p.
This antibody, referred to as PVP, recognized a protein of
70 kD in HSS on Western blots (Fig. 1 A, PVP-WT). This
polypeptide was identified as Cdc3p by showing that the
70-kD band shifted to 95 kD in HSS made from cells car-
rying a GST-CDC3 fusion (Fig. 1 A, PVP-GST3). After
protein A beads precoated with PVP antibody were incu-
bated in yeast HSS (Fig. 1 A, HSS), washed, and incubated
in PVP peptide and 1 M KCl, predominantly four polypep-
tides were eluted (Fig. 1 A, SEP). Of the four eluted
polypeptides, migrating with apparent molecular weights
of 70, 62, 50, and 37 kD, only the 70-kD band was recog-
nized by the PVP antibody (data not shown), suggesting
that these proteins form a complex. Using mass spectrom-
etry, it was determined that the proteins associated with
Cdc3p are the yeast septins Cdc10p, Cdc11p, and Cdc12p.
This result was confirmed by isolating the complex from
strains expressing NH2-terminal GST fusions of Cdc10p,
Cdc11p, or Cdc12p. In each strain an intact complex was
still formed, with the appropriate septin shifted to a higher
molecular weight (Fig. 1 B). The four septins in this com-
plex and a previously uncharacterized septin, Sep7p, have
recently been shown to bind to the protein kinase Gin4p
(Carroll et al., 1998). Although we saw a band in some of
our preparations that may correspond to Sep7p, in no case
was this protein present at more than 15% of the level of
Cdc3p. Thus, Cdc3p, Cdc10p, Cdc11p, and Cdc12p are the
major components of the complex purified with the PVP
antibody.

To examine the strength of the interactions between the
septin proteins, the complex was analyzed by sucrose gra-
dient sedimentation (Fig. 1 C, top) and gel filtration chro-
matography (Fig. 1 C, bottom). Cdc3p, Cdc10p, Cdc11p,
and Cdc12p cofractionated by both techniques in the pres-
ence of 1 M KCl, indicating that they form a stable com-
plex. The native molecular weight of this complex was
estimated to be 370 6 60 kD using the Stoke’s radius
(10.1 nm) and sedimentation coefficient (9 S) (Siegel and
Monty, 1966). By gel densitometry of Coomassie dye bind-
ing normalized to the predicted molecular weights, it
was estimated that Cdc3p, Cdc10p, and Cdc12p are pres-
ent in roughly equal stoichiometry, while Cdc11p is
substoichiometric. A complex composition of 2 Cdc3p:1

Cdc11p:2 Cdc12p:2 Cdc10p is consistent with stoichiome-
try estimates calculated using the native molecular weight
of the complex and the predicted molecular weights of the
four septin polypeptides. However, because native molec-

Figure 1. Biochemical characterization of the septin complex.
(A) PVP-WT and PVP-GST3, Western blot analyses of HSS
made from wild-type cells (PVP-WT) or cells in which the endog-
enous CDC3 had been replaced with a GST-CDC3 fusion (PVP-
GST3), probed with the PVP antibody. HSS, Coomassie stain of
wild-type yeast HSS. SEP, Coomassie stain of polypeptides
eluted from the antibody/protein A beads with PVP peptide in
the presence of 1 M KCl (septin preparation). (B) Complexes pu-
rified by PVP antibody affinity from wild-type (WT) cells or cells
in which the endogenous septin had been replaced with a GST-
CDC10, GST-CDC11, or GST-CDC12 fusion. Cells were grown
in SC-Leucine medium with galactose as a carbon source. Al-
though the majority of Cdc12p changed mobility in the GST-
CDC12 strain, some protein was still apparent at the normal
Cdc12p mobility. This is most likely a breakdown product of the
GST-Cdc12p fusion and not a distinct protein, as mass spectrom-
etry (see Results) did not reveal another protein in the prepara-
tion at this molecular weight. (C) Hydrodynamic analyses of the
septin preparation in the presence of 1 M KCl elution buffer. The
upper gel shows analysis by sedimentation in an 8–40% sucrose
gradient. The four identified septin polypeptides cosedimented at
9 S. The lower gel shows analysis by gel filtration chromatogra-
phy. Fractions from both experiments were analyzed by SDS-
PAGE and Coomassie blue staining.
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ular weight estimates have at least a 20% margin of error,
and Coomassie dye binding is dependent on amino acid
composition, alternative stoichiometries or the presence of
multiple heterogeneous septin complexes with similar hy-
drodynamic properties cannot be ruled out.

The Wild-type Septin Complex Forms Long,
Paired Filaments

We visualized yeast septin complexes by negative-stain
EM to determine if, like septins purified from other organ-
isms (Field et al., 1996; Hsu et al., 1998), these proteins
form filaments. In samples eluted from the PVP antibody
column in the presence of 1 M KCl, filaments measuring
7–9 nm in diameter and 32–100 nm in length were consis-
tently observed (Fig. 2, A and B). Length measurements of
these filaments revealed a distribution with a periodicity
of 32 nm (Fig. 2 C), suggesting that the filaments are as-
sembled by the longitudinal association of 32-nm septin
subunits.

To observe the septin complex under more physiologi-
cal conditions, the septin preparation was dialyzed into a
buffer containing 75 mM KCl. Under these conditions, fil-
aments $1,500 nm in length were observed (Fig. 2 D).
These filaments were consistently found to form pairs,
with the space between filaments ranging from 2–20 nm.
Under these conditions, we also observed assemblies con-
taining up to eight aligned filaments (Fig. 2 D, bottom),

and hairpin structures at the ends of some filament pairs
(Fig. 2 E). The lateral association of septin filaments was
especially striking in preparations from a strain in which
the endogenous Cdc11p was replaced by an NH2-terminal
GST-Cdc11p fusion (Fig. 2 F). These arrays contained
over 200 laterally associated filaments and had a striking
periodicity of 30 nm.

Septin Complexes Purified from cdc10D or cdc11D
Cells Do Not Form Long Filaments

To begin investigating the functional relevance of these
septin polymers in vivo, the effect of deleting individual
septin polypeptides on complex assembly and filament
formation was studied. Because cdc3D and cdc12D cells
are inviable, this study was limited to strains deleted for
CDC10 or CDC11 (Flescher et al., 1993; Longtine et al.,
1996). At 228C, cells deleted for CDC10 had a shorter dou-
bling time than wild-type cells (Fig. 3 B). We found
cdc10D cells grown at this temperature were ovoid, had
enlarged bud necks, and sometimes formed clusters of
connected cells (Fig. 3 A, cdc10D, 228C) as previously de-
scribed (Flescher et al., 1993; DeMarini et al., 1997). After
digestion of the cell wall with zymolyase, the relative num-
ber of cdc10D cells doubled (Fig. 3 B) and chains of con-
nected cells were no longer observed, indicating that at
228C these cells are capable of completing cytokinesis by
the criteria previously described (Hartwell, 1971). cdc10D

Figure 2. Negative-stain EM of septin filaments. (A) Typical wild-type septin preparation adsorbed to the grid after peptide elution in
the presence of 1 M KCl. (B) A preparation diluted 50-fold in 1 M KCl elution buffer before adsorption to the grid. Samples were di-
luted to facilitate filament measurement. (C) Histogram of the length measurements of septin filaments observed in preparations like
that shown in A and B. (D) Long pairs of filaments typically observed after dialysis of a preparation like that seen in A, into 75 mM KCl
elution buffer. (E) An example of the hairpin structures (arrow) observed on the ends of some filament pairs in low-salt preparations.
(F) Paracrystalline arrays of laterally aligned filaments formed by GST-Cdc11p septin complexes after dialysis in 75 mM KCl elution
buffer. Bar, 100 nm.
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cells did begin to exhibit a cytokinesis defect at higher
temperatures. At 308C, the doubling time of cdc10D cells
increased significantly (Fig. 3 C), and connected cells ob-
served at this temperature (Fig. 3 A, cdc10D, 308C) did not
fall apart after cell wall digestion (Fig. 3 C). The cdc10D
strain was not viable at temperatures above 308C (data not
shown). We found deleting CDC11 had a much more se-
vere effect on cell growth and cytokinesis. At 228C, the
cdc11D strain grew at about half the rate of wild-type cells
(Fig. 3 B). Cells deleted for CDC11 formed large clusters
of interconnected, elongated cells (Fig. 3 A, cdc11D, 228C).
Although the cell count increased after digestion of the
cell wall (Fig. 3 B), most cells were still in elongated
chains, with up to eight nuclei sharing the same cytoplasm
as assayed by light microscopy and thin section EM (see
below). cdc11D cells were not viable at temperatures
higher than 228C (Fig. 3, A, cdc11D, 308C and C). At these
elevated temperatures cdc11D showed no growth and ap-
peared as phase dark branches of cells by light micros-
copy.

PVP immunoaffinity chromatography was used to pu-
rify septin complexes from extracts of cdc10D or cdc11D
cells grown at 228C. From the cdc10D HSS, a complex con-

taining Cdc3p, Cdc11p, and Cdc12p was isolated (Fig. 4
A). As in the wild-type complex, Cdc3p and Cdc12p were
estimated to be stoichiometric by densitometry of Coo-
massie-stained gels, whereas Cdc11p appeared to be sub-
stoichiometric. When this preparation was visualized by
negative-stain EM, only a few small rods of z24 nm in
length could be visualized (Fig. 4, B and C). Most of the
preparation lacked the detectable filament structures seen
in wild-type samples. From the cdc11D HSS, a complex
containing the remaining septins (Cdc3p, Cdc10p, and
Cdc12p) in approximately equal stoichiometry was puri-
fied (Fig. 4 D). In these preparations robust short fila-
ments similar to those seen in wild-type preparations were
observed (Fig. 4 E). Measurement of these short cdc11D
filaments revealed that while most were z32 nm in length,
a large number were either 18 or 22 nm in length (Fig. 4 F).
These results suggest that complexes containing the remain-
ing septins can form in the absence of Cdc10p or Cdc11p.

Although cdc10D and cdc11D septin complexes appear
to form short filaments (#32 nm) in a high-salt buffer, the
64- and 90–100-nm polymers formed by the wild-type sep-
tin complex under similar conditions were not observed.
This suggested that septin complexes lacking Cdc10p or

Figure 3. Characterization
of septin deletion strains.
(A) Differential-interference
contrast (DIC) micrographs
of wild-type, cdc10D, and
cdc11D diploid cells grown at
228C or 308C in YPD to early
log phase. (B and C) Samples
were taken at 0, 45, 90, 135,
180, and 225 min from early
log-phase cultures grown in
YPD at 228C (B) or 308C (C)
to examine the growth rates
of wild-type, cdc10D, and
cdc11D cells. Samples from
each time point were soni-
cated and counted on a
hemocytometer. The result-
ant cell concentration at
each time point was divided
by that at time 0 to give rela-
tive cell number, and plotted
versus time; open circles, wild-
type; closed circles, cdc10D;
closed squares, cdc11D. Aster-
isks, relative cell number in
the 225-min sample after
treatment with zymolyase, as
described in Lippincott and
Li (1998). Over 1,000 cells
were counted from each sam-
ple in three separate experi-
ments. Bar, 10 mm.
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Cdc11p might not be capable of the extensive polymeriza-
tion exhibited by wild-type septin complexes. This hypoth-
esis was tested by dialyzing septin complexes from wild-
type, cdc10D, and cdc11D cells into low-salt buffer and
assaying the formation of long polymers by negative-stain
EM and sedimentation. As described above, under these
conditions, the wild-type septin preparation formed ex-
tremely long polymers and higher order structures (Fig. 5,
Wild-type, Low Salt EM). Furthermore, z45% of the com-
plex was sedimentable after dialysis into the low-salt
buffer (Fig. 5, Wild-type, High and Low Salt gels). Poly-
merization by cdc10D or cdc11D septin complexes could
not be detected using either negative-stain EM or the
more quantitative sedimentation assay (Fig. 5, cdc10D and
cdc11D, High and Low Salt EM and gels). These results
suggest that cdc10D and cdc11D septin complexes are dras-
tically perturbed in their polymerization behavior com-
pared with the wild-type septin complex.

Neck Filaments Are Not Observed in cdc10D or
cdc11D Cells

To compare in vitro polymerization data with observa-
tions of filament structure in vivo, we used thin-section
EM to visualize the neck filaments in wild-type, cdc10D,

and cdc11D cells. The neck filaments were originally de-
scribed by Byers and Goetsch (1976) as a series of 10-nm
striations on the inner surface of the plasma membrane,
observable from bud emergence until just before cytokine-
sis. Using similar procedures, we observed ordered linear
structures similar to the previously described neck fila-
ments in 67% of bud necks in asynchronous wild-type cells
(Fig. 6, A9–D9) (Table II). Such ordered linear structures
were not observed in the bud necks of cdc11D cells (Fig. 6,
A and B) (Table II) or in the vast majority of cdc10D cells
(Fig. 6 C) (Table II). Among 150 cdc10D bud necks exam-
ined by thin-section EM, only one appeared to have what
might have been neck filaments in cross section (Fig. 6 D)
(Table II).

Localization of Cdc3p and Bud4p in Wild-type, cdc10D, 
and cdc11D Cells

By immunofluorescence, the septins localize to a ring in
the region where the neck filaments are visualized by EM,
and loss of neck filaments correlates with a loss of septin
localization in conditional septin mutants at the nonper-
missive temperature (Haarer and Pringle, 1987; Ford and
Pringle, 1991; Kim et al., 1991). To examine septin local-
ization in cells with and without observable neck filament

Figure 4. Characterization of septin complexes purified from cdc10D or cdc11D cells by PVP affinity chromatography in the presence of
1 M KCl. (A) The complex from cdc10D cells as analyzed by SDS-PAGE and Coomassie blue staining. (B) The same preparation visu-
alized by negative-stain EM. (C) Histogram of length measurements from the sample shown in B. (D) SDS-PAGE analysis of the com-
plex from cdc11D cells. (E) The cdc11D preparation as visualized by negative-stain EM. (F) Histogram of length measurements from the
sample shown in E. Measurements of wild-type septin filaments (see Fig. 2) are plotted on histograms (striped columns) for comparison
of septin deletion complexes (solid columns). Bar, 100 nm.
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structures, the PVP antibody was used to follow Cdc3p lo-
calization in wild-type, cdc10D, and cdc11D cells. As de-
scribed previously (Kim et al., 1991), we found that Cdc3p
localized to a ring at the mother–bud neck in small-bud-
ded and large-budded wild-type cells (Fig. 7, Wild-type). In
cdc10D cells, Cdc3p was still found to localize in a ring at
the neck in most budded cells (86% versus 97% of wild-
type cells; n 5 100). The ring staining in cdc10D cells was
typically broader and more diffuse than that in wild-type
cells, often appearing discontinuous (Fig. 7, cdc10D). A
similar staining pattern has been reported for the Cdc11p
antibody in cdc10D cells (Fares et al., 1996). In most
cdc11D cells, septin staining could not be detected. Weak
staining at the neck was observed in z3% of cdc11D cells
whose morphology was similar to wild type (Fig. 7,
cdc11D), but never in multinucleate cells (Fig. 7, cdc11D).
These results suggest that maintaining septin localization
at the neck may be sufficient for septin function in cytoki-
nesis and cell morphogenesis even in the absence of ob-
servable neck filaments.

Another process dependent on the septins is the local-
ization of proteins involved in specifying the site of bud
emergence (Chant et al., 1995; Sanders and Field, 1995;
Longtine et al., 1996; Sanders and Herskowitz, 1996). We
examined the localization of one such protein, Bud4p, in
wild-type, cdc10D, and cdc11D cells to monitor septin
function in the absence of observable neck filaments. As
described by Sanders and Herskowitz (1996), we found
that Bud4p localizes to one or two discrete rings at the
mother–bud neck in large-budded wild-type cells (Fig 8,
Wild-type). In most large-budded cdc10D cells, Bud4p was

still localized to the neck (Fig. 8, cdc10D). The Bud4p neck
staining that was observed, however, was typically broader
and more punctate than that observed in wild-type cells,
and in many cases only a dot of staining was detected at
the neck (Table III). Moreover, the apparent double rings
commonly observed in wild-type cells were not observed
in the cdc10D strain. To assess whether the diffusely local-
ized Bud4p in cdc10D cells was still functional in axial bud-
site selection, we examined the pattern of bud scars in
wild-type and cdc10D haploid cells by Calcofluor staining
(see Materials and Methods). In 91% of wild-type and 58%
of cdc10D haploid cells bud scars were aligned in a single
chain, indicating that axial budding is occurring with some
efficiency in the cdc10D strain. In cdc11D cells, no Bud4p
staining could be detected. Even at high detection sensitiv-
ity, only background spindle staining similar to that de-
scribed in Sanders and Herskowitz (1996) was seen (Fig. 8,
cdc11D) (Table III). Thus, Bud4p localization and efficient
axial budding, a marker for one aspect of septin function,
was observed in cdc10D but not cdc11D cells.

Discussion

Septin Complex Structure and Polymerization

We have purified a protein complex containing the four
yeast septins Cdc3p, Cdc10p, Cdc11p, and Cdc12p. When
high-salt preparations of this complex are visualized by
negative-stain EM, short filaments with lengths that are
multiples of 32 nm are observed. This suggests that the
yeast septin complex forms a 32-nm filament subunit that

Figure 5. Negative-stain EM
and sedimentation assays
on wild-type, cdc10D, and
cdc11D septin complexes in
the presence of high- or low-
salt buffer. Low-salt samples
were prepared by dialyzing
septin complexes eluted in
the presence of 1 M KCl elu-
tion buffer and PVP peptide,
at a concentration of 0.07 mg/
ml, against 75 mM KCl elu-
tion buffer for 30 min at 48C.
After determining the con-
ductivity and protein concen-
tration of the low salt sample,
a corresponding high salt
sample was prepared by di-
luting an aliquot of PVP elu-
ate with 1 M KCl elution
buffer such that the protein
concentration was equal to
that of the low-salt sample.
An aliquot of each sample
was then examined by nega-
tive-stain EM, whereas the
rest was subjected to centrif-
ugation (90,000 rpm for 20

min) and the resulting supernatant (S) and pellet (P) samples were analyzed by SDS-PAGE, followed by staining with Coomassie bril-
liant blue to quantitate the formation of longer sedimentable polymers (n 5 8). Bar, 100 nm.
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associates endwise to form linear polymers. These results
are consistent with similar studies of septin complexes pu-
rified from Drosophila and mammalian cells (Field et al.,
1996; Hsu et al., 1998), and indicate that in addition to pro-
tein sequence and a role in cytokinesis, aspects of septin
complex assembly and polymerization have been con-
served.

Although the structural similarity between septin com-
plexes from different species is striking, how these com-
plexes are assembled from different numbers of divergent

septin polypeptides is unclear. A simple model for the or-
ganization of the Drosophila septin complex (Field et al.,
1996) proposed that septin polypeptides homodimerize
and align end on end, with the length of the subunit deter-
mined by the additive length of the coiled-coil domains.
Our analysis of septin complexes purified from different
yeast strains does not support this simple model. First, in
the absence of Cdc10p, a protein that is not predicted to
contain a coiled-coil domain, the subunit length is signifi-
cantly shorter. Second, in the absence of Cdc11p, a protein

Figure 6. Thin-section EM of
neck regions in wild-type,
cdc10D, and cdc11D cells. (A
and B) Grazing sections of
bud necks in cdc11D cells as
observed in two different
rounds of embedding and
sectioning. (C) A grazing sec-
tion of a typical cdc10D neck.
(D) The cdc10D cell ob-
served to have dots along the
inside of the plasma mem-
brane that might be neck fila-
ments in cross section (ar-
rowhead). Grazing (A9–C9)
and cross (D9) sections of
wild-type cells showing neck
filaments as surface striations
or as dots (arrowheads). Ar-
rows, cellular features: NM,
nuclear membrane; NP, nu-
clear pore; PM, plasma mem-
brane; SPB, spindle pole
body; MT, microtubule. Bar,
200 nm.
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with a coiled-coil domain, the length of the septin subunit
is often the same as wild-type. In addition, doubling the
coiled-coil domain of Cdc3p has no effect on subunit
length (Frazier, J.A., unpublished data). Based on these
results, we suspect that septin complex structure is not as
straightforward as in the model proposed by Field et al.

(1996). Reassembly of septin complexes from individual
proteins and higher resolution structural studies should
provide further insight into the organization and conserva-
tion of the septin filament subunit.

Evidence for Septin Polymerization In Vivo

The yeast septins are thought to be the major structural
components of a highly ordered structure at the mother–
bud neck, the neck filaments (Cooper and Kiehart, 1996;
Longtine et al., 1996). In support of this hypothesis, we
have shown that septin complexes purified from wild-type
cells can form long polymers in vitro. Furthermore, when
we purify the septin complexes from cdc10D or cdc11D
strains, in which neck filaments cannot be detected, in
vitro polymerization is severely compromised. Although
these results strongly suggest that septin polymerization is
required for formation of the neck filaments in vivo, the
relationship between the septin filaments and the neck fil-
aments remains unclear. The 10-nm striations that are ob-

Table II. Neck Filaments Are Not Observed in cdc10D or 
cdc11D Cells

Genotype No filaments

Filaments*

In cross section In grazing section

Wild-type 67 76 57
cdc10D 148 1 0
cdc11D 150 0 0

*Following Byers and Goetsch (1976), dots spaced at intervals of z32 nm on the in-
side of the plasma membrane in cross sections of the neck region were counted as
neck filaments, as were striations with a spacing of z32 nm observed in grazing sec-
tions of the plasma membrane.

Figure 7. Septin localization by immunofluores-
cence and the corresponding phase–contrast mi-
crographs of wild-type, cdc10D, and cdc11D cells.
Note that the two cells shown in the cdc11D
panel are from different fields of the same slide.
The multinucleate cdc11D cells in this figure are
representative of strain morphology after treat-
ment with zymolyase. Cells were grown in YPD
medium to early log-phase at 228C. Bar, 10 mm.
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served at the bud neck of wild-type cells by thin-section
EM could correspond to the septin polymers themselves
or may result from the organization of the septin filaments
into a more highly ordered array. Alternatively, the neck
filaments may be composed of another protein whose as-
sembly is dependent on septin polymerization or organiza-
tion. Although we suspect that the absence of neck fila-
ments in cdc10D and cdc11D cells is due to a failure in
septin polymerization, it is possible that the mutant septin
complexes do polymerize in vivo but fail to form an orga-
nized structure that is detectable by EM. 

The septins purified from wild-type yeast cells were ob-
served to form extensive filament pairs under low salt con-
ditions. Such pairing has not been observed with purified
Drosophila or mammalian septin complexes (Field et al.,
1996; Hsu et al., 1998). It is possible that the pairing ob-
served in our work reflects the presence of a higher order
septin filament structure that occurs in yeast and not
higher eukaryotic cell types. How the filament pairing is
mediated is unclear, as we were unable to detect any struc-
ture between the filaments by negative-stain EM. This in-
teraction may be regulated by phosphorylation, a possibil-
ity suggested by recent studies of septin organization in
the absence of the Gin4p protein kinase (Longtine et al.,
1998). In cells deleted for GIN4, the septins reorganize
from an apparent ring to a set of discrete bars running
through the mother–bud neck. Thus Gin4p, which appears
unique to yeasts, may be responsible for the assembly of a
higher order septin filament structure.

Implications for Septin Function

Studies of conditional septin alleles at the nonpermissive
temperature have shown that the septins are required for
cytokinesis, normal cell morphology, and the localization
of a number of proteins (like Bud4p) to the neck in bud-

ding yeast (Hartwell, 1971; Chant et al., 1995; Sanders and
Herskowitz, 1996; DeMarini et al., 1997; Lippincott and
Li, 1998). The disruption of these processes in conditional
septin mutants is correlated with the loss of both septin lo-
calization at the neck by immunofluorescence and neck fil-
aments by EM (Haarer and Pringle, 1987; Ford and Prin-
gle, 1991; Kim et al., 1991). These observations, combined
with biochemical evidence that septins form filaments,
suggest that polymerization is central to septin function. In
this study we show that two septin mutant strains, cdc10D
and cdc11D, appear to be defective for septin polymeriza-
tion; these cells lack neck filaments and septin complexes
purified from these strains fail to polymerize. To assess the
role of polymerization in septin function, we monitored
septin dependent processes like cytokinesis, cell morpho-
genesis, and Bud4p localization in these cells.

The cdc11D strain was similar to previously character-
ized conditional septin alleles, in that septin-dependent
processes were severely compromised. This loss of septin
function correlated with a loss of both septin localization
by immunofluorescence and detectable neck filaments by
EM. The cdc10D strain, in contrast, was unlike existing
septin mutants. Although no neck filaments could be de-
tected by EM in these cells, the septins still localized to the
bud neck. The uncoupling of filament formation and pro-
tein localization in this strain allows us to draw new con-
clusions about the role of polymerization in septin func-
tion. cdc10D cells maintained a considerable degree of
septin function as assayed by cytokinesis, cell morphology,
and the localization of Bud4p. This suggests that the local-
ization of the septins to the neck region is more critical for
septin function than the dynamics of septin polymerization
or the formation of a neck filament structure. This conclu-
sion is supported by studies of septin organization in cells
that do not contain the kinase Gin4p (Longtine et al.,
1998). Despite a dramatic reorganization of the septins
(from a continuous ring to a set of axial bars running
through the mother–bud neck) in these cells, the septins
appear to function almost normally.

If the septins function in cytokinesis and other processes
in the absence of normal septin polymerization or the as-
sembly of a neck filament structure, it is unclear why the
ability of septin complexes to form filaments has been con-
served. In this regard it is important to distinguish between
polymerization per se and the assembly of the polymers

Figure 8. Bud4p localization
in wild-type, cdc10D, and
cdc11D cells. Cells were
grown in YPD medium to
early log phase at 228C, fixed,
and processed for indirect
immunofluorescence using
affinity-purified Bud4p anti-
bodies (provided by S. Sand-
ers Massachusetts Institute
of Technology, Boston, MA).
Images of Bud4p staining in
septin deletion strains were
taken at higher exposures
than the corresponding wild-
type images. Bar, 10 mm.

Table III. Localization of Bud4p in Large-budded Cells

Genotype No localization

Localization to neck

Ring Other structure*

Wild-type 0 100 0
cdc10D 9 76 15
cdc11D 96 1 3

*See text.
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into higher order filament arrays. The assembly of a higher
order filament array may in fact be unique to asymmetri-
cally dividing cells. To date, septin-associated filament ar-
rays have been observed only at the mother–bud necks in
S. cerevisiae and C. albicans (Byers and Goetsch, 1976;
Soll and Mitchell, 1983). It is possible that the neck fila-
ment array functions in these cell types to constrain the
membrane at the division site during growth of the daugh-
ter cell. However, the assembly of a neck filament-like
structure is unlikely to be the only function of septin poly-
merization. A septin-associated filament array has never
been observed in Drosophila or mammalian cells, yet sep-
tin complexes purified from these cell types are capable of
polymerization. It seems likely that these cells contain sep-
tin filaments, but these filaments may be difficult to detect
if not organized into a neck filament-like array.

Our data suggests that the polymerization enhances, but
is not required for, septin function. For example, local con-
centration of the septin GTPase domains by polymeriza-
tion could facilitate the rapid recruitment of proteins in-
volved in polarity and division to the division site. At
different points in the cell cycle, the nucleotide-binding
state of the septin proteins may serve as a “switchboard,”
regulating the localization of the bud site selection ma-
chinery (Bud3p and Bud4p) (Chant et al., 1995; Sanders
and Herskowitz, 1996), proteins involved in bud growth
(Gin4p) (Longtine et al., 1998), cytokinesis (MyoIp) (Lip-
pincott and Li, 1998), and chitin deposition (Chs3, Bni4p,
and Chs4p) (DeMarini et al., 1997). Although the actual
role of the septins in cytokinesis and other processes is not
clear, the results presented in this study suggest that this
function may not require normal septin polymerization or
the formation of a neck filament array. In light of this data,
we argue that the septins should not be classified as a
novel cytoskeletal filament, as the formation of in vivo fil-
ament structures, and the dynamics of the filaments from
which these structures are composed, are central to the
function of classic cytoskeletal filaments composed of ac-
tin, intermediate filament proteins, or tubulin.
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