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Septin Filament Formation in Saccharomyces cerevisiae

Jennifer A. Frazier

Abstract

The septins are a conserved protein family involved in cytokinesis and

other processes. In budding yeast, these proteins are thought to form a filament

structure at the mother-bud neck, called the neck filaments. Given the potential

importance of filament formation in septin function, we have developed a

purified system to study the polymerization and structure of septins in budding

yeast. We have shown that a complex containing the septins, Cdc2p, Cdc10p,

Cdc11p, and Cdc12p, formed long filaments and higher order structures in vitro.

Complexes from cells deleted for CDC10 or CDC11 were not capable of

polymerization. Analysis of the neck region by electron microscopy revealed

that cac10A and cac11A cells did not contain neck filaments. These results

strengthen the hypothesis that the neck filaments are comprised of septin

polymers. Surprisingly, cytokinesis occurred in cdc10A cells, suggesting that

septins may be able to function in the absence of normal polymerization and

formation of a higher order filament structure.

To test models for septin complex and filament organization, we purified

3'-9" andseptins from mutants predicted to affect neck filament structure, cdc

ginAA. We found that the lengthened coiled-coil domain of cdc3“" had no

discernable effect on septin complex architecture but did disrupt polymerization.

cdc3“" mutants with detectable staining at the neck were able to cytokinese,

consistent with data correlating septin function with localization rather than

filament assembly in cdc10A and gin-4A cells. Septin-dependent processes are near

ix
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normal in gin4A cells, though the septins are observed to undergo a dramatic

reorganization from a ring to discrete bars running through the mother-bud neck

(Longtine at al., 1998). Based on these observations, Longtine et al. proposed that

Ginap plays a central role in neck filament organization by linking septin

filaments. We found that deleting GIN4 had a pronounced effect on septin

complex stability and polymerization, suggesting that this kinase may play a

more complex role in septin filament assembly and/or organization than

described by this model.

º
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Septins: A Homologous Protein Family Involved in Cytokinesis and Other
Processes

The septins were identified in a screen for temperature-sensitive mutations that

control the cell division cycle (CDC) in budding yeast. At the non-permissive

temperature, cells containing mutations in CDC3, CDC10, CDC11, or CDC12

continue to undergo nuclear division and bud emergence but fail to cytokinese

(Hartwell, 1971). Sequencing of these CDC genes revealed that they are highly

similar, coding for a putative GTP-binding domain, and for CDC3, CDC11, and

CDC12, a C-terminal coiled-coil domain (Longtine et al., 1996). This novel family

of proteins was termed septins to indicate their role in septation and cell

division.

The septins were long thought to be unique to yeast, as cytokinesis in

yeast and animal cells appeared to occur by distinct mechanisms: animal cells by

acto-myosin driven contraction, and yeast and higher plants by vesicle fusion

(reviewed in Sanders and Field, 1994; Fishkind and Wang, 1995). The

sequencing of the Drosophila cytokinesis mutant pnut, however, revealed that it

was part of the septin family (Neufeld and Rubin, 1994). Since that time septins

have been identified in humans (Nottenburg et al., 1990; Nakatsura et al., 1994),

mice (Kato et al., 1990; Kumar et al., 1992; Kinoshita et al., 1997), C. elegans (T.

Nguyen and J. White, personal communication), C. albicans (DiDomenico et al.,

1994), and fission yeast (Longtine et al., 1996).

Members of the septin family are greater than 26% identical in amino acid

sequence along their entire lengths. All septins contain a P-loop nucleotide

binding consensus sequence and other sequences that define the GTPase



superfamily (Bourne et al., 1991). To date, septins from both Drosophila and

mouse have been shown to bind and hydrolyze GTP in vitro (Field et al., 1996;

Kinoshita et al., 1997), and a mutation blocking nucleotide hydrolysis has been

shown to interfere with septin localization in vivo (Kinoshita et al., 1997). Based

on these limited studies, however, it is difficult to assess the role of nucleotide

hydrolysis in septin function. In addition to this highly conserved GTPase

domain, almost all of the septins contain predicted coiled-coil domains at or near

their carboxyl termini. It has been suggested that these domains mediate

interactions between the septins, as biochemical studies demonstrate that septins ■ º
purified from Drosophila and mammalian cells form robust complexes (Field et º :

al., 1996; Hsu et al., 1998). Based on structural studies of well characterized ■ º
*

coiled-coil proteins and EM observations of the Drosophila complex, Field et al. ■ º º
(1996) proposed that the coiled-coil domain defines the length of the septin , ** a º }

complex. !--- .

As anticipated from the initial identification of four septins in budding ■ º
-

s
yeast (CDC3, CDC10, CDC11, and CDC12), all septin-containing organisms have º: º -

more than one family member. Extensive sequence analysis of these proteins has , sº º :

revealed an absence of sequence similarity between individual septins in º
evolutionarily distant species (Kiehart and Cooper, 1996). For example, a given

septin from an animal species such as Drosophila - Pnut, Sep1, or Sep2- does not
-

have an obvious ortholog in budding yeast. In this way the septins are unlike

tubulin or actin, where orthologs in highly divergent organisms are easily

identified and have similar functions (Amos and Amos, 1991). The absence of
*

apparent septin orthologues in divergent species has led some to propose that ,
individual septin proteins may not have unique conserved functions (Longtine et t



al., 1996; Kiehart and Cooper, 1996). The septins as a family, however, are

involved in the same processes in organisms as divergent as yeast and humans.

A variety of studies in septin-containing organisms have shown that the

septins share a conserved role in cytokinesis. Genetic analysis has shown that

the septin mutants defective in CDC3, CDC10, CDC11, or CDC12 in budding

yeast, and pnut in Drosophila are unable to cytokinese (Hartwell, 1971; Neufeld

and Rubin, 1994). Similarly, interfering with the function of the mammalian

septin Nedd5 by antibody microinjection results in multinucleate cells (Kinoshita

et al., 1997). Disrupting septin function in C. elegans by mutation or RNAi has

also recently been shown to interrupt cytokinesis (T. Nyugen and J. White,

personal communication). Consistent with a role in cytokinesis, almost all

septins localize to the future site of cell division. The role of the septins,

however, is not limited to cytokinesis. Septins in both yeast and animal cells

have been implicated in a number of processes that require dynamic membrane

growth or specialization of regions of the cell cortex. In yeast, genetic studies

have revealed a role for the septins in formation of the prospore wall, deposition

of chitin, bud-site selection, and response to mating pheromones (Ford and

Pringle, 1991; Kim et al., 1991; Flescher et al., 1993; Chant et al., 1995; Fares et al.,

1996; DeMarini et al., 1997). Similarly, the septins localize to a number of

structures other than the cleavage furrow in animal cells. In Drosophila embryos,

the septins are found at the leading edge of both invaginating furrows during

cellularization and epithelial cells during dorsal closure (Fares et al., 1995). The

septins are also expressed at high levels in non-dividing cells, further suggesting

that cytokinesis is not the only cellular process utilizing septins (Hsu et al., 1998).



The role the septins play in these diverse contexts is not known and presents one

of the major challenges in understanding the function of these proteins.

Filament Formation by the Septins

The function of the septins in cytokinesis and other processes is thought to

require the assembly of septins into filaments. The idea that septins may form

filaments initially came from EM studies of the yeast bud neck. Byers and

Goetsch (1976) discovered that the bud neck of yeast contains a highly ordered

array of 10 nm filaments, which they termed the neck filaments (Fig. 1-1A).

These filaments were not observed in temperature-sensitive septin mutants at the

non-permissive temperature, leading to the suggestion that the septins are the

structural components of the neck filaments (Byers and Goestch, unpublished

data). This hypothesis was supported by studies showing that all four of the Cdc

septins localized to the region of the neck filaments by indirect

immunofluorescence and that this localization is lost with the same kinetics as

the neck filaments in ts septin mutants at the restrictive temperature (Haarer and

Pringle, 1987, Kim et al., 1991; Ford and Pringle, 1991).

The most compelling evidence that the septins form filaments comes from

the biochemical characterization of septins purified from Drosophila embryos.

Using immunoaffinity chromatography, Field et al. (1996) purified a complex

containing two copies each of the septins, Pnut, Sep1, and Sep2. When

visualized by negative stain EM, this complex was observed to form filaments 7

nm in diameter and of variable lengths. The lengths of individual septin

filaments were multiples of 26 nm, suggesting that the septin complex is a



filament 26 nm long that can polymerize endwise. The ability of septins to form

filaments in vitro provided new evidence that the neck filaments observed in

yeast were likely to be composed of septins.

Aside from comparison to the neck filaments in yeast, the physiological

relevance of the filaments formed by the Drosophila septins is difficult to assess.

To date, septin-associated filaments have not been observed in any animal cells.

It seems likely that these cells contain septin filaments, but these filaments may

be difficult to detect if not organized into a neck filament-like array. Kinoshita et

al. (1997) have observed that septins form short fibrous structures in mammalian

tissue culture cells during interphase using immunofluorescence microscopy.

These septin structures align with actin filaments and are dependent on actin

polymerization for their localization. Septin-containing structures have also been

observed to associate closely with cortical actin by immunogold labeling, further

suggesting that in animal cells the septins form short filaments that tend to co

align with actin filaments (Kinoshita et al., 1997). Determining the

polymerization state and structures formed by the septins in animal cells,

however, requires further investigation. In summary, studies demonstrating that

purified septins can form filaments and that the septin genes are required for

neck filament formation in yeast strongly suggest that the septins form filaments

in the cell. The possiblity remains, however, that the septins are simply

regulators of neck filament formation or are essential for neck filament

formation.



Organization and Assembly of Septin Filament Structures

The neck filaments were originally described as a set of 10 nm filaments running

circumferentially around the bud neck at 28 nm intervals spaced by a linker

protein (Fig. 1-1 B) (Byers and Goetsch, 1976). Field et al. (1996) proposed

another model for the organization of the neck filament structure based on

analysis of the Drosophila septin complex. As described above, the Drosophila

septin complex forms filaments that are 7 nm in diameter and of lengths that are

multiples of the 26 nm septin subunit. Field et al. proposed that the neck

filaments were composed of septin filaments aligned axially within the mother

bud neck and that the 28 nm periodicity observed in the neck filament array was

provided by the septin subunit repeat. In this model, what is observed as the

neck filament in thin section EM corresponds to a linear array of one heavily

stained region of the septin subunit (Fig. 1-1 C). If such a quasicrystalline array is

required for detection of the neck filaments, this may explain why a similar

structure has not been observed in animal cells, as the slightest difference in

lateral interaction between filaments would prevent the registration necessary

for their observation. Recent studies of septin immunofluorescence localization

in cells deleted for the mitotic kinase Gin4p support the axial alignment model

(Longtine et al., 1998). In contrast to the rings observed in wild-type cells, the

septins formed 5-8 bars running axially through the mother bud neck in gin 4A

cells. Although the authors speculate that these structures are septin polymers

that have collapsed into bundles instead of organizing into a uniform array, this

hypothesis remains to be tested by EM.



Figure 1-1. Models for septin filament organization within the mother-bud

neck. (A) Grazing section of the top of a wild-type yeast bud neck. (B)

Circumferential model for septin filament organization within the bud neck, in

which septin filaments circling the bud neck are spaced at 28 nm intervals by a

linker protein (Byers and Goetsch, 1976). (C) Axial alignment model for septin

filament organization within the bud neck (Field et al., 1996). In this model,

septin filaments are aligned parallel to the mother-bud neck and the 28 nm

periodicity is due to the repeating septin complex.

:
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How this filament structure, whether organized axially or

circumferentially, is assembled in coordination with the cell cycle is also

unknown. By EM, the neck filaments are observed from bud emergence until

just prior to cytokinesis (Byers and Goetsch, 1976). These proteins appear to be

localized to the neck region throughout most of the cell cycle as assayed by

immunofluorescence and GFP (Haarer and Pringle, 1987; Kim et al., 1991; Ford

and Pringle, 1991; Lippincott and Li, 1998-2). It is possible that this discrepancy
a

reflects the difficulty of visualizing the neck filaments by EM in unbudded cells, - *

though it also seems possible that the assembly of the septins into a higher order º , S.

structure is regulated independently of their localization to the correct region of º -

the cell. To date, genetic studies have implicated CDC42, CLA4, STE20, CYK2, º
-

•

and GIN4 in the localization and/or assembly of the septins at the mother-bud º º
neck (Adams et al., 1990; Cvrckova et al., 1995; Longtine et al., 1998; Lippincott * * * *

º
º

and Li, 1998-2). The Rho-type GTPase Cdc42p is required for the localization of *" !

the septins to the presumptive bud site at Start (Adams et al., 1990; Lew and
* -

Reed, 1995). The maintenance of septin localization at this site is dependent on º –

two PAK kinases known to interact with Cdc42p: Cla4p and Ste20p (Cvrckova et * * ■ º
al., 1995; Simon et al., 1995). When a strain deleted for STE20 and carrying a /* *

temperature-sensitive allele of CLA4 is shifted to the nonpermissive temperature, L. º

the septins appear to assemble normally at the bud site but then fail to remain in º
a discrete ring at the bud neck. As mentioned above, the kinase Gin4p also

appears to be required to maintain proper septin organization at the bud neck. |

Although deleting GIN4 does not affect the localization of the septins to the º º

mother-bud neck, those septins at the bud neck are no longer observed to form a

ring but instead form axial bars (Longitne et al., 1998). Finally, recent studies

10



have implicated the Cdc15/PSTPIP cleavage furrow protein Cyk2 in disassembly

of the septin ring at the end of the cell cycle (Lippincott and Li, 1998). In cyk2A

cells, the septins show normal distribution at the bud neck but exhibit a delay in

delocalization from the old bud neck after the next round of budding. Consistent

with an ability to delocalize the septins from the bud neck, cells overexpressing

Cyk2p lose the septin rings from the bud neck but form long septin filaments

elsewhere in the cytoplasm.

•
Models for Septin Filament Function ** .

º *

: ;
Septins as a New Class of Cytoskeletal Filaments * ,

* *
re -

Association of the septins with a filament structure in cells, combined with º
. . . .

evidence that purified septins can form filaments, has led to the hypothesis that ***

the septins comprise a new class of cytoskeletal polymer, similar to those *** -
* .

composed of intermediate filament proteins, actin, or tubulin (Kiehart and :
-

Cooper, 1996). A number of other cellular proteins, such as clathrin and ... . º
º

***
dynamin, can form filament structures in vitro and in vivo but are not classified as

cytoskeletal polymers (Hinshaw et al., 1995; Liu et al., 1995). What, then,

distinguishes polymers as cytoskeletal? Analysis of existing polymers suggests

that it is the functional role of a protein's polymerization. Proteins that make up

cytoskeletal filaments must polymerize in order to carry out thier cellular

function, whether it be the formation of a structure, the generation of

mechanochemical force, or the assembly of a transport track (Amos and Amos,

1991; Alberts et al., 1994; Fuchs and Cleveland, 1998). In contrast to non

11



cytoskeletal polymers, mutations or drugs that alter the polymerization behavior

of the proteins that make up intermediate filaments, microtubules, or actin

filaments, radically disrupt the biological processes dependent upon them. If the

septins are to be considered a new class of cytoskeletal filament, it must first be

determined if, like the filaments described above, septins polymerize in vivo, and

if so, to what extent this polymerization is required for septin function.

As the major components of the cytoskeleton, actin filaments,

microtubules, and intermediate filaments are essential for the shape, directed

movement, and spatial organization of the cell. There is a critical distinction, 2.
-

however, in how these cytoskeletal polymers carry out their functions. Actin .
-

filaments and microtubules, unlike intermediate filaments, can polymerize and º
depolymerize rapidly (Amos and Amos, 1991; Alberts et al., 1994). The ability of º

-

these dynamic polymers to switch rapidly from phases of polymer assembly to º •

disassembly is central to their cellular function. These unique filaments are - *

capable of this dynamic behavior because their assembly involves nucleotide :
- º

hydrolysis (reviewed in Carlier, 1991). Both actin and tubulin bind a nucleotide º -
which becomes hydrolyzed during the assembly process. This input of energy --" "

during filament assembly reduces the binding affinity of a subunit (actin or

tubulin) for its neighboring subunits and makes it more likely to dissociate from

the filament. This change in conformation of the subunit as it enters the polymer

allows the two ends of the filament to grow at different rates, as it affects the

rates at which subunits add to the two ends. The dynamic properties of these

filaments can be modified by interacting proteins to achieve spatial organization,

directional movement, or any of a number of other processes. To achieve

directional motility, for example, one end of an actin filament is stabilized while

12



subunits are added near the leading edge of the cell (reviewed in Beckerle, 1998).

The selective growth of an actin filament at the leading edge is thought to propel

cells forward. The ability of septins to bind and hydrolyze guanine nucleotides

suggests that the septins, like actin and tubulin, may form a dynamic polymer. If

polymerization is critical for septin function, determining whether GTP is

hydrolyzed during septin polymerization and how this affects the behavior of

the septin polymer will be an important next step in understanding the function

of these proteins.

Septins as Protein Scaffolds

Studies in budding yeast have led to the popular hypothesis that the septins

function as a scaffold or template to localize specific factors to defined regions of

the cell membrane (Chant et al. 1995). Chant et al. found that Budap, a protein

required for axial budding, localizes to the mother-bud neck in a septin

dependent manner during each cell cycle and remains at the division site long

enough to direct the assembly of a new bud site in an adjacent location during

the next cell cycle. Subsequent studies have shown that the septins are also

required to localize proteins involved in the switch from polar to isotropic bud

growth (Gináp) (Longtine et al., 1998), cytokinesis (Myolp and Cyk2p)

(Lippincott and Li, 1998; Bi et al., 1998), and chitin deposition (Chs3p, Chs4p, and

Bni4p) (DiMarini et al., 1997) to the mother-bud neck at different points in the

cell cycle. These proteins, like the septins themselves, are no longer localized to

the mother-bud neck when conditional septin alleles are shifted to the

nonpermissive temperature.

.

º

º
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Studies of septin function in animal cells have been much more limited.

To date, no proteins are known to require septins for their localization. A recent

report demonstrating that the septins localize and partially purify with the

secó/8 (or exocyst) complex, however, are consistent with this model (Hsu et al.,

1998). The exocyst complex is a conserved protein complex known to play a key

role in a late stage of exocytosis (Novicket al. 1980; TerBush et al., 1996). A septin

complex and the exocyst complex partially co-purify during several steps of

biochemical purification. At each step a septin protein (cdc10) and part of the

septin complex coimmunoprecipitates with an antibody directed to a protein in

the exocyst complex and vice versa. Although the functional nature of this

interaction is not clear, comparison with yeast suggests that the septins may

serve as markers for sites of exocytosis.

Taken together, studies to date suggest that one of the primary functions

of the septins is to localize proteins to discrete regions of the plasma membrane.

Such a description of septin function, however, is very general and raises many

questions about how the septins perform this function at the molecular level. Is

the septin scaffold composed of filaments? If the septins are a new class of

cytoskeletal polymer, their ability to localize other proteins may be dependent on

filament assembly. For example, recruitment of chromosomal and membrane

proteins is one of the major functions of the cytoskeletal filament-forming

proteins, the lamins, during nuclear assembly. How are proteins localized to the

septins at discrete points in the cell cycle? Do the septins play an active role in

recruiting proteins to specific sites through their GTPase domains?

Characterization of interacting proteins, the role of the septin GTPase domain,

:
: -

º
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and the structure formed by septins in vivo will provide a more detailed

understanding of how these proteins may function as molecular scaffolds.

Investigating the Relationship Between Septin Polymerization and Function

Despite their central role in cytokinesis and other processes, little is known about

how the septins function at the molecular level. While it has been proposed that

the septins are filament-forming proteins, it has not been determined if they form

filaments in cells and if filament formation is critical for septin function. Given

the potential importance of filament assembly in septin function, this thesis *

addresses the follow questions using a combination of biochemical and genetic "...

approaches: (i) Are purified yeast septins capable of filament formation? (ii) Do º
the septins form filaments in the cell? (iii) Is polymerization required for septin º

function, as it is for well-characterized cytoskeletal polymers? (iv) How is the ***

septin filament subunit organized? (v) What is the structure of the filaments at *"

the mother-bud neck? (vi) Does the Gin4p kinase control the organization
-

and/or assembly of septin filament structures? Addressing these questions ...
**

experimentally has allowed us to draw new conclusions about the structure and

function of septin filaments in budding yeast.
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Polymerization of Purified Yeast Septins:
Evidence That Organized Filament Arrays
May Not Be Required for Septin Function
Jennifer A. Frazier,” Mei Lie Wong,” Mark S. Longtine,” John R. Pringle, Matthias Mann,"
Timothy J. Mitchison," and Christine Field
*Department of Biochemistry and Biophysics, University of California at San Francisco, San Francisco, California 94143:
*Department of Biology, Univeristy of North Carolina. Chapel Hill, North Carolina 27599: ‘Protein and Peptide Group,
European Molecular Biological Laboratory, D-69012 Heidelberg, Germany; and Department of Cell Biology, Harvard Medical
School, Boston, Massachusetts 02115

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 Cdc2p, 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

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

T He septins are a family of proteins originally identi

Address correspondence to C.M. Field. Department of Cell Biology. 200
Longwood Ave. Harvard Medical School. Boston, MA 02115, Tel: (617)
432-3727. Fax: (617) 432-3702. E-mail: christine_field.Ghms.harvard.edu

neck region by electron microscopy revealed that the
cdc10A and cdc1 1A 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 cdc10A 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.

Key words: cell division • cytokinesis - filaments •
Saccharomyces cerevisiae º septins

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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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. Yeas
media (rich solid medium (YPD) and synthetic complete (SC) medium
lacking specific nutrients) were prepared as described in Guthrie and Finl
(1991). Yeast strains were grown at 22°C unless otherwise noted. Standard
methods were used for DNA manipulations and yeast genetics (Sambroo!
et al., 1989: Guthrie and Fink. 1991) except where noted. PCR reaction: º
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 pKS304 as template (Sikorski and Hieter, 1989). Primers for dele - * *
tion of CDC 3 were cºlc? AFor 5’-ACGACA ACTGAACGATTACATC - - -

GGCCTATAATACGTTGCCGATTGTACTGAGAGTGCACC-3' anc º- º

cdc.3 \Rev 5’-TAATAGTGTATGTTTGAAATTTTTATATGTCTIT, •
ATITCGCTGTGCGGTATTTCACACCG-3': primers for deletion o - - º,
CDC12 were ML58 5'-GAGTATTGATAACGAACTACATCACAT º: º º
ATTGTATCAAATAGATTGTACTGAGAGTGCACC-3' and ML5% º º - |
5'- AAATTGACGAGACAAAGAGGAAGACATTAATTAATCATC.
ACTGTGCGGTATTTCACACCG-3". The PCR products were trans. a - - *
formed into strain YEF473, Correct integration at the target locus was - a - º º

con■ irmed by 2+2-segregation of lethality linked to TRP1 and by rescue **

of the lethality by low-copy number plasmids carrying either CDC3 or º ~
CDC12 (as appropriate) or the appropriate septin gene sequences fusec * * -

to glutathione-S-transferase (GST)' (plasmid. YCpl IGST/CDC3 or * - :
YCpl 11GST/CDC12: see below). ML439 and ML437 (Table I) were seg. -

'A' |
regants carrying the GST fusion plamids. tº .

-

To construct a plasmid for deletion of CDCI 1. a Sall-Stul fragment *** º -.
containing DNA ■ rom -1503 to -23 relative to the CDC11 start codon - * f :
was ligated into Sall/Stul-digested pl]248 (Jones and Prakash. 1990, *** º * * *
yielding pcdcl. 1A5'. 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’-AACAGGATCCCGC-
- -

TTTTGCCTTCCT-3" and 5'-AACAGAGCTCGCAGATATAATA- _ ==
AGG-3'. This PCR product was digested with BambíI and Sac at the ** * * * 1
sites (underlined) included in the primers and ligated into Bam! II/SacI. º *

digested pcdcl. A5', yielding pcdcl. 1A:TRP1. That plasmid was then di- 1 - * --

gested with Sali and Saci and used to transform strain YEF473, resulting 2. -"
- -

-

º: * * * *
1. Abbreviations used in this paper: GST. glutathione-S-transferase: HSS. * sº * -- -
high-speed supernatant. sº - ,

t
----

■ º
- - -

Source

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 Cdc2p,
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 ■ ila
ments, microtubules, and actin filaments. Polymerization
is central to the function of these three well-studied cy
toskeletal ■ ilaments, 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
tims are to be thought of as a new class of cytoskeletal ■ ila
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.

Table I. Yeast Strains Used in This Study

Strain Genotype

YEF473 a/a his.}- \100/his.}- \100 lettº- \!/leu3-_\!
YEF473A a his 3- 1200 leu3- ) / lyx2-801 trp- \63 ura-52
YEF473B tº his 3- 1200 leu3- \l ■ ys?-801 trp-_\63 ura.R-52
JAF25 as YEF473 except cale 10- ) 1/ed, 10. A■
DDY 185-1A a cale 10- \l his 3- 1200 leu.2- \l lyx2-801 trp 1 - \63 ura 3-52
ML 1366 as YEF473 except cale | | Vedel 1 \
ML-439 as YEF473B except cale.: y (YCpl IIGST/CDC3]
ML-424 as YEF473B except cale 10-11 [YCpl IIGST/CDC10
ML-126 as YEF473A except cale 11 IYCpl I ICST/CDC11
ML-437 as YEF473A except cale/2-, [YCpGST/CDC12]

* Brackets, plasmids encoding GST-septin fusions (see text).
Constructed by mating appropriate segregants from DDY 185 (DeMarini et al., 1997).

*A segregant from DDY 185 (DeMarini et al., 1997) transformed with YCpl IIGST/CDC1

Bi and Pringle. 1996
Bi and Pringle, 1996
Segregant from YEF473
This study
DeMarini et al., 1997
See text
See text
Sec text

This study
See text
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in deletion of CDC/1 sequences from -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+2- for TRP■ and the phe
notypes of TRPI segregants were rescued by a plasmid carrying either
CDC/1 or CDC11 fused to GST sequences (plasmid YCpl Il GSTI
CDC11: see below). Strain ML426 was a segregant harboring the latter
plasmid. To construct strain ML1366, a and tº segregants carrying a URA3
CDC11 plasmid were mated, and the plasmid was cured by growth on
plates containing 5-■ luoroorotic acid.

Construction of Plasmids Encoding
GST-Septin Fusions
Plasmid YCpl 11GST was constructed by digesting YCplacI l l (Gietz and
Sugino, 1988) with SmaI and HindIII and ligating to an ~1.8-kb Stu■
HindIII fragment ■ rom ped KT (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 GA 1.1/10 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’-AATACGGATCCAT
GAGTITAAAGGAG-3' and 5'-CGTTATGTCGACATTATGATAT
TCTT-3' was digested with Bam H1 and Sall and ligated into BamhI/Sall
digested peGKT. An ºz.5-kb EcoRV-Sali ■ ragment from the resulting
plasmid was ligated into Smal/Sall-digested YCplacl 11, yielding
YCpl 11GST/CDC3. The PCR product obtained using a CDC10 plasmid
as template and primers 5’-TAATGGATCCCTCAGCTCAGTAC-3'
and 5'-GTACTCTAGAAAA GAAGGTAAAA-3' was digested with
Baml{I and Xbal and ligated into Bam!II/Xbal-digested peGKT. An
~2.8-kb Sall-Stu■ ■ ragment ■ rom the resulting plasmid was ligated into
Sall/Smal-digested YCplacIII, yielding YCpl 1GST/CDC10. The PCR
product obtained using a CDC11 plasmid as template and primers
5'-TAACCAAGATCTATGTCCGGAATAATTG-3' and 5'-TTGCTC
GTCGACATTAATACTTTTAAG-3' was digested with Bg|II and Sall
and ligated into BamhI/Sall-digested YCpl IIGST, yielding YCpl Il
GST/CDCI 1. An XhoI fragment containing CDC12 from plasmid
pEG202/CDC12 (De Virgilio et al., 1996) was ligated into Sall-digested
YCpl 11GST. To place CDC12 in frame with GST. the resulting plasmid
was digested with Ncol, blunt-ended with Klenow enzyme, and then reli
gated. The resulting plasmid was then digested with Xbal, blunt-ended
with Klenow enzyme, and then religated, yielding YCpl Il GST/CDC12.
The GST-septin fusion plasmids were all able to complement the appro
priate septin deletion strains at 23° and 37°C (data not shown).

Preparation of Anti-Cdc2p Antibodies
The anti-Cdc?p 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 Cdc?p ([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 bu■■ er used contained 50
mM Hepes. pH 7.6.75 mM KCI. 0.2% Triton X-100. I mM PMSF. I mM
leupeptin. I mM chymostatin, and 1 mM pepstatin. Extraction bu■■ er 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 | 16,000 g for 40 min.
In a typical preparation. we used 12 go■■ rozen yeast cells and obtained 25
ml of yeast HSS with a protein concentration of ~25 mg/ml.

Complex Isolation
The yeast septin complex was purified by modifications of the procedure
of Field et al. (1996). A■■ inity-purified PVP antibody was adsorbed to pro
tein A-A■■ iprep beads (Bio-Rad Laboratories. Hercules, CA) at room
temperature in IP bu■■ er (20 mM Tris-HCl, pH 7.9, 75 mM KCI. ().5 mM
Na,FDTA. ().5 mM NaseGTA. 8% sucrose). Approximately 500 ug of
antibody was used per 500 ul (packed volume) of resin. The remaining
procedures were carried out at 4°C. The beads were washed once with 20
vol of (). 19%. Tween in TBS and three times with 20 vol of IP bu■■ er. 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 (). 1% Twcen in TBS, and ■ our times with 20 vol of IP bu■■ er.
The beads were then poured into a cºnn and drained by gravity. One
column volume of clution bu■■ er (20 mM Hepes, pH 7.5.1 M KCI. 0.5 mM
Na,CDTA. 0.5 mM Na,FGTA. and 8% sucrosc) containing 300 ug/ml
PVP peptide was then added. After the column had drained and been
stopped, one column volume of clution bu■■ er 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
bu■■ er containing peptide. The majority of the yeast septin complex (50 ug)
was ■ ound 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
■ our 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
| M KCl elution buffer, 200 pil of freshly eluted protein at a concentration
of ~0.08 pg/ul was loaded onto an 8–10% sucrose gradient and spun for
sh at 55,000 rpm in a Beckman TLS-55 rotor (Beckman. Palo Alto, CA)
at 4°C. The gradient was ■ ractionated 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 I ml of
freshly cluted septin complex (~0.07 pig■ ul) onto a 24-ml prepacked Su
perose 6 HR 10/30 column (Pharmacia Fine Chemicals, Piscataway, NJ) that
had been equilibrated in elution bu■■ er. This column was calibrated with
the standards thyroglobulin (8.5 nm), ■ erritin (6.1 nm), aldolase (4.81 nm),
and ovalbumin (3.05 mm). The native molecular mass of the septin com
plex was estimated by the method of Siegel and Monty (1966).

Electron Microscopy
Negative stain clectron microscopy was per■ ormed 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 ■ ilaments,
protein preparations were adsorbed to the grid immediately a■ ter peptide
clution (see above). To look at the septins in the presence of physiological
salt concentrations, septin complexes were dialyzed for 30 min into elution
bu■■ er containing 75 mM KCI (instead of 1 M KCI) 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 (cdc.10-1.
cdel 11) or 200 (wild-type) bud necks for the presence of ■ ilament struc
tures. Thin sections were spaced such that the same bud necks were not
analyzed more than once for the presence of neck ■ ilament-associated
SlTuclu■ cs.

Filament Measurement

To determine the lengths of septin ■ ilaments. EM negatives were digitized
using UMAX MagicScan software (UMAX Data Systems Inc., Fremont.
CA) and measured using NIH Image (Bethesda. MD). Straight ■ ilaments
■ rom six independent high-salt preparations were measured for each sep
tin complex (wild-type. cdc10 M. or cdcl/-1). The ■ requency of ■ ilaments
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 ■ ilament pairs observed after septin
preparations were dialyzed into 75 mM KCI elution bu■■ er.

Fluorescence Staining of Yeast Cells
Immuno■ luorescence staining of yeast cells was performed by modifica
tions of the protocol of Pringle et al. (1991). Log-phase cells were ■ ixed
with 0.025% glutaraldehyde for 3 min, rinsed with PBS, and then ■ ixed
with 3.5% formaldehyde in PBS for 30 min. A■ ter ■ ixation, 2 × 10° cells
were washed with phosphate bu■■ er and then spheroplasted. Sphero
plasted cells were applied to polylysine-coated coverslips and submerged
in —20°C MeOH for 6 min and -20°C acetone for 30s (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 Budd 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 cdc104 or a wild-type cells (see Table
I) were grown to early log phase at 22°C and stained with Calco■ luor.
More than 200 Calcofluor-staincq 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 60x objective (Plan■ luor 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 Josc, CA).

Results

Isolation of a Septin Protein Complex
To characterize the septins from S. cerevisiae biochemi
cally, we purified a septin complex using an immunoa■■ in
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 Cdc2p.
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 Cdc2p 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. 1A, HSS), washed, and incubated
in PVP peptide and 1 M KCI, 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
Cdc2p 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 Gináp
(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
Cdc2p. Thus, Cdc2p, 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). Cdc2p, Cdc10p, Cdc11p,
and Cdc12p cofractionated by both techniques in the pres
ence of 1 M KCI, indicating that they form a stable com
plex. The native molecular weight of this complex was
estimated to be 370 + 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 Cdc2p, Cdc10p, and Cdc12p are pres
ent in roughly equal stoichiometry, while Cdc11p is
substoichiometric. A complex composition of 2 Cdc2p:1

GST-GST-GSTPVP
WT 10 11 12** Hssser

-
- --cdcs------66

-Cdc11--
- - -

^ - || | | * *
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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, Coomassic 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 bu■■ er. 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.

Cdc11p.2 Cdc12p2 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
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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.

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.

º
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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 mm 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 KCI. 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 mm.
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 mm.

Septin Complexes Purified from calclóA or cdc114
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 calcãA and cdc/2A cells
are inviable, this study was limited to strains deleted for
CDC10 or CDC11 (Flescher et al., 1993; Longtine et al.,
1996). At 22°C, cells deleted for CDC10 had a shorter dou
bling time than wild-type cells (Fig. 3 B). We found
cdc10A cells grown at this temperature were ovoid, had
enlarged bud necks, and sometimes formed clusters of
connected cells (Fig. 3 A, cdc10A, 22°C) 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 cdc10A cells doubled (Fig. 3 B) and chains of con
nected cells were no longer observed, indicating that at
22°C these cells are capable of completing cytokinesis by
the criteria previously described (Hartwell, 1971). cdc10A
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cells did begin to exhibit a cytokinesis defect at higher
temperatures. At 30°C, the doubling time of cdc10A cells
increased significantly (Fig. 3 C), and connected cells ob
served at this temperature (Fig. 3 A. cdc10A, 30°C) did not
fall apart after cell wall digestion (Fig. 3 C). The cdc10A
strain was not viable at temperatures above 30°C (data not
shown). We found deleting CDC11 had a much more se
were effect on cell growth and cytokinesis. At 22°C, the
cdcl/A 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, cdc/14, 22°C).
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). cdc.114 cells were not viable at temperatures
higher than 22°C (Fig. 3, A. cdc114, 30°C and C). At these
elevated temperatures cdc.111 showed no growth and ap
peared as phase dark branches of cells by light micros
copy.

PVP immunoaffinity chromatography was used to pu
ri■ y septin complexes from extracts of cdc.10- or cdcl. 1-4
cells grown at 22°C. From the cdc.10-1 HSS, a complex con

Figure 3. Characterization
of septin deletion strains.
(A) Di■■ erential-interference
contrast (DIC) micrographs
of wild-type, cdc104, and
cdcl/-l diploid cells grown at
22°C or 30°C in YPD to early
log phase. (B and C) Samples
were taken at (), 45, 90. 135,
180, and 225 min from early
log-phase cultures grown in
YPD at 22°C (B) or 30°C (C)
to examine the growth rates
of wild-type, cdc.10-1, and
cdcl/-l 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, cdc104;
closed squares, calc/1-1. 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 p.m.Time tunin!

taining Cdc2p, Cdc11p, and Cdc12p was isolated (Fig. 4
A). As in the wild-type complex, Cdc2p and Cdc12p were
estimated to be stoichiometric by densitometry of Coo
massie-stained gels, whereas Cdc1 | p appeared to be sub
stoichiometric. When this preparation was visualized by
negative-stain EM, only a few small rods of ~2.4 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 cdc.114 HSS, a complex
containing the remaining septins (Cdc2p. 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 calc/14
filaments revealed that while most were ~32 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 clc/04 and cdcl/A 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
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Figure 4. Characterization of septin complexes purified from cdc104 or cdcl/-l cells by PVP affinity chromatography in the presence of
| M. KCI. (A) The complex from calc/04 cells as analyzed by SDS-PAGE and Coomassic 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 cdc.114 cells. (E) The cdcl. 1A preparation as visualized by negative-stain EM. (F) Histogram of length measurements from the
sample shown in E. Measurements of wild-type septin ■ ilaments (see Fig. 2) are plotted on histograms (striped columns) for comparison
of septin deletion complexes (solid columns). Bar, 100 nm.

Cöclip 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, cdc10A, and cdcl/A 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, ºvá5% 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 calc/0A or cdc/14 septin complexes could
not be detected using either negative-stain EM or the
more quantitative sedimentation assay (Fig. 5, cdc.10-1 and

and cdc11 A cells. The neck filaments were originally de
scribed by Byers and Goetsch (1976) as a series of 10-mm
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. A –D ) (Table II). Such ordered linear structures
were not observed in the bud necks of cdcl/A cells (Fig. 6,
A and B) (Table II) or in the vast majority of cdc10A cells
(Fig. 6 C) (Table II). Among 150 calc/0A 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).

cdc114, High and Low Salt EM and gels). These results 4.
suggest that calc/04 and cdc.114 septin complexes are dras. Localization of Cdc2p and Budép in Wild-type, cdc10A,

-

tically perturbed in their polymerization behavior com- and cdc.114 Cells Sº

pared with the wild-type septin complex. By immunofluorescence, the septins localize to a ring in -

- -
tl

- -
k filaments are visualized by EM. |

Neck Filaments Are Not Observed in cdc10A or he region where the neck II m nts are visui y EM -

cdc1 1A Cells and loss of neck filaments correlates with a loss of septin -localization in conditional septin mutants at the nonper- v
To compare in vitro polymerization data with observa- missive temperature (Haarer and Pringle, 1987. Ford and
tions of filament structure in vivo. we used thin-section Pringle, 1991: Kim et al., 1991). To examine septin local- "/".
EM to visualize the neck filaments in wild-type, cdc10A, ization in cells with and without observable neck filament -

)
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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 = 8). Bar, 100 nm.

structures, the PVP antibody was used to follow Cºlc3p lo
calization in wild-type, cdc10A, and cdc1 1A cells. As de
scribed previously (Kim et al., 1991), we found that Cdc2p
localized to a ring at the mother—bud neck in small-bud
ded and large-budded wild-type cells (Fig. 7, Wild-type). In
cdc10A cells, Cdc2p was still found to localize in a ring at .
the neck in most budded cells (86% versus 97% of wild
type cells; n = 100). The ring staining in cdc10A cells was
typically broader and more diffuse than that in wild-type
cells, often appearing discontinuous (Fig. 7, cdc10A). A
similar staining pattern has been reported for the Cdc11p
antibody in cdc10A cells (Fares et al., 1996). In most
cdc1 1A cells, septin staining could not be detected. Weak
staining at the neck was observed in º of cdcl/A cells
whose morphology was similar to wild type (Fig. 7,
cdc.114), but never in multinucleate cells (Fig. 7, cdc.114).
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, cdc10A, and cdcl/A 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 calcIOA cells, Bud4p was

Figure 5. Negative-stain EM
and sedimentation assays
on wild-type, cdc10A, and
cdc.114 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 4°C.
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

Low Salt

still localized to the neck (Fig. 8, calcI0A). 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 cdc10A strain. To assess whether the diffusely local
ized Bud4p in cdc10A cells was still functional in axial bud
site selection, we examined the pattern of bud scars in
wild-type and cdc10A haploid cells by Calcofluor staining
(see Materials and Methods). In 91% of wild-type and 58%
of cdc10A haploid cells bud scars were aligned in a single
chain, indicating that axial budding is occurring with some
efficiency in the cdc10A strain. In cdc11A 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,
cdc.114) (Table III). Thus, Bud4p localization and efficient
axial budding, a marker for one aspect of septin function,
was observed in cdc10A but not calc/1 A cells.

Discussion

Septin Complex Structure and Polymerization
We have purified a protein complex containing the four
yeast septins Cdc2p, 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
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Figure 6. Thin-section EM of --

neck regions in wild-type, -- -- -
cdc10A, and cdc1 1A cells. (A ---
and B) Grazing sections of - º
bud necks in cdc1 1A cells as --- l
observed in two different º
rounds of embedding and
sectioning. (C) A grazing sec-

- ---

tion of a typical cdc10A neck. -- *
(D) The cdc10A cell ob- * -- 4 -
served to have dots along the

-
º

inside of the plasma mem- º -- &
brane that might be neck fila- - e
ments in cross section (ar- - ---

- - -

rowhead). Grazing (A’–C") º: --- ºn L.and cross (D") sections of - - *
-

wild-type cells showing neck ** *
filaments as surface striations (■
or as dots (arrowheads). Ar- w
rows, cellular features: NM,

nuclear membrane: NP. nu- ■ º
clear pore; PM, plasma mem
brane; SPB, spindle pole , ■ º
body; MT, microtubule. Bar, º

200 nm. L
----

associates endwise to form linear polymers. These results septin polypeptides is unclear. A simple model for the or
are consistent with similar studies of septin complexes pu- ganization of the Drosophila septin complex (Field et al.,
rified from Drosophila and mammalian cells (Field et al., 1996) proposed that septin polypeptides homodimerize
1996; Hsu et al., 1998), and indicate that in addition to pro- and align end on end, with the length of the subunit deter
tein sequence and a role in cytokinesis, aspects of septin mined by the additive length of the coiled-coil domains. |complex assembly and polymerization have been con- Our analysis of septin complexes purified from different

-

served. yeast strains does not support this simple model. First, in -->

Although the structural similarity between septin com- the absence of Cdc10p, a protein that is not predicted to |v
plexes from different species is striking, how these com- contain a coiled-coil domain, the subunit length is signifi-

-

plexes are assembled from different numbers of divergent cantly shorter. Second, in the absence of Cdc11p, a protein !/? -
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Table II. Neck Filaments Are Not Observed in cdc/0A or
calc// A Cells

Filaments”

Genotype No ■ ilaments In cross section In grazing sºn
Wild-type 67 76 57
cdcl.0-l 148 | 0
cdc/14 150 0 ()

*Following Byers and Goetsch (1976), dots spaced at intervals of ~32 mm on the in
side of the plasma membrane in cross sections of the neck region were counted as
neck ■ ilaments, as were striations with a spacing of ~32 nm observed in grazing sec
tions of the plasma membrane.

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 Cdc2p 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.

Cdc9

Wild-type

cdc10A

cdc11A

Phase

(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 cdc104 or cdc114
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

Figure 7 Septin localization by immunofluores
cence and the corresponding phase-contrast mi
crographs of wild-type, cdc.10-1, and cdcl/-l cells.
Note that the two cells shown in the cdcl. 1-1
panel are from di■■ erent fields of the same slide.
The multinucleate cdcl/-l cells in this figure are
representative of strain morphology a■ ter treat
ment with zymolyase. Cells were grown in YPD
medium to early log-phase at 22°C. Bar, 10 p.m.



Wild-type cdc10A

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 cdc10A and cdc1 1A 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 Gináp 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 Gináp, 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

Table III. Localization of Bud4p in Large-budded Cells
Localization to neck

Ring Other structure”Genotype No localization

Wild-type 0 |00 ()
calc 10-1 9 76 15
calc//-l 96 | 3

*Sce text.

Figure 8. Budép localization
in wild-type, cdc10A, and
cdcl. 1-1 cells. Cells were
grown in YPD medium to
early log phase at 22°C, 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 p.m.

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, cdc10A
and cdcl/A, 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 cdc1 1A 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 cdc10A 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. cdc10A 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 Gináp (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

--

--

--

'A' |
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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
(Gináp) (Longtine et al., 1998), cytokinesis (Myolp) (Lip
pincott and Li, 1998), and chitin deposition (Chs3, Bniáp.
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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CHAPTER THREE

Investigating the Role of Coiled-Coil Domains in Septin Complex
Structure and Function
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INTRODUCTION

The septins are a homologous protein family found in a growing number of

eukaryotic cell types. Most work to date on the septins has focused on their role

in cytokinesis, as these genes were originally identified in cytokinesis mutants in

budding yeast (Hartwell, 1971). Consistent with a role in cytokinesis, almost all

known septins localize to the site of cell division, and disrupting septin function

interrupts cytokinesis in budding yeast (Hartwell, 1971), Drosophila (Neufeld and

Rubin, 1994) and in mammalian cells (Kinoshita et al., 1997). Studies in budding

yeast suggest that the role of the septins in cytokinesis may be to form a

filamentous structure at the future site of cell division, called the neck filaments

(reviewed in Longtine et al., 1996). A number of lines of evidence suggest that

the septins may be the structural components of the neck filaments: these

filaments cannot be detected in septin mutants (B. Byers and L. Goetsch,

unpublished data), the four septins localize to the region of the neck filaments by

indirect immunofluorescence, and in temperature-sensitive 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 most compelling evidence that the septins are the structural

components of the neck filaments comes from biochemical characterization of

these proteins in budding yeast (Frazier et al., 1998), Drosophila (Field et al., 1996),

and mammalian cells (Hsu et al., 1998). From each of these cell types, complexes

of three or more distinct septin polypeptides have been isolated. The septin

complexes from these divergent organisms all form a short filaments 7-9 nm in

as
º

as

:
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diameter and 25 nm (rat) (Hsu et al., 1998), 26 nm (Drosophila) (Field et al., 1996), -

or 32 nm (budding yeast) (Frazier et al., 1998) in length. Additionally, septin

complexes from each organism are capable of endwise polymerization to form

longer polymers, suggesting each complex can be considered a filament subunit.

Although the structural homology between septin complexes of divergent

species is striking, how these filament subunits are assembled from different

numbers of septin polypeptides is unclear. The most straightforward model,

proposed by Field et al. (1996), is based on the presence of a coiled-coil domain in - *** -

almost all septins identified to date. Field et al. proposed that the septin filament

subunit is composed of coiled-coil homodimers aligned end-on-end, with the
:

length of the subunit determined by the additive length of the coiled-coils (Fig. 3- .

1 A). Field et al. favored the formation of coiled-coil homodimers based on º tº

biochemical data for the Drosophila septin complex and analysis of the predicted is a º

coiled-coil domains within each polypeptide. Briefly, the Drosophila septin
r

■ º
complex contains two copies of three different septin polypeptides. These

polypeptides have predicted coiled-coil lengths of 89,74, and 36 amino acids. sa

Field et al. suggested that the length differences between these coiled-coil regions tº

best supported a model in which the septin polypeptides formed homodimers.

Field et al. went on to propose that these coiled-coil homodimers align end on

end to form the septin subunit based on structural observations of the Drosophila l

septin subunit and existing structural data for coiled-coils. The subunit length of

the Drosophila septin subunit observed by EM is 26 nm. The additive length of

the three coiled-coil domains in the Drosophila septin complex is 199 amino acids. tº

Assuming a length of 0.14 nm/amino acid for a coiled-coil (Fraser and MacRae, º
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1973), the additive length of these three domains is 28 nm, close to the observed

subunit length.

Based on this model, Field et al. predicted that a yeast septin complex,

composed of the Cdc septins associated with the neck filaments, would also be

approximately 30 nm in length. This prediction led Field et al. to revise existing

models for how the septin-associated neck filaments are organized within the

mother-bud neck (discussed in Chapter One). They proposed instead that septin

filaments are aligned axially within in the bud neck and that the 28 nm

periodicity observed within the neck filament structure is provided by the

repeating septin filament subunit.

We recently isolated a complex containing the four Cdc septins from

budding yeast (Frazier et al., 1998). Consistent with Field et al.'s model for

septin subunit organization, this complex is approximately 32 nm in length and

may contain two of each of the septins with coiled-coil domains (Cdc2p, Cdc11p,

and Cdc12p). In this study, we test the Field et al. model for septin organization

by extending the coiled-coil domain of the septin polypeptide Cdc2p and

examining the effect on septin subunit length. If the septin subunit is made up of , º

coiled-coil homodimers aligned end on end, with the length of the subunit

coming from the additive length of the coiled-coil domains, increasing the length

of the Cdc2p coiled-coil domain should increase the length of the septin subunit

(Fig. 3-1 B). Extending the length of the septin subunit should have predictable

affects on neck filament organization, depending on whether the filaments are

aligned circumferentially or axially (Fig. 3-1 C, D), allowing us to use our

extended septin subunit to probe filament organization in vivo.
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Figure 3-1. Field et al. (1996) model for septin complex organization and

predicted effect of lengthening the Cdc2p coiled-coil on yeast septin complex

length and neck filament organization. (A) Based on hydrodynamic analysis

and existing data for coiled-coil proteins, Field et al. (1996) proposed that the

Drosophila septin complex was composed of a heterotrimer of Pnut, Sep2, and

Sep1 coiled-coil homodimers aligned end-on-end, with the length of the complex

determined by the additive length of the septin coiled-coil domains. (B)

According to the Field et al. model, lengthening the coiled-coil domain of Cdc2p

would lengthen the septin complex subunit. The yeast subunit has four distinct

septin polypeptides, as indicated. (C) Effect of lengthening Cdc2p coiled-coil on

circumferential neck filament organization. Lengthening the septin subunit

would cause individual Cdc2p polypeptides within the filament to be farther

apart by a distance of approximately 8 nm on the axis perpendicular to the

mother-bud neck. Detecting this change in subunit length would require

immuno-EM with gold-labeled Cdc2p antibodies. (D) If the neck filaments are

organized axially within the mother-bud neck, increasing the length of the septin

subunit should change the periodicity of the neck filaments from approximately

28 nm to around 36 nm. Conventional thin-section EM would easily detect this.
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MATERIALS AND METHODS

Genetic and Recombinant DNA Procedures

Standard procedures of yeast genetics (Guthrie and Fink, 1991) and DNA

manipulation (Sambrook et al., 1989) were used except where noted. The E. coli

DH50 strain (Gibco BRL, Gaithersburg, MD) was used for all bacterial

procedures. The construction of yeast strains used in this study is described

below. Strains were grown in SC-Leu medium at 22°C unless otherwise noted.

Construction of CDC3°".

A plasmid containing the CDC3 gene and the surrounding chromosomal region

in the YCplac111 vector (Maina et al., 1988), Yeplac111CDC3AS-X, was a gift of

Mark S. Longtine (University of North Carolina, Chapel Hill). To construct this

plasmid, a 3.9 kb chromosomal fragment from the XhoI site 932 bp uptream and

the EcoRI site 1393 bp downstream of the CDC3 coding region was subcloned

into Yeplac111. To facilitate cloning, a Pst■ site was added to the 3' end by PCR.

This Pstl-EcoRI fragment was subcloned into pbluescript SK- (Stratagene) to

create plasmid p■ H12. A unique Nhel site was created at base 1319 of the CDC3

gene by mutating the A residue at position 1319 to a G by QuikChange site

directed mutagenesis (Stratagene), using plasmid p■ f.12 as a template and the

primers CDCNhel1 (CATGAGGCAAAGCTAGCCAAAC) and CDC3Nhel2

(GTTTGGCTAGCTTTGCCTCATG) (the Nhe■ site is underlined). A 752 bp BgllI

Mlul fragment containing the newly generated Nhel site was subcloned back

into pjF12 (reducing the possible number of PCR related mutations), to create

plasmid p]F15.
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To create the endogenous coiled-coil insert, a fragment containing the

predicted coiled-coil region of CDC3 from nucleotides 1319 to 1456 was

generated by PCR using p■ f.12 as a template and the primers CDC3coiladd1

(GCGGCGGCTAGCCAAACTAGAAATTGAAATGAAAACAG, Nhel site

underlined) and CDC3coiladd2

(GGCGCGCCTAGGTTTAATTGTTTAGTTAATTTTTCC, Avril site underlined).

This PCR fragment was digested with Nhel and Avril, gel purified, and cloned

into the newly generated Nhel site of CDC3 in plasmid p■ ;15 to generate pjF16.

Plasmids containing this 137 bp insertions were isolated by screening bacterial

colonies by PCR using the primers Coilscreen1

(GGGGCGGTTTTCAAAGAGTTCGATCCA) and Coilscreen2

(GCGCGCATTTATTGAAAGTTCTAGCTG). Clones containing coiled-coil

inserts were then digested with Nhe■ and HindIII to determine the orientation of

the insert. Those clones containing an insert in the correct orientation were then

sequenced using the primers Coilseqplus 1 (GGACATTACTTAAAGCCCC),

Coilseqminus1 (GCTTGTCCTTTCCTTTAATTCC), Coilseqplus2

(GGTCTTCTAAATTGGCAAAACTTGG), and Coilseqminus2

(GCTAACGTAAAAATCCC), at the Biomolecular Resource Center (UCSF).

Using Spel and EcoRI, a 3.3kb chromosomal fragment containing wild

type CDC3 or CDC3°" was subcloned from plasmid p■ 715 or p■ H16,

respectively, into the yeast vector pKS315 to create plasmids p■ H17 or p■ H18. To

facilitate cloning, the EcoRI site at position 1116 of pKS315 was eliminated by

QuikChange site directed mutagenesis using the primers RIdeletel

(CCTTCAATGTAGGAAATTCGTTCTTGATGG) and RIdelete2

(CCATCAAGAACGAATTTCCTACATTGAAGG).
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These pjF17, PJF18, and a pKS315 control, were transformed into the yeast

strain ML431, provided by Mark Longtine (University of North Carolina, Chapel

Hill). Both copies of CDC3 have been deleted in this diploid strain, by the

method described in Frazier et al. (1998), and cell viability is maintained by the

presence of a URA3 CDC3 plasmid (Mark Longtine, unpublished data). Cells

transformed with p■ H17, p■ H18, or pKS315 were plated onto SC-Ura-Leu solid

medium for 3 days at 22°C. The URA3 CDC3 plasmid was then removed by 5

fluorootic acid selection. Cells containing p■ f.17 or p■ f.18 survived this treatment,

while those containing pKS315 did not. Cdc2A cells containing p■ H17 or p■ H18

are called JAF17 and JAF18.

Extract Preparation and Septin Complex Isolation

Yeast extracts were prepared from mid to early log phase cells grown at 22°C as

described in Frazier et al. (1998). The septin complex was isolated from these

extracts using a peptide antibody raised to the COOH-terminal 15 amino acids of

Cdc3p as previously described (Frazier et al., 1998).

Immunofluorescence and Electron Microscopy

Immunofluorescence staining of yeast cells was performed essentially as

described in Pringle et al. (1991). Cells were grown to early to mid-log phase at

RT in SC-Leu medium, fixed with formaldehyde for 3 h, collected by

centrifugation, washed with phosphate buffer, and then spheroplasted.

Spheroplasts were applied to polylysine coated coverslips and submerged into

–20°C MeOH for 6 min and —20°C acetone for 30 s (Novick and Botstein, 1985).

The PVP antibody was used at a concentration of 0.01 mg/ml (Frazier et al.,
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1998). Photomicrographs were taken on a Nikon Otiphot-2 with a 60x 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).

Negative stain electron microscopy was performed on purified samples as

described in Frazier et al. (1998).

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. Straight filaments from six independent wild-type

or CDC3°" preparations were measured.
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RESULTS

Construction and Characterization of CDC3°". Cells

Like almost all septins identified to date, the carboxyl-terminal region of Cdc2p

is predicted to form a coiled-coil (using the algorithm of Lupas et al., 1991). To

investigate the structural role of this coiled-coil domain in septin subunit

composition and neck filament organization, we extended this domain from 76 to

121 amino acids. To extend the coiled-coil region of Cdc2p with minimal

interruption of protein structure, a region containing five heptad repeats from

residues 440 to 485 (Fig. 3-2) was doubled to extend the coiled-coil region of

Cdc2p without disrupting the periodicity of the helical repeat (Cohen and Parry,

1990).

The extended version of CDC3, called CDC3", was used to replace the

wild-type gene by plasmid shuffling (see Materials and Methods). The CDC3°".

gene complemented a cdc3A at 22°C but not at higher temperatures (data not

shown). Even at 22°C, this strain was very slow growing in contrast to cdc3A

cells containing plasmids with wild-type versions of CDC3 (Fig. 3-3, A). Similar

to previously characterized septin mutants, CDC3°" cells exhibited defects in

bud growth and cytokinesis (Fig. 3-3, B) (Hartwell, 1971; Flescher et al., 1993;

Frazier et al., 1998). Although the majority of CDC3°" cells had undergone

division, all had highly elongated buds. These results suggest that the coiled-coil

region of CDC3 plays an important role in septin function.

Septin function has been correlated with the localization of these proteins

to the mother-bud neck (Frazier et al., 1998; Longtine et al., 1998). Cdc2p

localization in CDC3°" cells was followed using the PVP antibody (Frazier et al.,
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3coilFigure 3-2. Diagram of Cdc2", a version of Cdc2p in which coiled-coil

residues 440-485 have been doubled. The predicted coiled-coil domain of

Cdc2p spans from amino acid residues 427 to 503, indicated in graded red

shading.
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Figure 3-3. Characterization of the CDC3°" strain. (A) cac3A cells transformed

with pP18 (pKS315 CDC3") (A), pIR17 (pKS315 CDC3)(B), or wild-type cells

(YEF 473, see Frazier et al., 1998) (C) were streaked on SC-Leu plates and grown

at 22°C. (B) Differential-interference (DIC) micrograph of a typical CDC3°" cell

at 22°C in liquid SC-Leu media. DIC was performed as described in Frazier et al.

(1998). Bar, 10 um.
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1998). As described previously (Kim et al., 1991; Frazier et al., 1998), we found

that Cdc2p localized to a discrete ring at the bud neck throughout most of the

cell cycle in wild-type cells (Fig. 3-4, Wild-type). Similar to wild-type cells,

CDC3°" cells with one or two nuclei were observed to have a ring of PVP

staining at the mother-bud neck (Fig. 3-4, CDC3°"). Septin staining in these

CDC3°" cells differed from wild-type in a number of ways. First, the ring

staining in CDC3°" cells was often less intense than that observed in wild-type

cells. Second, a large number of cells also appeared to have two well-separated

rings (Fig. 3-4, CDC3°"). While such double ring staining has been observed in

wild-type cells by other groups (Kim et al., 1991), it has never been observed in

our wild-type preparations. Third, the cytoplasm of many CDC3°" cells

appeared to have discrete foci of PVP staining, similar to what has been observed

in mammalian cells transfected with the septin Nedd5 (Kinoshita et al., 1997).

Multinucleate CDC3°" cells did not have detectable septin ring staining,

supporting the hypothesis that septin localization to the mother-bud neck is

essential for cytokinesis (Fig. 3-4, CDC3°", middle panel). Interestingly, some

multinucleate cells did appear to have a crescent of septin staining on one side of

the plasma membrane between two nuclei (Fig. 3-4, CDC3°", middle panel).

The plasma membrane in this region appeared to curve in, in contrast to the side

that did not contain septin staining.

The CDC3°". Septin Complex is Capable of Endwise Polymerization

To begin investigating the role of the Cdc2p coiled-coil domain in septin complex

3COILstructure and neck filament organization, we characterized the CDC septin

complex biochemically. First, replacement of the endogenous CDC3 with
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Figure 3-4. Localization of Cdc2p in wild-type (JAF17) and CDC3°" (JAF18)

cells. Rings of a greater diameter than those observed in wild-type cells (A),

crescents of staining between two nuclei in multinucleate cells (B), and punctate

double rings (C) were commonly observed in CDC3°" cells.
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CDC3°" was confirmed by probing whole-cell lysates with the PVP antibody.

The band recognized by the PVP antibody in all three CDC3°" isolates migrated

approximately 5 kD larger than the control, indicating that this protein replaced

the wild-type protein (Fig. 3-5, A). PVP immunoaffinity chromatography was

then used to purify septin complexes from extracts of CDC3°" or wild-type

control cells grown at 22°C. From the CDC3°" HSS, a complex containing

Cdc11p, Cdc12p, Cdc10p, and a larger version of Cdc2p was isolated (Fig. 3-5, B).

From the wild-type control (a cdc3A covered by pKS315 CDC3), a complex

containing the four Cdc septins was purified. Having the extended or wild-type

copy of CDC3 on a plasmid had some effect on the stability of Cdc2p (Fig. 3-5A,

B) and the apparent stoichiometry of the septin complex. Using gel densitometry

of Coomassie-stained gels, we have previously shown that Cdc2p, Cdc10p, and

Cdc12p are present in roughly equal stoichiometries, while Cdc11p is

substoichiometric (Frazier et al., 1998). Interestingly, in those complexes purified

from cells where CDC3 or CDC3°" was expressed on a plasmid, the level of

Cdc10p also appeared to be substoichiometric (Fig. 3-5B). While the relevance of

these results in unclear, it has been reported previously that mutations in CDC10

can suppress mutations in CDC3 and that overexpression of CDC10 can partially

suppress mutations in CDC3 (Pringle et al., 1986; Longtine et al., 1996).

The septin complexes purified from cdc3A cells containing CDC3°" or the

CDC3 control plasmid were examined by negative-stain EM. In the presence of

high-salt buffer, the CDC3°" and wild-type control septin complexes formed

short filaments, indistinguishable from those purified from wild-type cells (Fig.

3-6 A) (Frazier et al., 1998). In the presence of low salt buffer, septin complexes

purified from the cdc3A cells covered by wild-type CDC3 formed the long,
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Figure 3-5. Biochemical characterization of CDC3°". septin complex.

(A) Western blot analyses of cdc3A cells covered by pKS315 CDC3 (+) or 3

different isolates of pKS315 CDC3°" (C1, C2, C3). Yeast cells were grown to

early log-phase in SC-Leu media at 22°C, pelleted, and lysed by bead-beating in

the presence of sample buffer. Equal volumes of each sample were subjected to

SDS-PAGE and Western blotting with the PVP antibody (Frazier et al., 1998). In

the CDC3 (+) samples, the PVP antibody detected bands migrating at

approximately 70 kD and 60 kD. This 70 kD band has previously been shown to

be Cdc2p (Frazier et al., 1998). The 60 kD band is likely to correspond to a

breakdown product of Cdc2p and has been observed in cells that contain the

CDC3 on a plasmid (J. Frazier, unpublished data). In the samples containing

three different isolates of the pKS315CDC3°" plasmid, the bands recognized by

the PVP antibody appeared to shift to approximately 74 (Cdc2°") and 64 kD (*).

(B) Coomassie stain of polypeptides eluted from PVP antibody/Protein A beads

with PVP peptide in the presence of 1 M KCl. (Init.) indicates the first column

volume collected after the addition of 1 M KCl elution buffer and PVP peptide,

(O/N) the fraction after incubation for approximately 12 h, and (FT1) the column

volume collected after the O/N fraction. Septin complexes purified from strain

JAF17 contained the four Cdc septins. The JAF18 strain also contained the four

Cdc septins, but Cdc2p appears to migrate approximately 5 kD slower than wild

type Cdc2p, indicating that it is likely to have the extended coiled-coil region.

3COILThere is a much lower yield of CDC septin complex, as the amount of

starting material was significantly lower than that used to purify the wild-type

control septin complex. The wavy appearance of the bands on the SDS-PAGE gel

are a result of precipitation of high salt samples in the presence of SDS.
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straight, paired filaments described in Frazier et al. (1998). These results suggest

that potential differences in the stoichiometry of Cdc10p do not have a detectable

affect on septin filament formation (data not shown). The filaments observed in

low salt CDC3°" preparations, by contrast, were knobby and crooked, and

formed structures distinct from those found in wild-type preparations (Fig. 3-6 B,

C, D). CDC3°" filaments formed networks of three or more filaments, rather

than filament pairs. Between some filaments there was no detectable space, and

large collapsed filament bundles of such closely apposed filaments were often

observed in CDC3°" low salt preparations (Fig. 3-6 C). In short, extending the

coiled-coil domain of Cdc2p did not appear to affect septin complex assembly or

the ability to form polymers endwise, but did appear to have a dramatic affect on

the formation of higher order structures typically observed in wild-type

preparations.

CDC3°" and Wild-type Septin Subunits are the Same Length

In the model for septin subunit organization proposed by Field et al., the length

of the septin subunit is due to the additive length of homotypic coiled-coils

aligned end-on-end (Field et al., 1996). Replacement of the endogenous Cdc2p

with a version of Cdc2p in which the coiled-coil domain had been lengthened

allowed us to directly test this model by measuring the length of CDC3°" septin

subunits. Based on the Field et al. model, the 45 amino acids doubled within the

Cdc2p coiled-coil region should increase the septin subunit length from

approximately 32 nm to 38 nm, a length increase easily detectable using

negative-stain EM. Three preparations of CDC3°" and wild-type control septin

complexes were prepared in parallel and visualized by negative stain EM.
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Figure 3-6. Negative-stain EM of CDC3°" septin filaments. (A) Typical septin

preparation adsorbed to the grid after peptide elution in the presence of 1 M KCl

elution buffer. Upon dialysis into 75 mM KCl elution buffer, the septin

preparation was observed to form longer filament aggregates (B). The spacing

between filaments in these structures varied, from highly coalesced (C), to

slightly more apposed (D, arrowhead). Bar, 100 nm.
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Micrographs from multiple grids of these distinct preparations were digitized,

and over 300 straight filaments were measured. In all three preparations, the

average length of the CDC3°" septin subunit was approximately 30.66 nm,

while that of the wild-type control complex was 31.2 nm (Fig. 3-7). These results

suggest that the organization of the septin subunit is not as straightforward as in

the model proposed by Field et al. (1996).

DISCUSSION

Septin Complex Structure

A septin complex was first isolated from Drosophila (Field et al., 1996). This

complex appears to be a short filament 7 nm in diameter and 26 nm long, capable

of endwise polymerization. Based on the hydrodynamic properties and EM

structure of this complex, Field et al. proposed that the septin complex was

composed of coiled-coil homodimers aligned end-on-end. Subsequent

purification of septin complexes from rat neuronal cells (Hsu et al., 1998) and

budding yeast (Frazier et al., 1998) have revealed that they, too, form short

filaments approximately 7 nm in diameter and 25 or 32 nm (rat and yeast,

respectively) long. Thus, in addition to sharing homology at the primary

sequence level, it appears that the septins from divergent organisms form

homologous structures. Initial characterization of the yeast septin complex also

supported the Field et al. model for septin subunit organization: it appeared to

contain two of each of the coiled-coil containing proteins, and the additive length
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Figure 3.7. Length of wild-type and CDC3°" septin filaments. The protein

concentration of wild-type (JAF17) and CDC3" (JAF18) septin preparations

(purified in parallel) following elution from antibody/Protein A columns in the

presence of 1 M KCl and PVP peptide was determined as described (see

Methods). The wild-type preparation was diluted 4-fold with 1 M KCl elution

buffer to yield a protein concentration of 18 ug/ml to facilitate comparison with

the CDC3°" sample (22 ug/ml). These high salt samples were adsorbed to grids

and negatively stained as described (see Methods). Using multiple micrographs

from two distinct septin preparations, wild-type and CDC3°" septin filaments

were measured using NIH image, and filament lengths plotted in a histogram for

comparison (Coil- is CDC3°").
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of these predicted coiled-coil domains equaled the approximate length of the

septin subunit.

Here we have tested the Field et al. model directly by replacing the

endogenous Cdc2p in the septin subunit with a Cdc2p containing an extended

coiled-coil domain (CDC3°"). This CDC3°" septin subunit contains the other

three Cdc septins (Cdc10p, Cdc11p, and Cdc12p), though it appears that the level

of Cdc10p may be reduced in comparison to the wild-type complex (Frazier et

al., 1998). This is also true for the wild-type control (cdc3A covered by a pKS315

CDC3 plasmid), suggesting the change in Cdc10p stoichiometry may be a result

of CDC3 overexpression from a plasmid. As the wild-type control, with a

substoichiometric amount of Cdc10p, is indistinguishable from a completely

wild-type septin complex in subunit length and polymerization behavior (the

formation of long, paired filaments), we proceeded to test the effect of extending

the coiled-coil domain of Cdc2p on septin subunit length. If the septin subunit is

organized as described by the Field et al. model, the septin subunit would be

predicted to extend from 32 to 38 nm in length. Instead, we found that length of

the CDC3°" septin subunit was the same as the wild-type control complex (30.6

and 31.2 nm, respectively). Both of the complexes in this study are almost

identical in dimensions to a wild-type complex characterized in a previous study

(32 nm) (Frazier et al., 1998).

Although there are a number of reasons that extending the coiled-coil

domain of Cdc2p may not have affected septin subunit length, the two simplest

interpretations are (1) that the length of the coiled-coil domains of the septin

polypeptides does not determine the length of the septin subunit, or (2) that

septin polypeptides do not form homotypic coiled-coils. Whatever the reason,

º
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our result strongly argues that the Field et al. model does not correctly described

the organization of the septin filament subunit. This conclusion has been

supported by subsequent studies of septin complexes purified from strains

deleted for CDC10 or CDC11 (Frazier et al., 1998). First, removing a polypeptide

without a coiled-coil has a significant effect on subunit length. Septin complexes

purified from strains deleted for CDC10 are approximately 24 nm in length.

Second, in the absence of Cdc11p, a protein with a coiled-coil domain, most

septin complexes are still 32 nm in length. Taken together, these data strongly

argue against a model whereby the septin subunit is composed of coiled-coil

homodimers aligned end-on-end, with the length of the subunit determined by

the additive length of the coiled coils.

One of the most obvious questions arising from this study is how, then, is

the septin complex organized? Addressing this question will most likely require

reassembly of the septin complex from individual proteins in addition to higher

resolution structural studies. The study described here, our study of the cdc10A

and cdc11A septin complexes with John Heuser (see Appendix 3), and other

genetic data, lead us to propose another model for the organization of the septin

subunit. This highly speculative model is that individual septin polypeptides

form coiled-coil dimers to produce an 8 nm “bead” and that these beads come

together to form a subunit of the requisite length for an organism (approximately

24 nm in mammals and Drosophila, 32 nm in yeast). The size of these beads

would be determined by their globular GTPase regions, while the coiled-coil

would serve to lock the two GTPases together. We suggest that each septin

polypeptide may have a preferred partner in forming such a bead, but under

different circumstances could pair with another septin polypeptide. This model

:
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accounts for a number of observations. First, in our studies with the Cdc11p

strain, subunits of 32 nm are often observed even in the absence of one of the

larger polypeptides in the complex. According to our “beads on a string" model,

in a cdc11A cell a protein that normally pairs with Cdc11p could instead pair with

another polypeptide to make up the 32 nm subunit. Second, this model would fit

our observation of numerous 8, 16, and 24 nm globular structures in our analysis

of septin deletion preparations by quick-freeze/deep etch EM (J. Frazier, C.

Field, and J. Heuser unpublished data). Third, this model could account for

genetic data demonstrating that mutations in CDC3 can suppress mutations in

CDC10, and that overexpression of CDC12 and CDC10 can partially suppress

mutations in CDC11 and CDC3 (Pringle et al., 1986; Longtine et al., 1996).

Finally, septin complex formation via this model could facilitate alternate

complex formation in specific cell types. Complexes purified from rat neuronal

cells, Drosophila, and budding yeast contain only a subset of the septins identified

in the respective organism (Field et al., 1996; Frazier et al., 1998, Hsu et al., 1998).

For example, in budding yeast there are three septins other than the Cdc septins:

SPR3, SPR28, and SEP7. Two of the three non-Cdc septins, Språp and Spr28p, are

specifically expressed in sporulating yeast cells, where they localize to the

forming prospore wall with Cdc2p and Cdc10p (De Virgilio et al., 1996; Fares et

al, 1996. Our septin “beads on a string" model would facilitate that formation of

distinct septin complexes in vegetative vs. sporulating cells. If such a model is at

all correct, it will make studying the organization and structure of the septin

subunit very challenging, as whatever proteins are present in vivo or in a purified

system could form a subunit.
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Role of the Septins in Cytokinesis and Other Processes

We found that replacing the wild-type copy of CDC3 with a version in which the

coiled-coil had been extended, CDC3", had a dramatic effect on cell growth

and cytokinesis. Like existing septin mutants, many CDC3°" cells failed to

undergo cytokinesis, and those that divided had severe defects in bud

morphology. Interestingly, the ability of CDC3" cells to divide appeared to

correlate with the localization of Cdc2p to the mother-bud neck. These results

suggest that septin function in cytokinesis is dependent on septin localization, a

hypothesis supported by two recent studies of septin function in budding yeast

(Frazier et al., 1998; Longtine et al., 1998). These two studies found that dramatic

reorganization of the septins at the bud neck has no detectable effect on septin

function in cytokinesis or bud site selection. Briefly, Frazier et al. compared

wild-type septin complexes to those isolated from yeast strains deleted for

CDC10 or CDC11 (the other two single septin deletion strains are not viable).

Septin complexes isolated from wild-type cells contained the four Cdc septins

(Cdc2p, 10p, 11p, 12p), whereas complexes isolated from the two deletion strains

contained the remaining three Cdc septins. The wild-type complexes

polymerized into higher order structures in vitro, but neither of the complexes

from the deletion strains underwent any polymerization as assayed by negative

stain EM or sedimentation. Analysis of the neck region of these cells by thin

section EM revealed that cac10A and cdc114 cells do not contain detectable neck

filaments. This result suggests that septin polymerization is required for the

formation of neck filaments arrays, though, as is the case in animal cells, the

presence of less well ordered septin polymers cannot be ruled out. Surprisingly,

60



septin-dependent functions such as cytokinesis and bud-site selection occurred

in cdc10A cells but not cac11A cells. The ability of cells to carry out septin

dependent functions appeared to correlate with the localization of the septins to

the mother-bud neck, as septin staining was maintained only in the cdc10A strain.

Similarly, in cells deleted for the kinase gene, GIN4, the septins appear to

reorganize from a uniform ring to 5-8 bars oriented parallel to the mother-bud

axis as assayed by immunofluorescence (Longtine et al., 1998). Like cdc10A cells,

the dramatic reorganization of the septins in gin4A cells does not prevent

processes dependent on the septins such as cytokinesis and the localization of

proteins involved in bud-site selection (Bud4p) and chitin deposition (Bni4p) to

the bud neck. Our observation that CDC3°" cells with septin staining at the bud

neck undergo cytokinesis supports the conclusion that that the localization 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.

Similar to studies with cdc10A and cdc11A septin complexes, we found that in

high salt buffer, CDC3°" septin complexes formed short filaments almost

indistinguishable from wild-type septin complexes but did not exhibit wild-type

polymerization in low-salt buffer. Under conditions in which the wild-type

septin complex forms straight, long filament pairs, the CDC3°" septin complex

formed knobby filamentous aggregates. The work on cdc10A and cdc11A strains

described above suggests that the behavior of septin complexes in low salt is

reflective of the state of the neck filaments in vivo and suggests that the CDC3°".

strain may not contain an intact neck filament array. Based on our inability to

lengthen the septin subunit and the likely possibility that the neck filaments are

not in an ordered array in vivo, we will have to find an alternative method to test
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the whether septin filaments are organized circumferentially or axially within the º

bud neck. º
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CHAPTER FOUR

Septin Complexes Purified From Cells Deleted for the GIN4 Kinase
Are Not Capable of Wild-type Polymerization

63



INTRODUCTION

The septins are thought form a highly ordered filament system at the future site

of division in budding yeast, called the neck filaments (Byers and Goetsch, 1976;

Haarer and Pringle, 1987; Frazier et al., 1998). This septin filament structure is

observed at the mother-bud neck from bud emergence until just prior to

cytokinesis (Byers and Goetsch, 1976). How septin filaments are organized into

this filament array and how this structure is assembled in coordination with the

cell cycle are not known.

One potential regulator of septin organization has recently been

identified: the kinase, Gin4p. This protein has been characterized as a regulator

of the switch from polar to isotropic bud growth at the onset of mitosis in yeast

(Altman and Kellogg, 1997). Gin4p appears to be required for the mitotic cyclin

Clb2p to induce this switch: although gin4A cells grow normally, cells containing

aginAA in a clb1,3,4A background exhibit severe defects in bud growth and

cytokinesis (Altman and Kellogg, 1997). The role of Gináp in controlling mitotic

bud growth is thought to be dependent on its kinase activity, which peaks in

mitosis (Altman and Kellogg, 1997). How the Ginép kinase regulates bud

growth, and the substrates of this kinase, however, remain unknown.

A growing body of evidence suggests that the septins may be substrates of

the kinase Ginép. These filament-forming proteins have been shown to interact

with Gin4p in a number of studies. First, GIN4 was identified in a screen for

mutations synthetically lethal in combination with cdc12-6 (Longtine et al., 1998)

and in a screen for mutants that exhibited defective bud growth in combination

with cdc11 (Carroll et al., 1998). Second, a physical interaction between the
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septins and Gináp has been demonstrated by affinity chromatography and two- º:

hybrid studies (Carroll et al., 1998; Longtine et al., 1998). Third, these proteins º
co-localize at the mother-bud neck throughout most of the cell cycle, and the [

localization of Ginép to the mother-bud neck is dependent on the septins 1.

(Longtine et al., 1998).

Evidence that Ginép may play a role in septin organization in vivo comes

from the studies of Longtine et al. (1998). They observed that septin

organization, as assayed by immunofluorescence, is aberrant in cells deleted for

GIN4; the septins, which normally localize to a discrete ring at the mother-bud

neck, form ill-defined “fuzzy" rings at the neck (14% of cells) or striking bars

running axially through the mother-bud neck (32%) (Fig. 4-1). Longtine et al.

suggested that this pattern of septin localization supports the axial alignment º

model for septin filament organization at the bud neck (Field et al., 1996)
-

(outlined in Chapter 3), with a minor modification. Field et al. suggested that

septin filaments are aligned axially through the mother-bud neck and that the 28
-

nm periodicity observed in the neck filament structure is due to the repeating 30
-

nm septin subunit. Longtine et al. modify this model by proposing that a protein

links the axially aligned septin filaments at 28 nm intervals, providing the I
periodicity observed in the neck filament structure (Fig. 4-2 A). This proposed /
linker protein could be Gináp itself or another protein whose assembly or 3

function depends on Ginép. Thus, in the absence of Gin4p, the septin filaments
--

would coalesce into bundles (Fig. 4-2 B). To begin investigating the mechanism s'

by which Gináp affects septin organization in cells, we examined the effect of t

gin.4 mutations on septin complex formation and polymerization in vitro.
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Figure 4-1. Apparent septin reorganization in gin 4A cells. In wild-type cells,

the septins are observed to localize to a discrete ring at the mother-bud neck by

indirect immunofluorescence. Longtine et al. (1998) have reported that this

staining undergoes a dramatic reorganization in many gin4A cells, to either

diffuse neck staining (fuzzy) or bars running axially through the bud neck (bars).
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Figure 4-2. A model for the role of Gináp in septin filament organization at

the mother-bud neck. In the model proposed by Longtine et al. (1998), axially

aligned septin filaments are spaced within the neck filament array by Gin4p (or a

protein regulated by Gin4p) in wild-type cells (A). In gin 4A cells, the absence of

the Ginép linker results in the collapse of septin filaments into bundles (B). |
º
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MATERIALS AND METHODS

Yeast strains and culture conditions

Yeast strains were grown in yeast/peptone/dextrose (YPD) medium. The wild

type, gin4A, ginAA clb1,3,4A, and gina” strains used in this study were a gift of

D. Kellogg (University of California at Santa Cruz); their construction is

described in Altman and Kellogg (1997).

Septin complex isolation

Septin complexes were isolated from log-phase haploid yeast cells grown at

room temperature as described previously (Frazier et al., 1998). This protocol

was modified by adding 50 mM NaBglycerophosphate and 50 mM NaF to both

IP and elution buffers to inhibit protein phosphatases.

Negative-stain EM

Negative-stain EM was performed on purified samples as described in Frazier et

al. (1998). To examine short septin filaments, protein preparations were

adsorbed to the grid immediately after peptide elution (see above). To look at

septins under physiologic salt conditions, septin complexes were dialyzed for 30

min into elution buffer containing 75 mM KCl before being adsorbed onto the

grid.

2.
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RESULTS

gin4A Septin Complexes are Capable of Filament Formation

To begin investigating the role of Gináp in septin organization, the septin

complex was purified from gin 4A cells. Cells deleted for GIN4 are viable at all

temperatures and exhibit only a mild defect in bud morphology and some cell

clumping (Altman and Kellogg, 1997). Using a peptide antibody to the yeast

septin Cdc2p, a complex containing Cdc2p, Cdc10p, Cdc11p, and Cdc12p was

purified from gin 4A HSS. The gin4A septin complex is indistinguishable from the

wild-type complex when the sample is analyzed by SDS-PAGE immediately

after elution (Fig. 4-3 B,C). Similar to wild-type septin preparations, the gin 4A

septin preparation was observed to form short filaments 6 nm in diameter and

32-150 nm in length. These gin4A filaments, however, formed structures not

normally observed in wild-type preparations (Fig. 4-3 D). Longer filaments (94

nm) were more frequent and appeared to form lateral structures not found in

wild-type samples under the same conditions. The distance between the short,

paired filaments was often similar to that observed between the filament pairs

formed by wild-type septin complexes in low salt buffer (average 10 nm), but in

larger structures filaments were much more closely opposed (Fig. 4-3 D). This

initial analysis of the gin4A septin complex in high salt buffer suggests that Gináp

is not involved in septin complex assembly, but may affect filament

polymerization and organization.
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Figure 4-3. Characterization of the gin4A septin complex in high salt buffer.

(A) Negative-stain EM of a typical wild-type septin preparation in the presence

of 1 M KCl. This sample was diluted by 1/4 with 1 M KCl for comparison with

the more dilute ginAA septin preparation. (B) Coomassie stain of polypeptides

eluted from the PVP antibody/protein A beads with peptide and 1 M KCl

elution buffer after incubation in wild-type HSS. (C) Complex purified by PVP

antibody affinity from gin4A cells. (D) Typical structures observed by negative

stain EM of ginAseptin preparation adsorbed to the grid after peptide elution in

the presence of 1 M KCl. Inset is from a different gin4A preparation. Bar, 100

Ilm.
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gin.4A Septin Complexes do not Form Long Filaments

Based on our observations of gin4A filament assembly in high salt buffer, we

predicted that ginAA septin complexes, like the wild-type septin complex, would

form long, paired filaments in low salt buffer (Fig. 4-4, Wild-type Low Salt EM).

Surprisingly, ginAA septin filaments appeared to disassemeble after dialysis into

low salt buffer (Fig. 4-4, gin 4A Low Salt EM). The observed loss of long filaments

did not result in a corresponding increase in the number of 32 nm filaments

(septin filament subunits). The number of short filaments also decreased, similar

to what has been observed when cdc10A and cdc11A septin preparations are

dialyzed into low salt buffer (Frazier et al., 1998). Using a more quantitative

sedimentation assay, no polymerization was detected in gin4A samples (Fig. 4-4,

ginAA Low Salt gel). The SDS-PAGE used to analyze the results of the

sedimentation assay also revealed that the ginAA septin complex had undergone

degradation during dialysis and sedimentation (approximately 1.5 hours). This

degradation was not an effect of lowering the salt concentration, as even high salt

samples appeared to have undergone degradation during the course of the

sedimentation assay (Fig. 4-4, ginAA High Salt gel). The observed degradation of

the gin 4A complex makes any affect on polymerization difficult to interpret, as

the lack of polymerization could be an indirect affect of complex instability.

The effect of a gin 4A on cell morphology is much more severe in cells

dependent on the mitotic cyclin Clb2p (Altman and Kellogg, 1997). While cells

deleted for GIN4 are nearly indistinguishable from wild-type, those containing

this deletion in a Clb2-dependent background (deleted for the mitotic cyclins,

Clb1, 3, and 4) exhibit severe defects in bud morphology and cytokinesis (Altman

L

I

■
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Figure 4-4. Negative-stain EM and sedimentation assays on wild-type and /*-

gin.4A septin complexes in the presence of high or low salt buffer. Low salt O
samples were prepared by dialyzing septin complexes eluted in the presence of 1 ■

M KCl elution buffer and PVP peptide at a concentration of 0.05 mg/ml, against

75 mM KCl elution buffer for 30 min at 4°C. After determining the conductivity

and protein concentration of the low salt sample, a corresponding high salt

sample was prepared by diluting an aliquot of PVP eluate 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 negative-stain EM,

whereas the rest was subjected to centrifugation (90,000 rpm for 20 min) and the

resulting supernatant (S) and pellet (P) samples were analyzed by SDS-PAGE, * |

followed by Coomassie blue staining to quantitate the formation of longer -

sedimentable polymers. Bar, 100 nm.
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and Kellogg, 1997). Based on the observations described above, we were

interested in determining if the effect of a GIN4 deletion on septin complex

stability and behavior was also more severe in a CLB2-dependent background.

Such an effect was not detected. The septin complex purified from gin4A,

clb1,3,4A cells was indistinguishable from that purified from cells containing only

a GIN4 deletion (Fig. 4-5, A). Like the gin4A complex, the gin 4A clb1,3,4A septin

filaments appeared to be much less stable than wild-type septin filaments, as

assayed by negative-stain EM (Fig. 4-5, B). These results suggest that the affect of

deleting GIN4 on purified septin behavior is not CLB2 dependent.

gin4* partially rescues defects observed in gin44 preparations !

To determine whether the effect of Ginép on septin complex stability and

polymerization was dependent on Gináp kinase activity, we purified the septin

complex from a strain in which the endogenous Gin4 had been replaced by

gin.4”. This GIN4 allele, in which an invariant lysine found in many kinases is

mutated, has little or no kinase activity in vitro (Altman and Kellogg, 1997). Like

the gin 4A and ginAA, clb1,3,4A septin complexes, the gin 4” septin complex

formed more long paired filaments in high salt than the wild-type complex (data

not shown). The ginA* sample, however, did behave differently than the gin4A

complex after dialysis into low salt buffer. This complex appeared to undergo

less degradation than the gin 4A complex by as analyzed by SDS-PAGE (Fig. 4-6,

gin4A and ginA* gels). The increased stability of the ginA* sample under low

salt conditions correlated with the observation of many more short filaments by

negative stain EM (Fig. 4-6, ginAA and ginA*EM). These observations suggest
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Figure 4-5. Characterization of the septin complex purified from gin44,

clb1,3,44 cells. (A) The complex purified from gin 4A, clb1,3,4A cells as analyzed

by SDS-PAGE and Coomassie blue staining immediately after elution from the

antibody column in the presence of PVP peptide and 1 M KCl elution buffer. (B)

Negative-stain EM of the same preparation after dialysis against 75 mM KCl

elution buffer for 30 min at 4°C. Bar, 100 nm.
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Figure 4-6. Characterization of wild-type, gin44, and gin 4** septin complexes

after dialysis into low salt buffer. Samples were eluted from the PVP antibody

column in the presence of 1 M KCl elution buffer and PVP peptide. The wild

type sample was diluted by 1/4 for direct comparison with the more dilute gin4

mutant complexes. These samples were then dialyzed against 75 mM KCl

elution buffer for 30 min at 4°C. Portions of each sample were then analyzed by

SDS-PAGE followed by Coomassie blue staining, or adsorbed to a grid for

negative-stain EM. Bar, 100 nm.

º
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that the kinase-dead GIN4 allele partially rescues the gin 4A septin complex /* -

instability we observe in vitro and is consistent with immunofluorescence studies º
of septin organization in vivo (Longtine et al., 1998). Longtine et al. have [T

reported that the number of cells with wild-type septin organization is 45% in

ginAA cells and increases to 67% in a gin4“strain.

Phosphatase Treatment does not Affect the Stability or Polymerization
Behavior of Wild-type Septin Complexes

These results suggested that the effect of Gináp on septin stability or

organization might be mediated in part by Gin4p kinase activity. Although it is s

not known if Ginép directly phosphorylates the septins, Gin4p is known to be a ■ º

kinase, Gin4p binds directly to the septins, and there is evidence that the septins ; : «
Z. . .

may be phosphorylated (A. Healy and J. Pringle, unpublished data; Field et al.,

1996; Carroll et al., 1998). To investigate phosphorylation of the septins as a 4

potential mechanism by which Gin4p may affect septin complex stability and

polymerization, we treated wild-type septin complexes with lambda º
phosphatase prior to dialysis in low salt. Such an experiment has been used to

-

l

show a requirement for phosphorylation in the disassembly of nuclear lamins I
(Peter et al., 1991). We found that treating the septin complex with phosphatase º
had no effect on septin polymerization (Fig. 4–7). It is difficult to draw any

conclusions about the role of phosphorylation on septin polymerization from this º
-

experiment, however, as many phosphorylated proteins are unaffected by :

treatment with a phosphatase.
jº.
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Figure 4-7. Negative-stain EM of wild-type septin complexes after treatment

with lambda protein phosphatase and dialysis into low salt buffer. After

elution of the wild-type septin complex from antibody/protein A beads, an 25 ul

aliquot was treated with lambda protein phosphatase according to the

manufacturers directions (New England Biolabs, Beverly, MA). To septin

sample the following was added:0.1 ul of 1M DTT, 10 ul of 2.8 ul of 2 mM

MnCl2, and 1 ul of 400,000 U/ml lambda protein phosphatase (this was not

added to the control). These samples were incubated at 30°C for 1 hr before

adsorption to the grid. Bar, 100nm.
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DISCUSSION

As assayed by immunofluorescence, the septins appear to reorganize from a

discrete ring to a set of axial bars in cells deleted for the GIN4 (Longtine et al.,

1998). Based on this observation, Longtine et al. proposed a novel model for

septin organization (Fig. 4-2), in which axially oriented septin filaments are

linked to one another laterally by Gin4p or by a linker protein regulated by

Gin4p. This protein would be spaced every 28 nm, providing the neck filament

structure with the 28 nm periodicity observed in vivo. This “Gin4p linker" model

provides an interesting interpretation of the observed reorganization of the

septins in gin 4A cells and accounts for two otherwise puzzling observations of

the septins. First, despite the presence of septins in a wide number of organisms,

a filament structure corresponding to the neck filaments has been observed only

in the yeasts S. cerevisiae and C. albicans. Second, although other protein kinases

have kinase domains similar to that of Gin4p, full-length homologues of Gin4p

have not been identified in any other organisms. Based on these observations,

Longtine et al. suggest that Ginép is involved in organizing the septins into a

higher order structure that has a function only in asymmetrically dividing yeasts.

This model makes specific predictions about the behavior of purified

septin filaments. If the role of Gin4p in septin organization is limited to linking

already assembled septin filaments (the simplest interpretation of the Longtine

“Gin4p linker model"), septin complexes from ginAA cells should be

indistinguishable from wild-type septin complexes, as wild-type preparations

are also devoid of Ginép. In this study we find that septin complex stability and

polymerization behavior is perturbed in ginAA preparations, arguing against the
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“ginAp linker model.”gin4A septin complexes form longer filaments than wild º !

type complexes in high salt and appear to fall apart in low salt. These results º
suggest that the role of Ginép in septin function is not simply to link already ■ -
assembled filaments. Although our observations of gin 4A septin complex show º,

that Ginép clearly has some role in septin polymerization or complex stability,

the nature of this role and whether it is direct or indirect is not clear.

Another potential mechanism by which Gin4p may directly organize septin

filaments is by phosphorylation. A number of lines of evidence suggest that the

septins could be a substrate for the Ginép kinase: Ginép is a kinase (Altman and

Kellogg, 1997), Cdc2p is phosphorylated (A. Healy and J. Pringle, unpublished

data), Cdc2 and Gin4 interact by two-hybrid analysis (Longtine et al., 1998), the
-

septins interact biochemically with Ginép (Carroll et al., 1998), and the septins

and Gin4p co-localize in cells (Longtine et al., 1998). If Gináp controls septin

polymerization and/or organization through phosphorylation, septin complexes *

purified from gin 4A cells would be predicted to behave differently than wild º
:

type septin complexes. As described above, we have found that gin4A septin º
*º----- º"arcomplexes differ from wild-type septin complexes in two ways: they form

longer, more collapsed structures in high salt and do not polymerize in low salt.

We performed two experiments to investigate the potential role of Gin4p

phosphorylation in septin polymerization and/or organization. First, we

examined septin complexes from a strain containing a kinase-dead version of

Gináp. Septin complexes purified from this strain were more stable than those

from a gin4A strain (as assayed by both negative stain EM and SDS-PAGE), but |

were still not capable of the bulk polymerization exhibited by wild-type septin

complexes. It is possible that there is residual Gináp kinase activity in gin4*
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strains and that the increased stability of septin complexes is due to Gin4p

phosphorylation. Although these studies of gin 4* septin complexes do not

yield direct insights into how Gináp kinase may regulate septin polymerization

and/or organization, the increased stability of this complex could provide a tool

for future investigation.

In short, based on the data presented in this chapter we can only refute a few

simple models for how Gin4p may directly affect septin organization in vivo. We

have found that septin complexes can form in the absence of Gin4p and that

these complexes do not exhibit the polymerization behavior of wild-type septin

complexes. The observation that these ginA mutant complexes undergo

degradation not observed in wild-type samples makes our polymerization data

difficult to interpret, however, as the lack of polymerization may be an indirect

effect of complex disassembly. Although these studies clearly demonstrate that

deletion of GIN4 has an effect on septin complex stability and polymerization

behavior, the nature of this defect is not clear. It could be direct; for example,

Gin4p phosphorylation may mediate septin complex stability, and in the absence

of Gin4p the complex falls apart and cannot polymerize. There are also a

number of less direct interpretations; for example, in the absence of Gin4p other

pathways affecting septin stability or assembly may be activated. Although

Gin4p clearly affects the septins in vivo and in vitro, future work is needed to

determine how this affect is mediated.
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CHAPTER FIVE

Conclusions
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The function of the septins and the neck filaments they are thought to form was

long considered unique to cytokinesis in yeast. Yeast and higher plant cells were

thought to accomplish this step of cell division by the fusion of vesicles at the

division site, in contrast to animal cells, which cleave by an acto-myosin-driven

contraction (reviewed in Sanders and Field, 1994; Fishkind and Wang, 1995). The

identification of a septin required for cytokinesis in higher animal cells (Neufeld

and Rubin, 1994) and the discovery of an acto-myosin contractile ring in yeast (Bi

et al., 1998; Lippincott and Li, 1998) suggested that the septins have a conserved

function in cytokinesis in yeast and animal cells. The isolation of a Drosophila

septin complex capable of nucleotide hydrolysis and filament formation

suggested that this function may be similar to cytoskeletal polymers, such as

actin filaments or microtubules (Cooper and Kiehart, 1996). This new model for

septin function had many implications for how the septins may function in

cytokinesis, most interestingly that a septin filament structure could contract

during cytokinesis.

Given the potential importance of filament formation in septin function, I

developed a system to study the polymerization of septins in budding yeast, the

only organism with a detectable septin-associated filament structure in vivo

(reviewed in Longtine et al., 1996). Using this system to look at various mutants,

we have come to the conclusion that the dynamics of polymerization and the

formation of higher order filament structures are not central to septin function in

cytokinesis and other processes. These data strongly argue that the septins are

not a novel class of cytoskeletal polymers, as the formation of in vivo filament

structures and the dynamics of the filaments from which these structures are
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formed are central to the function of classic cytoskeletal filaments composed of

actin, intermediate filament proteins, or tubulin.

This conclusion comes primarily from the work outlined in Chapter Two.

This chapter describes the isolation of a septin complex containing the yeast

septins Cac3p, Cdc10p, Cdc11p, and Cdc12p that is capable of forming long

filaments and higher order structures. I found that septin complexes purified

from strains deleted for CDC10 or CDC11 were not capable of forming the

filaments observed in wild-type preparations and that these cells did not contain

neck filaments. These results strengthen the hypothesis that the septins form the

neck filaments in vivo. Phenotypic characterization of the septin deletion strains

revealed that cac10A cells are still capable of completing septin-dependent

processes such as cytokinesis and bud-site selection in the absence of detectable

septin polymerization or neck filament formation. The ability of the septins to

function in these cells correlated with septin localization at the mother-bud neck.

These results suggests that septin localization, but not the formation of intact

higher order structures, may be sufficient for septin function.

Studies of septin function in two other mutant strains, cdc3°" and gin4A,

support the conclusion that septin localization is more critical for septin function

than the formation of higher order filament structures. In Chapter Three, I

described the construction and characterization of cdc3°". , a strain in which the

endogenous CDC3 has been replaced with a version of CDC3 with an extended

coiled-coil domain. Like existing septin mutants, I found that the majority of

cdc3°" cells had severe defects in bud growth and cytokinesis. Similar to our

observations of cdc10A cells, the ability of cdc3°" cells to divide correlated with

the presence of septin staining at the mother-bud neck. Analysis of cdc3°".
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septin complexes in vitro revealed that under conditions in which the wild-type

septin complex forms straight, long filament pairs, the cdc3°" septin complex

formed knobby filamentous aggregates. The observations of cdc10A and cdc11A

strains described above indicates that the behavior of septin complexes in low

salt is reflective of the state of the neck filaments in vivo and suggests that the

cdc.3COIL strain may not contain an intact neck filament array. These results

suggests that, like cdc10A, cacá“” cells divide in the absence of an ordered neck

filament array, though thin-section EM is required to support this assertion.

Similarly, Longtine et al. (1998) have found that the septins function

almost normally in cells that do not contain the kinase Ginép. In cells deleted for

GIN4, the septins reorganize from an apparent ring to a set of bars running

through the mother bud neck. Despite such dramatic reorganization of the

septins, cytokinesis, bud-site selection, and chitin deposition occur almost

normally. In Chapter Four, we use our purified system to investigate the

mechanism by which Gin4p may affect septin organization. Based on their

observations, Longtine et al. proposed that Ginép links axially aligned septin

filaments within the mother-bud at 28 nm intervals. If this model were correct,

deleting GIN4 would be predicted to have no effect on the septin polymers I

observe in vitro, as these preparations do not normally contain Gin Ap. I found

instead that septin complexes from gin 4A cells are unstable and not capable of

the filament formation displayed by wild-type septin complexes. These data

suggest that the model for neck filament organization proposed by Longtine et

al. is not correct. Although these results suggest that Gináp has some effect on

septin behavior, it is difficult to draw conclusions due to instability of the gin4A

Septin complex.

91



Our studies with cdc10A, cdc11A, cac■ “", and gin 4 mutant strains strongly

argue that our in vitro polymerization assay reflects the state of the neck

filaments in vivo. The septin complexes isolated from these strains were not

capable of forming long filaments, which corresponded to the absence of a

normal septin structure in cells as assayed by EM or septin staining. Similarly,

work in Appendix Three shows that septin complexes purified from cac12-6, the

mutant strain originally used to show a correlation between the septins and the

neck filaments by Byers and Goetsch (1976), does not form filaments in this

purified system (Appendix Three). Finally, in Appendix Two it is shown that a

septin mutant that has normal septin staining by immunofluorescence, sep/A,

contains septin complexes capable of polymerization. These results suggest the

purified septin system developed during the course of this thesis can be used to

address questions about septin filament formation in vivo, such as how this

structure is assembled in coordination with the cell cycle, how polymerization is

controlled, and how this structure may be organized.

The most significant conclusion of this work is that the septins can

function in cytokinesis and other processes in the absence of normal

polymerization or the formation of higher ordered structures in yeast. This work

contributes to the hypothesis that septins have a conserved function in yeast and

animal cells, as both cell types can divide in the absence of a detectable septin

filament structures. Our studies strongly argue against a mechanochemical role

for the septin filaments in cytokinesis – the sort of role that actin and myosin play

in eukaryotes. Live imaging studies showing that the septins remain immobile

during cytokinesis as the acto-myosin ring contracts, further support this

assertion (Bi et al. 1998; Lippincott and Li, 1998). What, then, is the function of
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septin polymerization? I suggest that polymerization has been conserved in the

septin family because it enhances function. Based on existing data, this function

seems likely to be the recruitment of proteins to defined regions of the plasma

membrane, whether it be at the cleavage furrow, the forming spore wall, or sites

of exoctyosis. For example, local concentration of the septin GTPase domains by

polymerization could facilitate the rapid recruitment of proteins involved in

polarity and division. At different points in the cells cycle, the nucleotide

binding state of the septin proteins may serve as a "switchboard", regulating the

localization of the bud site selection machinery (Bud3p and Bud4p) (Chant et al.,

1995; Sanders and Herskowitz, 1996), proteins involved in bud growth (Ginép)

(Longtine, M.S., Fares, H., and Pringle, J.R., submitted for publication),

cytokinesis (Myolp) (Lippincott and Li, 1998), and chitin deposition (Chs3, Bni4p,

and Chs4p) (DeMarini et al., 1997). The in vitro system we have developed will

facilitate the testing of such models for septins function in cytokinesis and other

processes.

93



References

94



Alberts, B., D. Bray, J. Lewis, M. Raff, K. Roberts, and J.D. Watson. 1994.

Molecular Biology of the Cell. Garland Publishing, New York, NY. 1294pp.

Adams, A.E.M., D.I. Johnson, R.M. Longnecker, B.F. Sloat, and J.R. Pringle. 1990.

CDC42 and CDC43, two additional genes involved in budding and the

establishment of cell polarity in the yeast Saccharomyces cerevisiae. J. Cell Biol.

111:131-142.

Amos, L., and W.B. Amos. 1991. Molecules of the Cytoskeleton. In Macmillan

Molecular Biology Series. C. Skidmore, editor. Macmillan Education Ltd,

London.

Baudin, A., O. Ozier-Kalogeropoulos, A. Denouel, F. Lacroute, and C. Cullin.

1993. A simple and efficient method for direct gene deletion in Saccharomyces

cerevisiae. Nucleic Acids Res. 21:5067-5076.

Beckerle, M.C. 1998. Spatial control of actin filament assembly: lessons from

Listeria. Cell. 95:741-748.

Bi, E., P. Maddox, D.J. Lew, E.D. Salmon, J.N. McMillan, E. Yeh, and J.R. Pringle.

1998. Involvement of an actomyosin contractile ring in Saccharomyces cerevisiae

cytokinesis. J. Cell Biol. 142:1301-1312.

Bourne, H.R., D.A. Sanders, and F. McCormick. 1991. The GTPAse supefamily:

conserved structure and molecular mechanism. Nature. 349:117-127.

95



Byers, B., and L. Goetsch. 1976. A highly ordered ring of membrane-associated

filaments in budding yeast. J. Cell Biol. 69:717-721.

Byers, B., and L. Goetsch. 1991. Preparation of yeast cells for thin-section electron

microscopy. Methods in Enzymol. 194: 602-608.

Byers, J. and P.B. Armstrong. 1986. Membrane protein redistribution during

Xenopus first cleavage. J. Cell Biol. 102:2176-2184.

Carlier, M.F. 1991. Nucleotide hydrolysis in cytoskeletal assembly. Curr. Opin.

Cell Biol. 3:12-17.

Carroll, C.W., R. Altman, D. Schieltz, J. Yates, and D. Kellogg. 1998. The septins

are required for the mitosis-specific activation of the Gin4 kinase. J. Cell Biol.

143:709–717.

Chant, J., M. Mischke, E. Mitchell, I. Herskowitz, and J.R. Pringle. 1995. Role of

Bud3p in producing the axial budding pattern of yeast. J. Cell Biol. 129:767-778.

Cohen, C. and D. Parry. 1990. O. helical coiled-coils and bundles; how to design

an o helical protein. Proteins: Structure, Function, and Genetics. 7:1-15.

96



Cooper, J.A., and D.P. Kiehart. 1996. Septins may form a ubiquitous family of

cytoskeletal filaments. J. Cell Biol. 134:1345-1348.

Cvrckova, F., C. DeVirgilio, E. Manser, J.R. Pringle, and K. Nasmyth. 1995. Ste20

like protein kinases are required for normal localization of cell growth and for

cytokinesis in budding yeast. Genes Dev. 9:1817-1830.

De Virgilio, C., D.J. DeMarini, and J.R. Pringle. 1996. SPR28, a sixth member of

the septin gene family in Saccharomyces cerevisiae that is expressed specifically

in sporulating cells. Microbiology. 142:2897-2905.

DeMarini, D.J., A.E.M. Adams, H. Fares, C. De Virgilio, G. Valle, J.S. Chuang,

and J.R. Pringle. 1997. A septin-based hierarchy of proteins required for localized

deposition of chitin in the Saccharomyces cerevisiae cell wall. J. Cell Biol. 139:75-93.

DiDomenico, B.J. N.H. Brown, J. Lupisella, J.R. Greene, M. Yanko, Y. Koltin.

1994. Homologs of the yeast neck filament associated genes: isolation and

sequence analysis of Candida albicans CDC3 and CDC10. Mol Gen. Genet.242:689

698.

Fares, H., L. Goetsch, and J.R. Pringle. 1996. Identification of a developmentally

regulated septin and involvement of the septins in spore formation in S.

cerevisiae. J. Cell Biol. 132:399-411.

97



Fares, H., M. Peifer, and J.R. Pringle. 1995. Localization and possible functions of

Drosophila septins. Mol. Biol. Cell. 12:1843-1859.

Field, C.M., O.S. Al-Awar, J. Rosenblatt, M.L. Wong, and B. Alberts. 1996. A

purified Drosophila septin complex forms filaments and exhibits GTPase

activity. J. Cell Biol. 133:605-616.

Fishkind, D.J. and Y.L. Wang. 1995. New horizons for cytokinesis. Curr. Opin.

Cell Biol. 7:23–31.

Flescher, E.G., K. Madden, and M. Snyder. 1993. Components required for

cytokinesis are important for bud site selection in yeast. J. Cell Biol. 122:373-386.

Ford, S.K., and J.R. Pringle. 1991. Cellular morphogenesis in the Saccharomyces

cerevisiae cell cycle: localization of the CDC11 gene product and the timing of

events at the budding site. Dev. Genet. 12:281–292.

Fraser, R.D.B., and T.P. MacRae. 1973. Conformation in fibrous proteins and

related synthetic polypeptides. Academic Press Inc., New York. 628pp.

Frazier, J.A., M.L. Wong, M.S. Longtine, J.R. Pringle, M. Mann, T.J. Mitchison,

and C.M. Field. 1998. Polymerization of purified yeast septins: evidence that

organized filament arrays may not be required for septin function.

98



Fuchs, E., and D.W. Cleveland. 1998. A structural scaffolding of intermediate

filaments in health and disease. Science. 279:514-519.

Gietz, R.D., and A. Sugino. 1988. New yeast-Escherichia coli shuttle vectors

constructed with in vitro mutagenized yeast genes lacking six-base pair

restriction sites. Gene. 74:527–534.

Guthrie, C., and G.R. Fink. 1991. Guide to yeast genetics and molecular biology.

Methods Enzymol. 1-933.

Haarer, B.K., and J.R. Pringle. 1987. Immunofluorescence localization of the

Saccharomyces cerevisiae CDC12 gene product to the vicinity of the 10-nm

filaments in the mother-bud neck. Mol. Cell Biol. 7:3678–3687.

Hartwell, L.H. 1971. Genetic control of the cell division cycle in yeast. IV. Genes

controlling bud emergence and cytokinesis. Exp. Cell Res.69:265-276.

Hinshaw, J.E., and S.L. Schmid. 1995. Dynamin self-assembles into rings

suggesting a mechanism for coated vesicle formation. Nature. 347:190-192.

Hsu, S.C., C.D. Hazuka, R. Roth, D.L. Folettie, J. Heuser, and R.H. Scheller. 1998.

Subunit composition, protein interactions, and structures of the mammalian

brain secó/8 complex and septin filaments. Neuron. 20: 1111–1122.

99



Jones, J., and L. Prakash. 1990. Yeast Saccharomyces cerevisiae selectable markers in

pUC18 polylinkers. Yeast. 6:363-366.

Kato, K. 1990. A collection of cDNA clones with specific expression patterns in

the mouse brain. Eur. J. Neurosci. 2:704–711.

Kellogg, D.R., T. Kikuchi, T. Fuji-Nakata, C.W. Turck, and A.W. Murray. 1995.

Members of the NAP/SET family of proteins interact specifically with B-type

cyclins. J. Cell Biol. 130:661-673.

Kim, H.B., B.K. Haarer, and J.R. Pringle. 1991. Cellular morphogenesis in the

Saccharomyces cerevisiae cell cycle: localization of the CDC3 gene product and the

timing of events at the budding site. J. Cell Biol. 112:535-544.

Kilmartin, J.V., S.L. Dyos, D. Kershaw, and J.T. Finch. 1993. A spacer protein in

Saccharomyces cerevisiae spindle pole body whose transcript is cell-cycle

regulated. J. Cell. Biol. 123:1175-1184.

Kinoshita, M., S. Kumar, A. Mizoguchi, C. Ide, A. Kinoshita, T. Haraguchi, Y.

Hiraoka, and M. Noda. 1997. Nedd5, a mammalian septin, is a novel cytoskeletal

component interacting with actin-based structures. Genes Dev. 11:1535-1547.

Kumar, S., Y. Tomooka, and M. Noda. 1992. Identification of a set of genes with

developmentally down-regulated expression in the mouse brain. Biochem.

Biophys. Res. Commun. 185:1155-1161.

100



Lew, D.J., and S.I. Reed. 1995. Cell cycle control of morphogenesis in budding

yeast. Curr. Opin. Genet. Devel. 5:17-23.

Lippincott, J., and R. Li. 1998. Sequential assembly of myosin II, an IQGAP-like

protein, and filamentous actin to a ring structure involved in budding yeast

cytokinesis. J. Cell Biol. 140:355-366.

Lippincott, J. and R. Li. 1998. Dual function of Cyk2p, a cdc15/PSTPIP family

protein, in regulating acto-myosin ring dynamics and septin distribution. J. Cell.

Biol. 143: 1947–1960.

Liu, S.H., M.L. Wong, C.S. Craik, and F.M. Brodsky. 1995. Regulation of

Clathrin Assembly and Trimerization Defined Using Recombinant Triskelion

HubS. Cell. 83:257–267.

Longtine, M.S., D.J. DeMarini, M.L. Valencik, O.S. Al-Awar, H. Fares, C. De

Virgilio, and J.R. Pringle. 1996. The septins: roles in cytokinesis and other

processes. Curr. Opin. Cell Biol. 8:106-119.

Longtine, M.S., H. Fares, and J.R. Pringle. 1998. Role of the yeast Ginép kinase in

septin assembly and the relationship between septin assembly and septin

function. J. Cell Biol. 143:719-736.

101



Lupas, A., M. VanDyke, and J. Stock. 1991. Predicting coiled-coils from protein

sequences. Science. 252:1162-1164.

Maina, C.V., P.D. Riggs, A.C. Grandea III, B.E. Slatko, L.S. Moral, J.A.

Tagliamonte, L.A. McReynolds, and C. diGuan. 1988. An E. coli vector to express

and purify foreign proteins by fusion to and separation from maltose-binding

protein. Gene. 74:365-373.

Mitchell, D.A., T.K. Marshall, and R.J. Deschenes. 1993. Vectors for the inducible

overexpression of glutathione S-transferase fusion proteins in yeast. Yeast. 9:715

723.

Nakatsuru, S., K. Sudo, and Y. Nakamura. 1994. Molecular cloning of a novel

human cDNA homologous to CDC10 in Saccharomyces cerevisiae. Biochem.

Biophys. Res. Commun. 202:82-87.

Neufeld, T.P., and G.M. Rubin. 1994. The Drosophila peanut gene is required for

cytokinesis and encodes a protein similar to yeast putative bud neck filament

proteins. Cell. 77:371-379.

Nottenburg, C., W.M. Gallatin, and T. St. John. 1990. Lymphocyte HEV adhesion

variants differ in the expression of multiple gene sequences. Gene.95:279-284.

Novick, P., and D. Botstein. 1985. Phenotypic analysis of temperature-sensitive

yeast actin mutants. Cell. 40:405-416.

102



Peter, M., E. Heitlinger, M. Haner, Ul Aebi, and E.A. Nigg. 1991. Disassembly of

in vitro formed lamin head-to-tail polymers by CDC2 kinase. EMBO. 10:1535

1544.

Pringle, J.R., A.E. Adams, D.G. Drubin, and B.K. Haarer. 1991.

Immunofluorescence methods for yeast. Methods Enzymol. 194:565-602.

Pringle, J.R., S.H. Lillie, A.E.M. Adams, C.W. Jacobs, B.K. Haarer, K.G. Coleman,

J.S. Robinson, L. Bloom, and R.A. Preston. 1986. Cellular morphogenesis in the

yeast cell cycle. UCLA Symp. Mol. Cell. Biol. 33:47-80.

Sambrook, J., E.F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a laboratory

manual (Second Edition). Cold Spring Harbor Laboratory Press.

Sanders, S.L., and C.M. Field. 1995. Bud-site selection is only skin deep. Current

Biol. 5:1213–1215.

Sanders, S.L., and I. Herskowitz. 1996. The Bud4 protein of yeast, required for

axial budding, is localized to the mother/bud neck in a cell-cycle dependent

manner. J. Cell Biol. 134:413-427.

Sawin, K.E., T.J. Mitchison, and L.G. Wordeman. 1992. Evidence for kinesin

related proteins in the mitotic apparatus using peptide antibodies. J. Cell Sci.

101:303-313.

103



Siegel, L., and K. Monty. 1966. Determination of molecular weights and frictional

ratios of proteins in impure systems by use of gel filtration and density gradient

centrifugation. Application to crude preparations of sulfite and hydroxylamine

reductases. Biochim. Biophys. Acta. 112:346-362.

Sikorski, R.S., and P. Hieter. 1989. A system of shuttle vectors and yeast host

strains designed for efficient manipulation of DNA in Sacchormyces cerevisiae.

Genetics. 122:19-27.

Simon, M.N. C. DeVirgilio, B. Souza, J.R. Pringle, A. Abo, and S.I. Reed. 1995.

Role for the Rho-amily GTPase Cdc42p in yeast mating pheromone signaling

pathway. Nature. 376:702-705.

Soll, D.R., and L.H. Mitchell. 1983. Filamentous ring formation in the dimorphic

yeast Candida albicans. J. Cell Biol. 96:486-493.

Witke, W., A.V. Podtelejnikov, A. Di Nardo, J.D. Sutherland, C. Dotti, and M.

Mann. 1998. In mouse brain profilin I and profilin II associate with regulators of

the endocytic pathway and actin assembly. EMBO. 17:967–976.

Staehelin, L.A. and P.K Hepler. 1996. Cytokinesis in higher plants. Cell. 84.821

824.

104



Zheng, Y., M.L. Wong, B. Alberts, and T. Mitchison. 1996. Nucleation of

microtubule assembly by a g-tubulin containing ring complex. Nature. 378:578

583.

APPENDIX ONE
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INTRODUCTION

The septins have been shown to interact genetically with a number of proteins in

budding yeast. These genetic interactions fall into two general classes. The first

class includes genes known to be required for septin localization and

organization at the mother-bud neck. CDC42, CDC24, GIN4, CYK2, and the PAK

kinases CLA4 and STE20(reviewed in Longtine et al., 1996). The second class

includes gene products whose localization to the mother-bud neck, or the

pheromone induced mating projection, is septin dependent. The proteins

encoded by this second class of genes are involved in bud site selection (Bud■ p

and Bud4p) (Chant et al., 1995; Sanders and Herskowitz, 1996), cytokinesis

(Myolp) (Lippincott and Li, 1998), the switch form apical to isotropic growth

(Gin4p) (Longtine et al., 1998), chitin deposition (Chs3p and Bni4p) (DeMarini et

al., 1997), and formation of mating projections in response to alpha factor (Afrip)

(Giot and Konopka, 1997). Whether these interactions are direct, and how they

may affect the septins and/or the interacting protein functionally has not been

determined. To date, Gináp is the only protein known to bind to the septins

directly. Finding proteins that bind directly to the septins is critical for a detailed

understanding of how the septins function in diverse processes throughout the

cell cycle. This appendix describes a septin affinity approach taken to identify

such proteins.

MATERIALS AND METHODS

Isolating proteins by septin affinity chromatography
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Approximately 50 ug of the wild-type septin complex was isolated on Protein A

beads by immunoaffinity chromatography as described (Frazier et al. 1998). The

Cdc2p antibodies conjugated to these beads were saturated with septins, as the

HSS used for initial complex isolation was only depleted of 50% of the original

Cdc2p (as assayed by Western blotting, data not shown). Instead of eluting the

septin complex from the beads, the beads were washed five times with 20 vol 75

mMIP buffer ((20 mM Tris-HCl, pH 7.9, 75 mM KCI, 0.5 mM Na3EDTA, 0.5 mM

Na3EGTA, 8% sucrose) and added to 10 mls of fresh wild-type HSS (Frazier et al.

1998). After incubating in batch for two hours, the beads were sedimented and

washed five times with 20 vol of 75 mM KCl elution buffer (20mM Hepes, pH

7.5, 75 mM KCl, 0.5 mM Na3EDTA, 0.5 mM Na3EGTA, and 8% sucrose). The

beads were then poured into a column and drained by gravity. The column was

eluted step-wise with three column volumes of elution buffer containing 100mM

KCl or 500 mM KCl, and then incubated with 1M KCl plus 300 ug/ul PVP

peptide overnight. These column fractions were then TCA precipitated and

examined by SDS-PAGE or Western blotting. Parallel experiments were carried

out with IgG or peptide-blocked PVP antibodies (1 mg peptide to 500 ug

antibody) as a control. Western blotting with antibodies to Bud4p (Sanders and

Herskowitz) was performed as described previously (Kellogget al. 1989)

Protein Identification by Mass Spectrometry

The six predominant bands observed in the 1M KCl plus peptide overnight

fraction by one-dimensional SDS-PAGE and staining with Coomassie brilliant

blue R-250 were excised from the gel. The proteins contained in these gel pieces

i --
| *

*
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were identified by mass spectrometry as described previously in Witke et al.

(1998).

RESULTS AND DISCUSSION

To identify proteins that interact with the septins biochemically, we used septin

affinity chromatography. We have shown previously that septin a complex

containing the yeast septins Cdc2p, Cdc10p, Cdc11p, and Cdc12p can be purified

using an antibody made to the 14 COOH-terminal amino acids of Cdc2p (called

PVP) conjugated to Protein-A beads (Frazier et al., 1998). These septin-bound

beads were used as an affinity matrix to identify interacting proteins. The initial

septin immunoprecipitation was carried out under conditions where only 50% of

the septins were depleted from the extract, as indicated by Western blotting (data

not shown). This was done to ensure that the PVP antibodies were saturated

with septin complexes. These septin-saturated beads were then added to fresh,

wild-type yeast HSS and incubated in batch for two hours at 4°C. These beads

were then washed, and eluted stepwise with buffer containing increasing

concentrations of KCl, and then incubated overnight in a buffer containing 1 M

KCl and PVP peptide. After collected the peptide-eluates, all column fractions

were analyzed by SDS-PAGE and Coomassie blue staining. In the three fractions

eluted in the presence of 100 mM KCl, no proteins were detected (Fig. A1-1). In

contrast, a large number of proteins were present in the first 500 mM KCl

fraction, including the four Cdc septins. The level of Cdc10p seemed

substoichiometric compared to typical septin preparations. In the second and

third 500 mM KCl fractions, trace amounts of Cdc2p, Cdc11p, and Cdc12p could

~
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be detected. Two proteins, migrating at approximately 100 and 140 kD, were

also detected. These unidentified proteins were present at higher concentrations

than the septins in these fractions. These proteins were also found in the

fractions eluted from the column with 1 M KCl and PVP peptide, though at

levels substoichiometric to the four Cdc septins. The 100 and 140 kD bands were

not seen on IgG or peptide-blocked PVP columns, suggesting that these two

proteins may interact specifically with the septins.

The 140 kD protein was identified as alpha-COP by MALDI mass

spectrometry (Fig.A1-2). Alpha-COP was identified in mammalian cells as part

of a seven protein complex, called coatomer, required for the formation of Golgi

associated vesicles. These coatomer-coated vesicles are thought to mediate the

nonselective retrograde transport from the Golgi to the endoplasmic reticulum.

The gene encoding alpha-COP in yeast, COP1, is essential.

While the in vivo relevance of the interaction between the septins and

alpha-COP is unclear, several lines of evidence make it an interesting direction

for future study. First, cytokinesis in plants and fungal cells is thought to occur

in part by the fusion of vesicles (Byers and Armstrong, 1986; Staehelin and

Hepler, 1996). How these vesicles are formed, targeted to the site of division,

and fused, is not known, though two recent reports could provide a molecular

entry into this problem. Clathrin, a vesicle coat protein that has functions similar

to alpha-COP, has been shown to be essential for cytokinesis in Dictyostelium

(Niswonger and O'Halloran 1997), and a cytokinesis specific vesicle docking

protein, the syntaxin KNOLLE, is involved in vesicle fusion during cytokinesis in

Arabidopsis (Lauber et al. 1997). These studies suggest that aspects of vesicle

formation or fusion may be involved in cytokinesis. Second, the septins have
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been found to interact with proteins in the secretory pathway by other groups.

Hsu et al. (1998) have reported that the mammalian septin complex co-purifies

with the exocyst complex, a complex thought to be required for the docking of

exocytic vesicles on the plasma membrane. Carroll and Kellogg (personal

communication) have identified an adaptin as one of the proteins binding to a

Cdc11p column. The septins are also exclusively localized to sites of dynamic

membrane growth, such as the division site (Haarer and Pringle, 1987), the

developing wall in yeast spores (DeMarini et al., 1997), the yeast mating

projection (De Virgilio et al., 1996), and the syncytial blastoderm in Drosophila

embryos (Fares et al., 1995). Taken together, these studies make the investigation

of septin function in vesicle targeting, fusion, or biogenesis an interesting area of

future study.
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Figure A1-1. Elution of the septin affinity column. The septin affinity column

was eluted stepwise with elution buffer containing increasing amounts of KCl.

Each fraction represents the addition of one column volume of the buffer

indicated, which was allowed to flow through the column before the addition of

the next column volume of buffer. After the 100 mM and 500 mM salt elutions, a

column volume of 1 M KCl elution buffer plus PVP peptide was allowed to flow

through the column (Init.). Another column volume was then added and

allowed to incubate overnight at 4°C for 10 hours (O/N). Under these conditions

the PVP peptide eluted most of the protein from the PVP peptide antibody

beads, though some protein was found in the next two column fractions (1 M

KCl + PVP 1,2). All fractions were precipitated with 10% TCA and analyzed by

SDS-PAGE followed by Coomassie blue staining. Bands from this O/N fraction

were cut out of the gel and sent to Matthias Mann at the EMBL for analysis by

MALDI mass spectrometry.

* .
*

111



100 mM KCl 500 mM KCl 1 M KCl + PVP

1 2 3 1 2 3 Init. O/N 1 2
---

--- –– O. Cop
---- - - ?
- – Cdc2

-- Cdc11

M

-

T Cdc12

112



Figure A1-2. Mass spectrometry data identifying the 140 kD septin binding

protein as Cop1p. (A) The protein sequence of Cop1p. (B) 6 of the 24 peptides

obtained by MALDI mass spectrometry analysis of the 140 kD band after
-

■

digestion. The 24 peptides in the original data set cover 352 out of the 1201

amino acids in Cop1p. º- --
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APPENDIX TWO

Initial Characterization of the Role of Sep7p in Septin Complex
Formation and Filament Assembly
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INTRODUCTION

The septin family has been identified in a growing number of organisms,

including humans (Nottenburg et al., 1990; Nakatsura et al., 1994), mice (Kato et

al., 1990; Kumar et al., 1992; Kinoshita et al., 1997), Drosophila(Neufeld and Rubin,

1994; Fares et al., 1995), as well as budding and fission yeast (Hartwell, 1971;

DiDomenico et al., 1994). Each of these organisms contains from three to seven

septins (Kiehart and Cooper, 1996). Complexes containing three or more septins

have been purified from rat neuronal cells (Hsu et al., 1998), Drosophila (field et

al., 1998), and budding yeast (Frazier et al., 1998). These complexes contain only

a subset of the septins identified in the respective organism. In the case of

budding yeast, there are seven known septins, CDC3, CDC10, CDC11, CDC12,

SPR3, SPR28, and SEP7. The four CDC septins have been shown to form a robust

complex in vegetative cells. Two of the three non-CDC septins, Spr3p and

Spr28p, are specifically expressed in sporulating yeast cells, where they localize

to the forming prospore wall with Cdc2p and Cdc10p (De Virgilio et al., 1996;

Fares et al., 1996). This suggests that there may be septin complexes specific for

distinct cell types, vegetative versus sporulating, and raises a number of

interesting questions. Are there multiple septin complexes in each organism? Do

these septin complexes serve distinct functions? Are all septin complexes

capable of filament assembly?

These questions seem especially perplexing in regard to the seventh yeast

septin, Sep7p. Like the four Cdc septins, Sep7p is expressed in vegetative cells

and localizes to the mother bud neck (Carroll et al., 1998). Sep7p also co-purifies

with the four Cac septins from a column containing the kinase Gin Ap (Carroll et
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al., 1998). Based on these observations, we questioned whether Sep7p was

indeed part of the vegetative septin complex, previously thought to contain only

the Cdc septins. This appendix outlines experiments performed to investigate

the association of Sep7p with the Cdc septins, and the role of Sep7p in septin

filament assembly.

MATERIALS AND METHODS

Yeast Strains

The wild-type, GST-CDC10, and GST-CDC12 strains used in this study are

described in Frazier et al. (1998). The sep7A strain used in this study was a gift of

C. Carroll and D. Kellogg; it's construction is described in Carroll et al. (1998).

Preparation of GST protein and antibodies

The GST antibodies used to isolate the GST-Cdc10p and GST-Cdc12p septin

complexes were a gift of Jody Rosenblatt (U.C.S.F.). These antibodies were made

in rabbits injected with GST-XAC (Berkeley Antibody Company, Berkeley, CA).

Sera from GST-XAC injected rabbits produced both GST and XAC specific

antibodies, which were affinity purified by standard procedures (Harlow and

Lane, 1988) as described previously (Rosenblatt et al., 1997). The GST protein

used to elute the GST-Cdc10p septin complex was isolated from a bacteria

expressing GST-LIM kinase on a glutathione column by Jody Rosenblatt.

Septin complex isolation

To examine the protein composition of septin complexes purified by alternative

methods, purifications from 2 ml of log-phase wild-type, GST-CDC10, or GST

CDC11 extracts were performed as described previously (Frazier et al., 1998)
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with the following exceptions. Immunoaffinity purification was performed with

10 ug anti-Cdc11p (provided by Doug Kellogg, U.C. Santa Cruz) or 10 or 25 ug

anti-GST antibodies on 25 ul Protein-A beads, as indicated. Beads containing

septin complexes were not eluted with PVP peptide, but boiled for 3 min in 60 ul

1XSample Buffer. The beads were then spun out of sample buffer and analyzed

by SDS-PAGE followed by Coomassie-blue staining. Purification of the septin

complex from 10 mls of log-phase sep7A cells was performed as described in

Frazier et al. (1998).

Assaying septin polymerization by negative stain electron microscopy

Wild-type or sep7A septin complexes eluted at a concentration of approximately

0.08 ug/ul in the presence of 1 M KCl elution buffer (20mM Hepes, pH 7.5, 1 M

KCl, 0.5 mM Na3EDTA, 0.5 mM Na3EGTA, and 8% sucrose) and PVP peptide

were dialyzed in 75 mM KCl elution buffer (20mM Hepes, pH 7.5, 75 mM KCl,

0.5 mM Na3EDTA, 0.5 mM Na3EGTA, and 8% sucrose) for the time indicated.

Negative stain electron microscopy was then performed as described previously

(Frazier et al., 1998).

RESULTS

Alternative purifications of the yeast septin complex

We isolated a complex containing the septins Cdc2p, Cdc10p, Cdc11p, and

Cdc12p from vegetative yeast cells using an antibody to Cdc2p (Frazier et al.,

1998). Carroll et al. (1998) reported that these four septins co-elute from a

column containing the kinase Gináp with a previously uncharacterized septin,
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Sep7p. Sep7p was also shown to co-localize with the four Cdc septins at the

mother-bud neck throughout most of the cell cycle. Based on Carroll et al.'s

study, we questioned whether the septin complex we had purified from

vegetative cells normally contained Sep7p, and if this interaction was disrupted

by our method of purification. To test whether the Cdc2p antibody we used for

septin complex purification was disrupting the Sep7p/Cdc septin interaction, we

purified the septin complex by three other methods. We used our standard

immunoaffinity procedure, but varied the strain and antibody used to see if we

could detect Sep7p co-purifying with the Cdc septins. Using a wild-type extract

and an antibody raised against a GST-Cdc11p fusion protein (kindly provided by

C. Carroll and D. Kellogg, U.C. Santa Cruz), we purified the four Cdc septins.

Similar to our results with the Cdc2p peptide antibody PVP, a band

corresponding to Sep7p (5 kD larger than Cdc2p) was not observed (Fig. A2-1A,

Wild-type IgG, Cdc2, and Cdc11). Sep7p could be present in low amounts, but is

not a stoichiometric component of the septin complex purified using a Cdc11p

antibody. Next, we performed the purification using extracts made from a strain

in which the endogenous CDC10 had been replaced with an N-terminal GST

CDC10 fusion under the control of the gal-promoter. Using antibodies made to

GST, we purified a complex containing the four Cdc septins, an unidentified

protein migrating at approximately 100 kD, and a band migrating slightly larger

than Cdc2p at around 72 kD (Fig. A2-1A, GST-CDC10 IgG and GST). This 72 kD

band is likely to be Sep7p, which is slightly larger than Cdc2p (Carroll et al.,

1998). This protein, like Cdc11p, appears to be substoichiometric to the other

septins in the complex. We also used the GST antibody to purify the septin

complex from a strain in which the endogenous CDC12 had been replaced with a
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GST-CDC12 fusion under the control of a gal promoter. From the GST-CDC12

strain, we purified a complex containing the unidentified 100 kD bandseen in the

GST-CDC10 prep, and GST-Cdc12p (Figure A2-1A, GST-CDC12 IgG and GST).

The results of these alternative purifications of the septin complex suggest that

Sep7p is a variable component of the complex, and that the absence of Sep7p is

not due to disruption of the Sep7p/Cdc septin complex with the PVP antibody.

Examining the role of Sep7p in septin filament formation

While these results suggested that Sep7p was not a part of the “core” septin

complex, we were interested in determining what possible role Sep7p plays in

septin filament formation or organization. To look at the effect of Sep7p on

septin filament formation and/or organization, we attempted to purify septin

complexes containing Sep7p.

First, we tried to elute the Sep7p containing GST-CDC10 complex from the

GST beads using 1 M KCl and pure GST (Figure A2-1 B). Several complexes

appeared to elute from the beads, most lacking Cdc11p. Sep7p was difficult to

detect in any of the fractions, suggesting that it may be present at low levels in

many of the fractions. We also attempted eluting the complex from the GST

beads using thrombin, but this resulted in degradation of the septin polypeptides

(data not shown). The inability to efficiently cleave GST from Cdc10p using

thrombin presented a major difficulty, as we have shown that this GST disrupts

filament formation (Appendix 3). These pilot studies suggested that the GST

Cdc10p complex could not be used to examine septin filament formation in the

presence of Sep7p.

120



Figure A2-1. Isolation and elution of distinct septin complexes. (A) Complexes

containing the four Cdc septins were purified from 50 mg wild-type HSS using

25 ug of Cdc2 or Cdc11 antibody (Wild-type Cdc2 and Cdc11 lanes) but not

control IgG (Wild-type IgG). From 50 mg of GST-CDC10 HSS, a complex

containing an unidentified 100 kD band, a band corresponding to Sep7p, Cdc2p,

Cdc11p, GST-Cdc10p, and Cdc12p was purified using 25 ug (left lanes) or 50 ug

of GST antibody, but not the corresponding amount of control IgG. A complex

containing an unidentified 100 kD band and GST-Cdc12p was isolated with 25

ug GST antibodies from 50 mg of GST-CDC12 HSS. Proteins were isolated on the

antibody-conjugated beads, washed with 75 mM KCl elution buffer, and eluted

from the beads by boiling for 3 min in 1XSB. (B) Elution of GST-Cdc10p septin

complex from GST conjugated protein A beads with 1 M KCl and GST protein.

250 ug of GST antibodies were conjugated to 200 ul of Protein-A beads and

incubated in 10 ml of 15 mg/ml GST-CDC10 HSS (Frazier et al., 1998). The beads

were washed 3 times with 20 vol 75 mM KCl elution buffer and poured into a 1

ml column. This column was drained by gravity. The column was eluted

stepwise with three column volumes of 1 M KCl elution buffer, and 9 column

volumes of 1 M KCl elution buffer containing GST protein at a concentration of 2

mg/ml. Proteins were analyzed by SDS-PAGE followed by Coomassie blue

staining.
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In an attempt to study the Sep7p-containing septin complex, we considered two

other methods of purification. The first was the purification of the septin

complex using a GST-CDC11p affinity column. By this method, a complex

containing the Cdc septins and stoichiometric amounts of Sep7p can be purified

(Carroll and Kellogg, personal communication). We cannot currently use this

method to examine septin filament formation in vitro, however, as the septin

containing fractions obtained by this method are more than 25 times more dilute

than our typical preparations. At this concentration, the septins are unable to

polymerize, and even monomers are difficult to detect by negative stain EM

(data not shown). Attempts to concentrate these fractions using centricon

microconcentraters failed. The other method we considered is to add purified

Sep7p to the Cdc septin complex. The reagents to perform this experiment were

not available at the time of this study. In the future, such an experiment provide

insight on the possible effect of Sep7p on septin polymerization and/or

organization in vitro.

Sep7p is not required for septin complex formation or polymerization

To examine septin polymerization in the absence of Sep7p, we purified the septin

complex from the sep7A strain. In contrast to the Cdc septin deletions, the sep7A

strain is viable and capable of cytokinesis at 23, 30, and 37°C (Carroll et al., 1998).

We purified a complex containing Cdc2p, Cdc10p, Cdc11p, and Cdc12p from the

sep7A strain using the PVP antibody, suggesting that Sep7p is not required to

assemble the Cdc septin complex (Figure A2-2, A). These purified complexes

were dialyzed against 75 mM KCl elution buffer for 30 minutes. Under these
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Figure A2-2. Septin complexes purified from sep7A cells form filaments. (A)

The septin complex (containing Cdc2p (3), Cdc11p (11), Cdc12p (12), and Cdc10p

(10)) purified from sep7A cells as analyzed by SDS-PAGE followed by Coomassie

blue staining. (B) Negative stain EM of filaments formed by sep7A septin

complexes after 30 min of dialysis in 75 mM KCl elution buffer. (C) Filaments

formed by the wild-type septin complex after 30 min of dialysis in 75 mM KCl

elution buffer. (D,E) Ladder structures formed by sep7A septin complexes after

12 hr dialysis in 75 mM KCl elution buffer. Bar, 100 nm.

s
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conditions, the filaments formed by the sep7A septin complex were

indistinuishable from those formed by wild-type septin complexes (Fig. A2-2 B,

C). Sep7A filaments dialyzed in 75 mM KCl elution buffer for more than 24 hours

formed ladder-like structures not observed in wild-type preparations (Fig. A2-2

D,E). The lateral structures between sep7A septin filament pairs occurred with a

periodicity of approximately 32 nm, which corresponds to the length of the

septin monomer. While the observation of ladder structures in sep7A, but not

wild-type, preparations, poses the intriguing possibility that Sep7p could play

some role in septin filament organization, their physiological relevance is

unclear.

DISCUSSION

We have found that the vegetative septin, Sep7p, does not reproducibly co

purify with the four Cdc septins from vegetative cells. This is contrary to the

findings of Carroll et al., who have found stoichiometric amounts of Sep7p co

purifying with the Cdc septins off of both Gináp and Cdc11p columns (Carrollet.

al, 1998; C. Carroll and D. Kellogg, unpublished data).

There are number of possible explanations for the discrepancies in our

findings. One attractive model that incorporated the available data is that Sep7p

serves a more specific function than the four Cdc septins in vegetative cells.

Studies to date suggest that Cdc2p, Cdc10p, Cdc11p, and Cdc12p function

throughout most of the cell cycle as a filamentous scaffold responsible for the

localization of proteins involved in bud site selection, cytokinesis, and chitin

deposition (Frazier et al., 1998; Longtine et al., 1998). The Cdc septins are also
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required for the switch from apical to isotropic bud growth at the onset of

mitosis (Carroll et al., 1998). This switch requires the activation of the Gin4p

kinase (Altman and Kellogg, 1998). Ginép is localized to the mother-bud neck in

a septin dependent manner (Longtine et al., 1998). In cdc12-6 cells at the non

permissive temperature, Gináp is no longer localized to the bud neck, and the

kinase is not activated (Carroll et al., 1998; Longtine et al., 1998). The simple

interpretation of these results is that the septins localize Ginép and other factors

involved in the apical to isotropic switch, and that loss of the Cdc septin scaffold

disrupts this process. We suggest that the role of Sep7p in the switch from apical

to isotropic growth may be more direct than that of the Cdc septins. In Sep7A

cells, all processes but the apical to isotropic switch appear normal, and the Cdc

septins purified from these cells are still capable of filament formation. The only

detectable defect in these cells is that Gináp does not become activated at mitosis.

These results are consistent with the hypothesis that Sep7p has a specific

function in the activation of Ginép, possibly by tethering Gin4p to the septin

scaffold where it co-localizes with other signaling components of the Clb2-Nap1

signaling pathway. This would explain why Sep7p is enriched on Gináp

columns, why sep7A cells exhibit specific defects in the apical to isotropic switch,

and why septin complexes purified from sep7A cells are capable of filament

formation. Determining whether septins form a number of complexes serving

distinct functions, and if individual proteins have unique functions, will be

essential in understanding the function of this protein family in cytokinesis and

other processes.
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APPENDIX THREE

Other Septin EM Studies
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The results of all septin EM studies performed during the course of this thesis are

summarized in Table A3-1. This appendix describes studies not found in other

chapters of this thesis.

I. cdc11 septin complexes are capable of forming long, paired filaments

Carroll et al. (1998) isolated a temperature sensitive allele of CDC11 in a

screen for mutations that form elongated buds at 37°C. cdc11 cells have multiple

elongated buds and fail to cytokinese after 6 hours at 37°C. We purified a

complex containing Cdc2p, Cdc10p, Cdc11p, and Cdc12p from cac11 cells grown

to log-phase at 23°C, and then shifted to 37°C for 6 hours (Figure A3-1A). The

Cdc11p purified from the cdc11 strain appears to migrate slightly faster than the

Cdc11p purified from wild-type cells, suggesting that this protein may contain a

nonsense mutation at the C-terminus. The Cdc2p in this preparation also

appears to have degraded, as there are a number of bands migrating faster than

Cdc2p that were recognized by the PVP antibody. This may indicate that in the

cdc11 complex Cdc2p is less stable.

By negative-stain EM, the cdc11 complex was observed to form long,

paired filaments after 30 minutes of dialysis in low salt buffer at 4°C (Figure A3-1

B,C) (Frazier et al., 1998). The cdc11 filaments are more crooked than those

formed by the wild-type septin complex. Interestingly, if the filaments were

assembled at 37°C, they appeared to straighten (data not shown). These results

suggest that the bud morphology and cytokinesis defects in cdc11 cells are not

the result of a defect in septin complex formation or filament assembly. It is

difficult to draw any conclusions, however, as the preparation of the cdc11 HSS,

and septin complex purification were performed at 4°C. It is possible that the

º
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TABLE A3–1

Strain Relevant Genotype Source Polymerization Figure

YEF473 a/o Wild-type Bi and Pringle, 1996 + 2-2

JAF18 a/o CDC3COIL+ This study + 3-6

ML439 O. GST-CDC3 Frazier et al., 1998 +/- A3–1

JAF25 a/o cac10A Frazier et al., 1998
-

2-5

ML424 O. GST-CDC10 Frazier et al., 1998
-

A3–1

ML1366 a/O. cdc11A Frazier et al., 1998
-

2-5

CC3 a cac11 Carroll et al., 1998 + A3–1

ML426 a GST-CDC11 Frazier et al., 1998 + 2-2

SY283 a cac12-6 Sanders and Herskowitz, 1996 - A3-1

ML437 a GST-CDC12 Frazier et al., 1998
-

N/A

RA24 a sep7A Carroll et al., 1998 + A2-2

RA4 aginAA Altman and Kellogg, 1997 +/- 4-4

DK214 aginAA; clb1A; Altman and Kellogg, 1997 +/- 4-5
clb3A;clb4A

DK216 aginA*; clb1A; Altman and Kellogg, 1997 +/- 4-6
clb3A; clb4A
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septin complex and filaments do not assemble at 37°C in cdc11 cells, but form

during procedures carried out at 4°C.

II. Septin complexes purified from cdc12-6 cells are not capable of
polymerization

cdc12-6 cells grown at 30 or 37°C, like cdc11 cells, exhibit defects in bud growth

and cytokinesis (Hartwell, 1971). The cdc12-6 allele has been used to establish the

role of the septins in localizing a number of proteins to the mother-bud neck,

including Bud3p (Chant et al., 1995), Bud4p (Sanders and Herskowitz, 1996),

Myolp (Lippincoptt and Li, 1998), Gináp (Longtine et al., 1998), and proteins

involved in chitin deposition (DeMarini et al., 1998). After 5 minutes at the non

permissive temperature, septin localization (as assayed by immunofluorescence

with antibodies to Cdc2p, Cdc10p, Cdc11p, and Cdc12p) and neck filaments (as

assayed by thin-section EM) are no longer observed at the mother bud neck in

cdc12-6 cells (Ford and Pringle, 1991, Kim et al., 1991; Longtine et al., 1996).

We purified the septin complex from cdc12-6 cells that were grown to log

phase at 23°C, and then shifted to 37°C for 3 hours. The septin complex purified

from these cells contained all four Cdc septins(Figure A3-1, D). This complex

was distinct from the wild-type complex in two ways. First, Cdc12-6p migrated

significantly faster than Cdc12p in the wild-type complex, suggesting that the

cdc12-6 mutation may be a nonsense mutation in the C-terminal domain of

CDC12. Second, similar to the cdc11 septin complex, Cdc2p appeared to be

somewhat degraded.

cdc12-6 septin complexes eluted in the presence of 1 M KCl elution buffer

and PVP peptide were visualized by negative stain. Short filaments up to
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approximately 90 nm were observed (Figure A3-1, E). These short septin

monomers were dialyzed into 75 mM KCl elution buffer for 30 minutes. Similar

to cqc10A or cdc11A septin complexes, polymerization of cdc12-6 septin

complexes could not be detected using negative stain EM or a more quantitative

sedimentation assay (Figure A3-1, D, F). These results suggest that cac12-6 septin

complexes are drastically perturbed in their polymerization behavior compared

with the wild-type septin complex. In combination with unpublished reports

that cac12-6 cells do not contain detectable neck filaments, these studies support

the hypothesis that the septins are the structural components of the neck

filaments. One discrepancy is that neck filaments are observed in cdc12-6 cells at

23°C, but cac12-6 septin complexes will not polymerize in low salt at 4°C. One

possible explanation is that the cdc12-6 mutation causes a charge repulsion

within the septin complex that is unmasked by raising the temperature in vivo or

lowering the salt in vitro.

III. GST-Cdc2p and GST-Cdc10p septin complexes exhibit polymerization
defects

Strains in which the endogenous septin has been replaced with an N-terminal

GST-septin fusion under the control of the GAL-promoter are capable of slow

growth at 23°C, but are inviable at higher temperatures (data not shown). These

GST-septin fusions were used to identify the components of the septin complex

(Frazier et al., 1998). In each strain an intact complex was formed, with the

appropriate septin shifted to a higher molecular weight, including the GST-CDC3

strain (data not shown). We dialyzed these GST-tagged septin complexes into 75

mM KCl elution buffer for 30 minutes to examine the effect of the GST tag on

* * * - i.
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septin polymerization as assayed by negative stain EM. As shown in Figure A3

1 G, the GST-Cdc2p complex can form filaments. The filaments, however, are

not long and paired like those observed in wild-type preparations (Frazier et al.,

1998). The GST-Cdc2p filaments that can be detected are not paired, have a

knobbier structure, and are often aggregated with other filaments. In fact, most

of the GST-Cdc2p preparation formed large aggregates. Such, large

proteinaceous aggregates were the only structures observed in the GST-Cdc10p

preparations after dialysis into low salt buffer (Figure A3-1, I). Similar results

were observed in GST-CDC12 septin preparations (data not shown).

Unlike the other GST-tagged septin complexes, complexes purified from

the GST-CDC11 strain formed filaments. These filaments appear to align

laterally to form striking paracrystalline arrays (Frazier et al., 1998). These arrays

have a periodicity of 32 nm, which is the same length of the septin monomer.

The assemblies formed by the GST-Cdc11p septin complex suggest the intriguing

possibility that Cdc11p may somehow be involved in the lateral interactions that

mediate filament pairing in wild-type septin preparations (Frazier et al., 1998).

Future studies on the organization of the septin complex should provide insight

into how the N-terminal GST tags on CDC3, CDC10, and CDC12 disrupt septin

filament assembly, but not septin complex formation.

º
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Figure A3-1. EM Characterization of septin mutant complexes. cdc11. 50 ug of

PVP antibody conjugated to Protein-A beads was incubated in 10 ml of cdc11

HSS for 2 h at 4°C using the method of Frazier et al. (1998). After 5 washes with

20 vol 75 mM KCl elution buffer, the column was eluted with PVP peptide in the

presence of 1M KCl elution buffer. (A) 20 ul of the column eluate after an

overnight incubation with PVP peptide in the presence of 1 M KCl, as analyzed

by SDS-PAGE and Coomassie blue staining. (B) The high salt eluate as

visualized by negative-stain EM. (C) Negative-stain EM of the cdc11 eluate after

30 min dialysis in 75 mM KCl buffer. cdc12-6. The cdc12-6 complex was purified

by the method described above. (D, E, F) Negative-stain EM and sedimentation

assays on the cdc12-6 septin complex. Low salt samples were prepared as

described previously (Frazier et al., 1998). After determining the conductivity

and protein concentration of the low salt sample, a corresponding high salt

sample was prepared by diluting an aliquot of PVP eluate 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 negative-stain EM,

whereas the rest was subjected to centrifugation (90,000 rpm for 20 min) and the

resulting supernatant (S) and pellet (P) were analyzed by SDS-PAGE, followed

by staining with Coomassie blue to quantitate the formation of longer

sedimentable polymers (n=2). GST-CDC3. (G) The GST-CDC3 complex as

visualized by negative-stain EM after 30 min dialysis in 75 mM KCl elution

buffer. GST-CDC10. (H) The GST-CDC10 septin complex as analyzed by SDS

PAGE and Commassie blue staining. (I) The GST-CDC10 septin complex as

visualized by negative-stain EM after 30 min of dialysis in 75 mM KCl elution

buffer. Bar, 100 nm.

.
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IV. Wild-type, cdc104, and cdc114 septin complexes visualized by quick

freeze/deep-etch EM in collaboration with John Heuser

Septin complexes purified from wild-type, cdc10A, or cdc11A strains were sent to

John Heuser (Washington University, Saint Louis) for analysis by quick

freeze/deep-etch EM. Briefly, samples prepared by this technique are adsorbed

to mica chips in the presence of elution buffer. The chips are then frozen, etched,

and rotary shadowed with platinum. We thought that this technique could

provide information on the structure of septin filaments not obtainable by

negative stain EM. Specifically, we were interested in determining if the

polymers we observe by negative stain, especially the wild-type filament pairs,

are artifacts of the dehydration that occurs during the negative staining

procedure. We thought that using this technique we may be able to determine if

the coiled-coil regions of septin polypeptides jut out from the monomer. Using

this technique, thin strands have been observed emanating from the sides of the

mammalian septin subunit (Hsu et al., 1998). Such a strand, which would be

difficult to detect using negative stain EM, could mediate the pairing observed

between wild-type septin filaments.

High salt preparations of wild-type septins observed by quick

freeze/deep-etch EM are consistent with data obtained by negative stain EM.

The monomer is approximately 32 nm long and 6 nm in diameter. More detailed

structure is difficult to discern, but the monomer appears to have an 8 mm

periodicity (Figure A3-2, Wild-type). Nothin strands were observed emanating

from the sides of the septin monomer. No structure was observed between the

long, filament pairs using this technique (data not shown).

*
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Using negative stain EM, we found that the cdc10A septin monomer was

around 26 nm in length (Frazier et al., 1998). Monomers were difficult to detect

in these preparations, and most of the protein appeared to be degraded.

Interestingly, the cdc10A monomers visualized by quick-freeze/deep-etch EM

were longer than those observed by negative stain (Figure A3-2, cdc10A),

measuring around 33 nm in length. Using this technique, cdc10A filaments

around 67 nm in length could also be observed. Filaments of this length are not

observed in negatively stained preparations, suggesting that these filaments may

be much more fragile and easily disrupted during negative staining procedures.

The data obtained using quick freeze/deep etch EM suggests that the cdc10A

complex may be capable of limited polymerization. No filaments could be

detected in low salt preparations using this technique, however, confirming that

these complexes are not capable of the polymerization exhibited by wild-type

septin complexes (data not shown).

Similar to what we have observed by negative stain EM, the cdc11A septin

complex varies in length in high salt preparations. Filaments were

predominantly 33 nm in length, but filaments with lengths of 8 nm and 16 nm

were also observed (Figure A3-2, cdc114). As was found in the cdc10A samples,

64 filaments were observed by quick-freeze/deep-etch EM. No filaments could

be detected in low salt preparations (data not shown).

º
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Figure A3-2. High salt preparations of wild-type, cdc10A, and cdc114 septin

complexes as visualized by quick-freeze/deep-etch EM. Top three rows: Wild

type. Middle two rows: cac10A. Bottom two rows: cac11A.
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MATERIALS AND METHODS

Septin Complex Purification

Yeast septin complexes were isolated from HSS of the indicated strain using a

peptide antibody to the 14 COOH-terminal amino acids of Cdc2p (PVP), as

described previously (Frazier et al., 1998). The strains used in this study are

listed in Table A3-1. The cdc11 strain was a gift of Doug Kellogg (U.C.S.C.), and

the cdc12-6 strain a gift of Sylvia Sanders (M.I.T).

Negative-stain Electron Microscopy

Negative stain EM was performed on purified samples as described in Frazier et

al. (1998). To examine short septin filaments, protein preparations were

adsorbed to the grid immediately after peptide elution (see above). To look at

septins under physiologic salt conditions, septin complexes were dialyzed

30 min into elution buffer containing 75 mM KCl before being adsorbed onto the

grid.

Quick-Freeze/Deep-Etch Electron Microscopy

Purified wild-type, cdc10A, or cdc11A in 75 mM or 1 M KCl elution buffer were

adsorbed to mica flakes and subjected to freeze drying and platinum replication

as previously described (Hsu et al., 1998).
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