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Abstract. We have isolated a cold-sensitive allele of
TUB2, the sole gene encoding $3-tubulin in S. cere-
visiae, that confers a specific defect in spindle
microtubule function. At 14°C, tub2-406 cells lack a
normal bipolar spindle but do assemble functional cy-
toplasmic microtubules. In an attempt to identify pro-
teins that are important for spindle assembly, we
screened for suppressors of the cold-sensitivity of
tub2-406 and obtained four alleles of a novel gene,
STUI. Genetic interactions between stul alleles and al-
leles of TUBI and TUB2 suggest that Stulp specifically

interacts with microtubules. STUI is essential for
growth and disruption of STUI causes defects in spin-
dle assembly that are similar to those produced by the
tub2-406 mutation. The nucleotide sequence of the
STUI gene predicts a protein product of 174 kD with
no significant similarity to known proteins. An epi-
tope-tagged Stulp colocalizes with microtubules in the
mitotic spindle of yeast. These results demonstrate
that Stulp is an essential component of the yeast mi-
totic spindle.

diated by the mitotic spindle, a complex bipolar
structure comprised of microtubules and associated
proteins. Spindle microtubules fall into two classes: kineto-
chore microtubules attach chromosomes to the poles, and
polar microtubules interdigitate with their counterparts from
the opposite spindle pole. Astral microtubules radiate away
from the mitotic spindle apparatus. Mitosis in the budding
yeast Saccharomyces cerevisiae is similar to that in higher
eukaryotes except in the former case, the nuclear envelope
remains intact throughout mitosis, and the yeast spindle
poles, called spindle pole bodies (SPBs),! are embedded in
the nuclear envelope (Byers, 1991). Therefore, astral micro-
tubules reside in the cytoplasm and remain compartmentally
separated from spindle microtubules in the nucleus.
Genetic approaches have led to the identification of several
microtubule-associated proteins in yeast. Six of these are
microtubule motor proteins including five kinesins (Meluh
and Rose, 1990; Hoyt et al., 1992; Lillie and Brown, 1992;
Roof et al., 1992) and one dynein heavy chain (Eschel et al.,
1993; Li et al., 1993). Three of the kinesins, Kar3p, Cin8p
and Kiplp, are important for mitotic spindle function. Cin8p
and Kiplp produce outward forces that operate on the spindle
poles during spindle assembly (Hoyt et al., 1992; Roof etal.,
1992). Kar3p is thought to exert a force that opposes the ac-

CHROMOSOME segregation in eukaryotic cells is me-
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tions of Cin8p and Kiplp (Saunders and Hoyt, 1992; Hoyt
et al., 1993). The roles of the other kinesins and dynein
heavy chain are not yet clear. A few non-motor microtubule-
associated proteins have also been found in yeast. Ciklp is
tightly associated with Kar3p and may serve to regulate the
cellular compartment in which Kar3p functions (Page and
Snyder, 1992; Page et al., 1994). Biklp localizes to the
mitotic spindle and cells lacking Biklp display defects in
microtubule assembly and microtubule-mediated functions
(Berlin et al., 1990). In addition, a 38- and a 50-kD protein,
identified by their affinity for tubulin in vitro, have been
shown to colocalize with both cytoplasmic and nuclear
microtubules (Barnes et al., 1992). The precise functions of
these proteins are as yet unknown.

Microtubules are polymers of the «-tubulin/g-tubulin
dimer. In S. cerevisiae, a-tubulin is encoded by two genes,
TUBI and TUB3 (Schatz et al., 1986), and S-tubulin is en-
coded by a single gene, TUB2 (Neff et al., 1983). A number
of conditional-lethal alleles of the TUB2 gene have been iso-
lated, and some of these display specific defects in cytoplas-
mic or spindle microtubule function (Thomas et al., 1985,
Huffaker et al., 1988; Sullivan and Huffaker, 1992; Reijo et
al., 1994). rub2 mutants that lack only cytoplasmic microtu-
bule function fail to orient the spindle in the mother-bud
neck (Sullivan and Huffaker, 1992). However, chromosome
segregation is unimpeded and occurs entirely within the
mother cell. Subsequent cytokinesis produces one cell with
two nuclei and one anucleate cell. The opposite effect is ob-
served in fub2 mutants that lack only spindle microtubule
function (Reijo et al., 1994). The spindle poles are moved
to the mother-bud neck, but chromosome segregation does
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not occur. These cells arrest with large buds and a single re-
gion of nuclear DNA at the bud neck.

In this report we describe a cold-sensitive allele of TUB2,
tub2-406, that causes a specific defect in spindle microtu-
bule function. To identify spindle-associated proteins, we
screened for second-site mutations that are able to suppress
the cold-sensitivity of rub2-406. This approach led to the dis-
covery of a novel protein, Stulp, that is an essential compo-
nent of the yeast mitotic spindle.

Materials and Methods

Yeast Strains and Media

The yeast strains used for these experiments are listed in Table I and are
essentially isogenic with the S288C background. YPD and SD media were
prepared as described by Sherman (1991). Sporulation medium was 0.3%
potassium acetate.

Isolation and Characterization of the tub2-406 Allele

A collection of 700 heat-sensitive and cold-sensitive yeast mutants gener-
ated by ethyl methane sulfonate mutagenesis was obtained from D. Botstein
(Stanford University, Stanford, CA). Cells were grown in YPD medium at
26°C to early log phase and subsequently shifted to the restrictive temper-
ature (4 h at 37°C for heat-sensitive strains, 16 h at 14°C for cold-sensitive
strains). Microtubules were visualized by immunofluorescence microscopy
(described below). One of the cold-sensitive mutants displayed defects in
spindle assembly as described in the Results. This mutant was backcrossed
twice to CUYI0, and cold-sensitivity segregated as a single genetic locus.
Complementation and linkage analysis revealed that cold-sensitivity was
caused by a mutation in TUB2. We designated this allele tub2-406.

The method for recovery of the chromosomal rub2-406 mutation on a
plasmid has been described (Thomas et al., 1985). The fub2-406 allele on
this plasmid, pDP80, was completely sequenced on one strand using oligo-
nucleotide primers and the USB Sequenase version 2.0 kit.

Table 1. Yeast Strains

Isolation of Spontaneous Suppressors of tub2-406

100 individual colonies (~10% cells per colony) of strain CUY393 were
each resuspended in 100 ul sterile water and spread onto separate YPD
plates. After incubation at 16°C for 10 d, colonies that arose were tested
for growth at 14°C for 5 d. To ensure independence of the suppressors, only
one cold-resistant colony from each plate was pursued. Each was mated to
CUY398 to determine if suppression was dominant or recessive at 14°C.
The resulting diploids were then sporulated, and tetrads were dissected to
determine if suppression segregated as a single locus, and if so, if the muta-
tions were intragenic (linked to the TUB2 locus) or extragenic. The extra-
genic mutations were placed into two linkage groups by crossing the sup-
pressors in all pairwise combinations. To determine if either loci was TUB/
or TUB3, one or two strains from each linkage group were crossed to
DPY133 and DPY134. For all genetic crosses, we dissected at least 11
tetrads, and we defined genes as “tightly linked” if no recombinants (i.e.,
all parental ditypes) were observed.

Allele Specificity

The stul-1 and stul-2 alleles were crossed into 15 strains containing the fol-
lowing cold-sensitive fub2 alleles: tub2-104, tub2-120, tub2-209, tub2-401,
tub2-402, ub2-403, tub2-404, tub2-407, tub2-412, tub2-418, tub2-423,
tub2-429, tub2-434, tub2-445, and rub2-451 (Thomas et al., 1985; Huffaker
et al., 1988; Reijo et al., 1994). For each diploid, either the TUB2 or the
closely linked ACTI chromosomal locus was marked with URA3. The
diploids were sporulated and tetrads dissected. Haploid segregants were
scored for cold-sensitivity and uracil auxotrophy.

Cloning and Sequencing STU1

The STU! gene was cloned by complementation of the stul-l suppressor
phenotype. CUY529 was transformed with a yeast genomic library con-
structed in the URA3 YCp50 vector (Rose et al., 1987). One of the Ura*
transformants failed to grow at 14°C. The plasmid recovered from this
strain, pDP1, was able to complement both the stul-I and stul-2 mutations;
CUY529 and CUY535 containing pDP1 failed to grow at 14°C. Subclones
and Exolll nested deletions of the 11.5-kb insert localized the complement-
ing activity to a 5-kb region. To confirm that the STUI gene had been
cloned, a 3.5-kb EcoRI fragment outside the complementing region was

Strain Genotype

CuUY10 MATa his4-539 lys2-801 ura3-52

CUY392 MATo tub2-406 his4 ura3-52

CUY393 MATa tub2-406 his4 ura3-52

CUY398 MATa tub2-406 ACTI::URA3::AACTI his4 lys2-801 ura3-52

CUYS18 MATa/MATa tub2-406/tub2-406 stul-1/STUI ACTI::URA3::AACT1/ACT his4/his4 lys2-801/LYS2 ura3-52/ura3-52
CUY523 MATa/MATa tub2-406/tub2-406 tubl-108/TUBI ACT1::URA3::AACTI/ACTI his4/his4 lys2-801/LYS2 ura3-52/ura3-52
CuUYs27 MATo tub2-406 stul-3 ACTI::URA3::AACTI his4 ura3-52

CuUYS529 MATa tub2-406 stul-1 his4 ura3-52

CUYS530 MATo tub2-406 stul-1 ACTI1::URA3::AACT! his4 ura3-52

CUYS531 MATa tub2-406 tubl-107 his4 lys2-801 ura3-52

CUY533 MATa tub2-406 stul-4 ACTI::URA3::AACTI his4 lys2-801 ura3-52

CUYS535 MATa tub2-406 stul-2 his4 ura3-52

CUY536 MATo tub2-406 stul-2 ACTI::URA3::AACTI his4 lys2-801 ura3-52

CUY538 MATo tub2-406 tubl-108 his4 ura3-52

CUY540 MATa/MATa tub2-406/tub2-406 stul-1/STU1 tubl-108/TUBI his4/his4 ura3-52/ura3-52

CUY544 MATa/MATo tub2-406/tub2-406 his4/his4 ura3-52/ura3-52

CUYS545 MATa/MATo tub2-406/tub2-406 cdcl6-1/cdcl6-1 his4/his4 ura3-52/URA3

CUY546 MATa/MATo ade2/ADE2 his3-A200/his3-A200 leu2-3,112/leu2-3,112 ura3-52/ura3-52

CUYS547 MATa/MATo stul-Al::HIS3/STUI ade2/ADE2 his3-A200/his3-A200 leu2-3,112/ leu2-3,112 ura3-52/ura3-52
CUY548 MATa stul-Al::HIS3 ade2 his3-A200 leu2-3,112 ura3-52 (pDP66 - CEN URA3 STUI)

CUYS549 MATa stul-Al::HIS3 ade2 his3-A200 leu2-3,112 ura3-52 (pDP79 - CEN URA3 STUI::HA;)

CUYS573 MATo stul-Al::HIS3 ade2 his3-A200 leu2-3,112 ura3-52 (pDP83 - 2 um URA3 STUI::HA3)

CUY574 MATw stul-Al::HIS3 ade2 his3-A200 leu2-3,112 ura3-52 (pDP85 - 2 um URA3 STUI)

DPY133 MATe tub2-406 TUBI::URA3::ATUBI his3-A200 lys2-801

DPY134 MATo tub2-406 TUB3::URA3::TUB3 ade2 leu2-3,112 his3-200 ura3-52
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subcloned into the URA3 integrating plasmid, pRS306 (Sikorski and Hieter,
1989), to make plasmid pDP2. BamHI was used to cut pDP2 once within
the insert and once within the plasmid multiple cloning site. The resulting
DNA fragment was transformed into CUY529 and CUY535. Ura* trans-
formants of both strains were crossed to CUY392, and tetrads were dis-
sected. In both cases, only parental genotypes were obtained; for each
tetrad, two spores were Ura® and cold-resistant, and two spores were Ura™
and cold-sensitive. To physically map the STU! gene, an 800-bp EcoRI frag-
ment from the genomic insert of pDP1 was used to probe lambda phage con-
taining overlapping clones of yeast genomic DNA (Riles et al., 1993). The
probe hybridized to overlapping clones, ATCC numbers 70689 and 70851,
corresponding to the left arm of chromosome II. The nearest mapped gene
is ILSI on clone number 70323.

To sequence STUI, the following fragments (see Fig. 6) were subcloned
from pDP1 into their corresponding sites in the CEN-based pRS416 vector
(Sikorski and Hieter, 1989): the 4.4-kb Clal fragment (pDP5), the 4.7-kb
Xbal fragment (pDP6), the 8.0-kb Kpnl fragment (pDP13), the 1.4-kb
Xbal-Sacl fragment (pDP67), and the 0.9-kb KpnI-Clal fragment (pDP71).
Exolll nuclease was used to construct a series of nested deletions from ei-
ther one or both ends of these subcloned fragments. Both strands of the
STUI gene were sequenced using the USB Sequenase Version 2.0 kit and
double-stranded templates. The nucleotide sequence and the predicted pro-
tein sequence were analyzed using the Genetics Computer Group (Devereux
et al., 1984) software.

Disruption of STU1

The STUI gene was disrupted by the one-step gene replacement method
(Rothstein, 1991). The 8-kb genomic BamHI fragment containing the STUJ
locus was cloned into the BamHI site of pRS416 to create pDP11 (see Fig.
6). Unidirectional Exolll digestion from the downstream BamHI site of
pDP11 was used to delete most of the 3' noncoding region and remove the
two downstream Clal sites. The resulting plasmid, pDP21, contains the en-
tire STUI gene and ~+65 bp past the putative stop codon. The upstream mul-
tiple cloning site of pDP21 was modified by removing the BamHI, Xbal,
Spel and Notl sites; the plasmid was cleaved at the unique sites BamHI and
Notl, treated with Klenow to generate blunt ends, and religated. The result-
ing plasmid, pDP65, was cleaved at the unique Clal site within STU! and
blunt ends were generated with Klenow. The plasmid was then cleaved at
the unique Xbal site within STU! and an Xbal-blunt end fragment contain-
ing the HIS3 gene was ligated therein. In the resulting plasmid, pDP69, a
2.5-kb internal STUI fragment is replaced with the 1.4-kb HIS3 gene. This
construct deletes STUI sequences encoding amino acids 175-997 and is re-
ferred to as stul-Al::HIS3. A 2.9-kb fragment containing stul-Al:: HIS3 was
liberated from pDP69 by digestion with EcoRI and Sacll, gel purified, and
transformed into a wild-type diploid strain CUY546.

To analyze the phenotype of cells carrying the sad-Al::HIS3 deletion,
CUY547 was sporulated in 0.3% potassium acetate for 3 d, at which point
>80% sporulation was observed. To break the asci, cells were incubated
in 100 pg/ml Zymolyase 100T (ICN Biomedicals, Inc., Costa Mesa, CA)
in 23 mM B-mercaptoethanol for 1 h at 37°C, resuspended in 1.5% NP-40
and sonicated briefly. The cells were then resuspended in sterile water and
sonicated again. Microscopic examination revealed that 86% of the cells
were single, free spores; 7% were either associated as a diad, triad, or
tetrad; and 7% were apparently unsporulated diploids that had resisted
spheroplasting, detergent, and sonication. The cells were then added to
YPD and incubated at 30°C with vigorous shaking for 7 h. At this point,
the cells were fixed with formaldehyde and processed for immunofiuores-
cence as described below.

Epitope Tagging Stulp

DNA encoding three copies of the influenza hemagglutinin (HA) epitope
was cloned into the STUI gene to generate the STUI::HA; construct. The
plasmid GTEPI (from B. Futcher, Cold Spring Harbor Laboratory, NY)
contains a DNA fragment encoding three adjacent copies of the HA epitope
cloned into the NotI site in the polylinker of pBluescript II SK- (Stratagene,
La Jolla, CA). To isolate this fragment, GTEPI was digested with Sacl and
the 3' overhang was converted to a blunt-end with T4 DNA polymerase. A
10-bp linker containing the Xbal recognition site was ligated to the blunt
end. The plasmid was then digested with Xbal to cleave in the linker and
at the Xbal site of the Bluescript polylinker, liberating a 138-bp fragment
containing the HA; tag. This fragment was then ligated in frame into the
Xbal site of pDP6S, corresponding to amino acid residue 997 of Stulp. Plas-
mids from E. coli transformants were screened for correct orientation of the
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insert using appropriate restriction enzymes. One such plasmid, pDP79,
was transformed into yeast diploid strain CUY547 (stul-Al::HIS3/STUI).
Transformants were sporulated and tetrads were dissected. In tetrads with
four viable spores, the two His* spores were always Ura*, indicating that
the plasmid containing STUI::HA; complements the srul-Al::HIS3 disrup-
tion. Furthermore, His*Ura* spores were unable to grow on media con-
taining 5-fluoroorotic acid (Boeke et al., 1984), indicating that maintenance
of plasmid pDP79 is essential for viability. To express the STUI::HA; gene
from a 2-um plasmid, the 5.5-kb Kpnl fragment from pDP79 that contains
the entire STUI::HA; construct was subcloned into the Kpnl site of pRS426
(Christianson et al., 1992). The resulting plasmid, pDP83, was transformed
into CUY547. Tetrad analysis demonstrated that STUI::HA; on a 2-um
plasmid also complements the stul-Al::HIS3 disruption, and maintenance
of pDP83 is essential for viability.

Immunofluorescence Microscopy

To visualize microtubules, cells were fixed at their last growth temperature
by adding formaldehyde to a final concentration of 3.7% and incubating at
this temperature for ~2 h. To visualize SPBs, cells were fixed as described
for only 20 min as the SPB antigen is sensitive to formaldehyde fixation.
To visualize both microtubules and the HA epitope, cells were fixed for 25
min at 30°C to maintain the integrity of the formaldehyde-sensitive HA epi-
tope and to satisfactorily preserve microtubule structures. Fixed cells were
then spheroplasted with 25 pg/ml Zymolyase 100T in 1.2 M sorbitol, 0.1 M
potassium phosphate, pH 7.5, and 20 mM B-mercaptoethanol at 37°C for
30 min. Spheroplasts were labeled for immunofluoresence as described
previously (Kilmartin and Adams, 1984). Rat monoclonal anti-yeast-a-
tubulin antibody, YOL1/34 (Kilmartin et al., 1982), and a pool of mouse
monoclonal antibodies against the 90-kD component of the yeast SPB (Rout
and Kilmartin, 1990) were gifts from John Kilmartin (Medical Research
Council, Cambridge, UK). Rabbit anti-S-tubulin polyclonal antibody 206
(Bond et al., 1986) was a gift from E Solomon (Massachusetts Institute of
Technology, Cambridge, MA). Mouse monoclonal antibody 12CAS which
recognizes the HA epitope (Wilson et al., 1984) was obtained from Berke-
ley Antibody Co. (Berkeley, CA). Fluorescein-conjugated goat anti-rat,
rabbit anti-mouse, and goat anti-mouse antibodies and rhodamine-conju-
gated goat anti-rabbit antibodies were obtained from Cappel Research
Products (Durham, NC). Before labeling the HA tag, both mAb 12CAS and
fluorescein goat anti-mouse antibodies were preadsorbed with wild-type
fixed yeast spheroplasts overnight at 4°C. Cellular DNA was visualized by
incubating spheroplasts in 1 pg/ml 4',6'-diamidino-2-phenylindole (DAPI)
for 5 min. For quantitation of phenotypes observed by indirect immuno-
fluorescence, at least 200 cells were counted.

Electron Microscopy

Electron microscopy was performed as described by Byers and Goetsch
(1991).

Results

tub2-406 Cells Are Defective in Spindle Assembly

We screened a collection of 700 conditional-lethal mutants
by immunofluorescence microscopy for defects in mitotic
spindle formation (see Materials and Methods). This screen
identified one new cold-sensitive allele of TUB2 that we
designated rub2-406. This allele contains a single point mu-
tation, a guanine to adenine transition in the first position of
codon 100, that results in a valine to methionine amino acid
substitution. At 30°C, the doubling time of tub2-406 cells is
the same as that of wild-type cells. However, tub2-406 cells
fail to grow at temperatures below 18°C. Like many other
cold-sensitive rub2 mutants (Thomas et al., 1985; Huffaker
et al., 1988; Reijo et al., 1994), rub2-406 cells display a mi-
totic cell cycle arrest at the nonpermissive temperature.
When asynchronous cultures of rub2-406 homozygous
diploid cells were shifted to 14°C for 15 h (about two genera-
tion times for wild-type cells at this temperature), 98% of
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the cells arrested uniformly with large buds and unsegre-
gated DNA located at the mother-bud neck (Fig. 1 ¢). Thus,
the mutation blocks chromosome separation, but not nuclear
migration.

We visualized microtubules in mub2-406 cells by immu-
nofluorescence microscopy. At the permissive temperature,
tub2-406 cells assembled metaphase microtubule arrays that
resembled those observed in wild-type cells (Kilmartin and
Adams, 1984). These cells contained brightly staining short
intranuclear spindles with weaker staining cytoplasmic mi-
crotubules extending from each spindle pole (Fig. 1 b, cell
at left). At 14°C, however, tub2-406 cells lacked a typical
short spindle (Fig. 1 d). Instead, these cells contained either
two closely apposed bright dots or a single elongated bright
spot of staining coincident with nuclear DNA. The intensity
and location of these bright staining structures suggested that
they represented nuclear microtubules. However, the length
of these structures was less than that of a normal short spin-
dle. All cells possessed cytoplasmic microtubules that ex-
tended from the area of bright staining into both the mother
cell and bud. The cytoplasmic microtubules were longer and
more numerous than those in wild-type cells. Thus, tub2-
406 cells failed to assemble normal short spindles but were
capable of assembling extensive cytoplasmic microtubules at
the nonpermissive temperature.

We observed two discrete dots of microtubule staining in
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some of the ub2-406 cells at 14°C, suggesting that these
cells contained duplicated and separated SPBs. To determine
if this was indeed the case, we stained cells with an antibody
specific for SPBs. In 98% of the cells, we could distinguish
two separated dots of staining, confirming that the SPBs had
separated to some extent (Fig. 1, e and f). However, the
distance between SPBs in rub2-406 cells appeared to be
significantly less than the length of a normal short spindle.
To more accurately determine this distance, we used electron
microscopy and examined seven diploid rub2-406 cells for
which we could observe both SPBs in a single thin section.
In four of these cells, the SPBs were located on opposite
sides of the nuclear membrane (Fig. 2, b and c); the average
distance between the SPB midpoints was 673 nm (SEM =
61 nm). This value is about 60% of the distance between
separated SPBs in diploid cells with normal short spindles
(Jacobs et al., 1988; see data on cdcl6-1 arrested diploids be-
low). Microtubules extended from these SPBs into the nu-
cleus, but neither the microtubules nor SPBs were organized
into the antiparallel bipolar array characteristic of short
spindles. Instead the microtubules splayed outward from the
SPBs, and the SPBs did not directly face one another. In
the other three cells, the SPBs were separated but resided on
the same side of the nuclear membrane (Fig. 2 a). The aver-
age distance between these SPB midpoints was 821 nm
(SEM = 84 nm). These cells also contained splayed

Figure 1. Phenotype of tub2-
406 cells at the permissive and
nonpermissive temperatures.
tub2-406 homozygous diploid
cells (CUY544) were grown
at 30°C (a and b) and shifted
to 14°C for 15 h (c-f). DAPI
staining of cellular DNA (a,
¢, and €). Immunofiuorescence
microscopy of cells labeled
with a-tubulin-specific anti-
body (b and d) and a SPB-
specific antibody (f). Bar,
5 pm.
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Figure 2. Electron micrographs of tub2-406 cells at the nonpermis-
sive temperature. fub2-406 homozygous diploid cells (CUY544)
were grown at 30°C and shifted to 14°C for 16 h. Arrows point to
the SPBs in each cell. Bar, 0.5 um.

Pasqualone and Huffaker Stulp Is a Component of the Yeast Spindle

microtubules that did not align with microtubules from the
opposite pole. We did not observe side-by-side SPBs in this
mutant.

The tub2-406 Mutation Causes Collapse
of Short Spindles

We used a tub2-406 cdcl6-1 homozygous diploid to examine
the effect of the tub2-406 mutation on the stability of short
spindles. Cells containing the cdc-16-1 mutation are heat-
sensitive and arrest prior to anaphase at 37°C; a tub2-406
cdcl6-1 double mutant is both cold and heat sensitive. When
an asynchronous population of wub2-406 cdcl6-1 cells was
shifted from 26 to 37°C for 4 h, the cells arrested uniformly
with short spindles characteristic of the cdcl/6-1 phenotype
(Fig. 3, a and b). The average length of spindles in three of
these cells was 1.10 um (SEM = 0.16 um) as determined by
electron microscopy (Fig. 4 a). When these 37°C-arrested
cells were subsequently shifted to 14°C for 30 min, the spin-
dles collapsed into the abnormally short length characteris-
tic of tub2-406 single mutants, and likewise, the cytoplasmic
microtubules lengthened (Fig. 3, ¢ and d). We examined 14
of these latter cells by electron microscopy. In all cells, the
SPBs remained on opposite sides of the nuclear membrane
but were drawn into close proximity in the region of the
mother-bud neck (Fig. 4 b). The average distance between
the SPB midpoints was 628 nm (SEM = 52 nm), similar to
the distance between SPBs on opposite sides of the nuclear
membrane in the rub2-406 single mutant. Side-by-side SPB
configurations were not observed, nor were separated SPBs
on the same side of the nuclear membrane. Taken together,
these observations indicate that the rub2-406 mutation causes
partial collapse of preformed mitotic spindles.

Identification and Genetic Characterization of STUI

To isolate spontaneous suppressors to tub2-406, we plated
CUY393 cells at 16°C. Cold-resistant colonies arose at a fre-
quency of ~107¢. Twenty-six independent mutants grew at
wild-type rates at 14°C and were further characterized. For
11 of these mutants, suppression segregated as a single gene

Figure 3. Microtubules in the

tub2-406  cdcl6-1  double
mutant. tub2-406 cdcl6-1
homozygous diploid cells

(CUY545) were grown at
30°C, shifted to 37°C for4 h
(a and b), and subsequently
shifted to 14°C for 30 min (¢
and d). Cells were stained
with DAPI (a and ¢) and
a-tubulin-specific  antibody
(b and d). Bar, 5 um.
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Figure 4. Electron micrographs of tub2-406 cdcl6-1 double mutant
cells. rub2-406 cdcl6-1 homozygous diploid cells (CUY545) were
grown at 30°C, shifted to 37°C for 5 h (a), and subsequently shifted
to 14°C for 30 min (b). Arrows point to the SPBs in each cell. Bar,
0.5 pm. :

mutation in backcrosses to a tub2-406 strain. Five of these
mutations were tightly linked to the TUB2 locus and as-
sumed to be intragenic suppressors. Two of the mutations
were tightly linked to TUBI, the gene that encodes one of the
two yeast a-tubulins. The remaining four mutations were
tightly linked to one another. These latter mutations were
recessive for suppression of tub2-406 and failed to comple-
ment one other for this phenotype. We conclude that these
four mutations identify a single gene that we have named
STUI (for suppressor of tubulin). None of the st/ alleles
conferred a conditional-lethal phenotype in either a tub2-406
or TUB2 background.

To test for genetic interactions between stul*# and other
tub2 alleles, we constructed haploid yeast strains containing
either stul-I or stul-2 and one of 15 other cold-sensitive fub2
alleles (see Materials and Methods). stul-I and stul-2 sup-
pressed the cold-sensitivity of mb2-423, and stul-l sup-
pressed the cold-sensitivity of tub2-434. None of the other
13 wub2 alleles were suppressed by either suds allele.
Thus, suppression by stul-I and stul-2 was allele specific. In
addition, the double mutant yeast strains, stul-2 tub2-401,
stul-2 tub2-403, and stul-2 tub2-104 were inviable at 30°C.
At this temperature, yeast strains carrying any one of these
alleles grew at wild-type rates. Thus, lethality results from
the combination of two unlinked alleles, a phenomenon re-
ferred to as “synthetic lethality.”

We have also observed genetic interactions between
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TUB2 - - -/-

STUI - - -/ +

TUBI - - +/+
CUY392 CUY529 CUY518

'1

CUY538  CUY523  CUYS540 CUY10
TUB2 - -/ - -/- +
STUI + +/+ _/+ +
TUBI - —/+ —/+ +

Figure 5. Unlinked noncomplementation of the stul-I and tubl-108
alleles. Strains were spotted at low density onto YPD plates and
incubated at 14°C for 5.5 days. “+” indicates the TUB2, STUI, or
TUBI wild-type alleles; “—” indicates the tub2-406, stul-1, or tubl-
108 mutant alleles. Note that strain CUY540 can grow at 14°C, in-
dicating that the stul-l and tubl-108 suppressor alleles fail to com-
plement each other.

stul*+ and tubl* alleles. All of the stuls* alleles and one of
tublw alleles, tubl-108, are recessive suppressors. In other
words, stul=»/STUI tub2-406/tub2-406 and tubl-108/ TUB!
tub2-406/tub2-406 diploids are cold-sensitive. Nonetheless,
each of the stul*» alleles failed to complement the tubl-108
allele for suppression of ub2-406. For example, a diploid
strain made by mating a tub2-406 stul-1 haploid and a rub2-
406 tubl-108 haploid grew at 14°C although the diploid con-
tained a wild-type copy of both STUI and TUBI (Fig. 5).
Thus, these alleles display unlinked noncomplementation.

STUI Encodes a Novel Gene

The wild-type STUI gene was cloned by complementation of
the stul-l1 suppression phenotype. A yeast genomic library
was transformed into CUY529 (stul-1, tub2-406) and trans-
formants were screened for plasmid dependent cold-sensi-
tivity. One plasmid, pDPI1, with an 11.5-kb insert was recov-
ered. Genomic DNA from this insert directed integration of
a URA3 marker to the STUI locus, confirming that the clone
contains the actual STU! gene. The STUI gene maps to the
left arm of chromosome II, near ILS! (see Materials and
Methods).

The complementing activity of pDP1 was localized to a
5-kb region (Fig. 6). This fragment contains a single 4,539-
bp open reading frame that potentially encodes a 1,513-
amino acid, 174-kD protein (Fig. 7). The predicted protein
sequence showed no significant homology to any known pro-
teins using either the BLAST (Altschul et al., 1990) or
FASTA (Pearson and Lipman, 1988) database searches. We
also divided the protein sequence into six 250-amino acid
segments but none of these segments showed any significant
similarly to known proteins. In addition, no matches were
found with any protein motif patterns in the PROSITE data-
base (Bairoch, 1992).

STUI Is an Essential Gene Required for
Spindle Assembly

To determine if the STUI gene product performs an essential
function, we replaced the STUI sequence encoding amino
acids 175-997 with a DNA fragment containing the HIS3
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Figure 6. STUI subclones and
plasmid constructs. (a) The
top bar represents the insert of
pDP1 which complements the
stul-1 allele. The STUI open
reading frame is depicted by

sSB X B K AC X Ez2ces ¢ B K B CE the solid arrow. Plasmids were
H—t-t+—t+—t+—tt constructed by subcloning re-

striction fragments into CEN-

- — pDP16 based shuttle vectors and by
subjecting subclones to Exolll

+ PDP13  puclease digestion. Plasmid
+ pDP11  names are shown on the right
+ pDP14 (see Materials and Methods).
Left, indicates whether each

- pDP15 plasmid could (+) or could
- pDP6 not (—) complement the srul-
+ pDp21  allele. Restriction sites used
- DP22 for subcloning are shown: 4,
p Sacll; B, BamHI; C, Clal; E,

- pDPS EcoRI; K, Kpnl; S, Sall; X,
Xbal; Z, Sacl. (b) The STU!

gene was disrupted by remov-

B K AC X E ing the 2.5-kb Clal-Xbal frag-

b "—'_\M, ment and replacing it with a
‘E}' 1kb 1.4-kb fragment containing

C B K AC X E
HA3

gene. This construct was transformed into wild-type His-
diploids. Southern blotting of DNA from two independent
His* transformants confirmed that one copy of the STU!
gene was disrupted by HIS3 in each case (data not shown).
These transformants were sporulated and 22 tetrads were
dissected. All tetrads contained two His~ spores that were
able to form colonies and two spores that were unable to
form colonies, demonstrating that STU! is an essential gene
(Fig. 8 a). Cells arising from the stul-Al::HIS3 spores were
separated and examined under a dissecting microscope. In
each case, we observed two to four large-budded cells, indi-
cating that the stul-Al::HIS3 spores were able to germinate
and undergo one to two cell divisions. The ability of stul-
Al::HIS3 cells to proceed through one or two cell divisions
may be attributable to the presence of wild-type Stulp that
the spores inherited from their heterozygous diploid parent.
Only after this supply of Stulp has been degraded or diluted
during cell growth do the cells arrest. The observation that
all spores ultimately arrested growth with large buds is con-
sistent with Stulp having an essential role in mitosis.

We further examined the arrest phenotype of cells contain-
ing the STUI disruption by microtubule immunofluores-
cence. stul-Al::HIS3/STUI (CUY547) diploids were sporu-
lated. The spores, which were an equal mixture of wild-type
and stul-Al::HIS3 spores, were isolated and incubated at
30°C (see Materials and Methods). Preliminary experiments
indicated that 7 h was sufficient time for most wild-type
spores to germinate and complete one cell cycle. At this
time, cells were fixed and processed for immunofluores-
cence. About 35% of the cells were large-budded, and of
these, 60% were phenotypically wild type. The remaining
40% contained undivided DNA at the mother-bud neck,
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the HIS3 gene. (c) A 138-bp
fragment encoding the triple
HA tag was inserted into the
Xbal site; the reading frame
was maintained.

suggesting a cell cycle arrest. The microtubule arrays in
these latter cells appeared identical to those observed by im-
munofluorescence in tub2-406 cells (Fig. 8, b-d). The cells
contained a short bright staining structure coincident with
the nuclear DNA but lacked a typical bipolar spindle. Ex-
tending from this bright structure were unusually long and
numerous cytoplasmic microtubules. This phenotype must
be due to the stul-Al::HIS3 disruption because similar mi-
crotubule arrays were never observed in wild-type cells.

Although 40% of the large-budded cells displayed the mu-
tant phenotype, this figure represented only 15% of the total
cell population. Because stul-Al::HIS3 spores comprised
half of the population before germination, one would expect
up to 50% of the cells to show the mutant phenotype if the
spores had germinated synchronously and the stul-Al::HIS3
cells had arrested uniformly in the first cell cycle. However,
the spores did not germinate synchronously, as indicated by
the fact that only 35% of the cells were large-budded. More-
over, tetrad analysis (see above) showed that saul-Al::HIS3
spores generally undergo one or two cell divisions before ar-
resting. Therefore, we anticipated that a significant fraction
of stul-Al:: HIS3 cells would not display the arrest phenotype
in this experiment.

Stulp Colocalizes with the Mitotic Spindle

We used immunofluorescence microscopy to investigate the
cellular location of Stulp. We tagged Stulp with three copies
of the influenza HA epitope which is recognized by the mono-
clonal antibody 12CAS (Wilson et al., 1984). The DNA
fragment encoding the triple HA epitope was inserted within
the coding region of STU! such that the open reading frame
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-467 ATACACTGGACMACTCCAGI‘GAAGGCATAGACTCCAAGGAGATAGMGGTTATCTCAGGACCAAGATAGMAGAATGGG'I‘CATI"I‘ACI‘AACGGAGCCTCPGAMCTT -360
-359 CATACAAACCCTCAACCTACTGAGACAAGTGAAGCCCAAAACCAAAACCGTATGAACTCTGCGTTGTCATCAACATCGACGCTGGCAATATAAACACAAGTGTAGCAT -252
-251 MTTATTAGTACATATAGTGC'P’I"I'I"I‘TTGTAATGAAACGAAAATACCATGTTATT'I'I‘M’ICCG’ITACCCCGTCGGCGCGTATT&CGCATTMCATCTTTATAGAAM ~-144
-143 TCAAATTATTTACTTATTTATTCTAAAACGCTAAACATCTATTTATTTACATTTGAGGTTGAAACT PCCCTTCATCCGATTGACAGGCATATT TAGCGGTAATTATTA -36
-35 GGG’I'I'TTTGGAGAGACC’I‘TGTAT'KZTTCAGAAATAATGTCGTCC‘I‘TCAACAATGAGACCMTMTMCAGCAACACPAATACACATCCAGACGAT’PCCT'DCCC'I'I‘TGT 73
~11 M 5 S F NN ETNNNSNTNTMHUP DD S F P L Y 25
74 ATACCGTATTCAAGGACGAGI‘CTG'I‘ACCCATCGAGGAAAAAATGGCACI‘GCTTACACGGTTCAAAGGACATGI‘AAAAMGGAACTAG'I'I'AACGAATCGTCGATCCAAG 181
26 TVF‘KDBSVPIBEKHALLTRFKGHVKKBLVNESSIQA61
182 CTTATTTCGCTGCG’I‘TACTGI‘TCATCTCCGGCCATTACGCTTACCGTTCGTACCCGCGG’I'I‘AA'IC’I"I‘CCTATCACATTCC'I‘CGC'I"I‘TGI‘TACCTTATCMACGTGTGG 289
62 Y FAALIULTFTISGHYAYRSYPRTULTIFTLSUHSSULCYTULTITZ KT RUVYVA 97
290 CCA’ICCAGI‘CTCCAGTACAAT'I‘CAATGACAC'I‘C'I‘AC-TTGAGCAATTAC’I'AAACCA(.'PTM’I"PTTCGAGI"I‘GCCTMTGAGAAGMAT’ITTGGCTGGCTTCCATTAAAG 397
98 M Q s PV QF NDTULVEGQLTZLNU HLTITF FTETLTUPNTETZKT KT FWTLATZSTIIK K A 133
398 CCATTGAAGCCATTTATTTGGTTAATCCATCGAAGATCCAAGCTAT TCTAGCAAATTTCTTGCGAAGACCAAGTGAAAACCAAAACGGAGATTACCTGAATAGGATAA 505
134 I EA I Y LV NUP S KTIOQATITULANTFTULURZRTZPSTENU QNGTDTYULNT RTIK 169
506 AATCTACATTATTGACCATCGATGAGT TGATCCAGATCAACGAGAAAAATAATTCAAATCATTTGCAACTACTGAGGTTTTTCATGCTGTCTTTCACCAACCTTTTAA 613
170 $ T L LT TIDETULTIUGQTINEIZ KU NNS® NI HTLUOLTILIRTPEFTFMMILSTFTHUNTILTL N 205
614 ATAACAACCTAAATGAACACGCAAACGATGATAACAATAATGTAATAATAGAGCTTATTTTCGATATAATGTACAAGTATTTGAAAATGCATGACGAAAATTCACAGS 721
206 NNLNEHANDDNNNVIIELIPDIHYK‘[LKHDDBNSQD241
722 ATCTGATAGATGGATTTATTAACGATTTAGAAGTTGAGAAATTCAAGCAAAAATTCATAAGTTTAGCAAAGTCACAGGACCAGCATGGTTCACAAGAAGATAAATCGA 829
242 L I DGVPF INUDTULTEVEI KT FI KU QI KT FTISLAIKTSQ@D G QHTGSOQETDTKST 277
830 CCTTGTTTGACGAAGAGTACGAGTTTCAATTACTATTAGCCGAAGCGARAT TGCCGCAGTTATCAAACAACTTGAGCAGTAAAGACCCAGCGATCAAAAAAAACTATG 937
278 L FDEEYZ ETFQLULTULAEAIZKTLUPO QLS SNNTILGSSI KUDUPA AMTE KT KNTYE 313
938 AGTCTTTGAACCAATTACAACAAGACTTGGAGAATTTGTTGGCACCGTTCCAAAGTGTAAAGGAAACAGAACAAAATTGGAAGCTAAGGCAATCAAATATAATTGAAT 1045
314 §$ L N QL Q QDULENILULATPTFOQSVEKETET GQNUWIE KTLT RUGOQSNUNTITITETL 349
1046 TAGACAACATTATATCCGGCAACATTCCCAAAGATAATCCAGAGGAATTTGTCACTGTAATAAAGGAGGTGCAGTTGATTGAGTTGATTTCAAGAGCTACCTCGTCGT 1153
350 D NI I S GNTIUPIKUDWNKZPETETFUVTVIIKTEVSGQELTITETLTISU RIATS S L 385
1154 TGAGGACAACGTTATCATTAACTGCATTACTTTTCCTCAAGAGGCTAATCCATATCCTAAACGATCAGTTGCCCCTATCAATATTGGACCAAATATTTGTCATTTTCA 1261
386 R TTUL $L T AULULTFULI KA RILTIUHBTITULNDI G QL PULSIULDOQTIUFV I F K 421
1262 AGAACTTGTTATCATCTACCAAGARAATCTCTTCACAAACTGCATTTCAT TGTTTAATTACTT TGATCATTGATATAAATCATTTCCATAATAAACTATTCCAATTAT 1363
422 N L L S 8§ TKXTI S S QTATFHTCTLTITTULITIDTINUHTEFUHNIKILTETUGQTL s 457
1370 CTTTTTTATTAATAAATGAGAAAACCGTAACACCGAGATTTTGCTCTGCAATACTGCTGCGTAGCT TCCTGATTAAGT TCAACGACTCCAATCTTTCGCTCAACAATT 1477
458 ¥F L L I NE KTV TPRTFCSATIILTLURSZFILTII KT FNUDSIUNTILSTLNUN S 493
1478 CAAATACAACTTCGCCAACCTCAAAGTTGGAGAATAACATCATATACATCGAAGAATGGCTARAAAAGGGCATTTCAGATTCACAGACAACCGTTAGAGAGGCAATGA 1585
494 N TT S PTSsS KL ENUNTITIYTIUZETEWTLIZ KT KSGTISD S QTTVRTEA AMTE R 529
1586 GGTTAACTTTTTGGTATTTCTACAAATGTTATCCTACAAATGCCAAAAGATTATTGAGTTCTTCCT TTTCTCCACAGTTGAAAAAAGCAACAGAATTGGCAATCCCTG 1693
530 L T F WYUFY K CY P TNAIKI RILILSGSS S F S P QL K KW ATTETULA ATITZPA 565
1694 CTCATTTGAATATAAACTATCAAGTTTCCAGGGTGTCCTCTACTGCCTCCGCCTCCTCTGCAACGTCTCGATTGTACTCTCACTCTTCGAATAATTCT TCAAGAAAAA 1801
566 H L NI NY QV SRV S ST ASAS S AT S RUL Y S H S SNUNSSURXK T 601
1802 CCAGTTTACTGGAGCAGAAAAGGAACTATCCAAGTTATGCCCAACCGACTCAATCTTCCTCCACCTCOCTACTCAACGC TCCTGCAGTCACAGCTGGTGGAAGTGTCA 1909
602 S L L EQ KRNY P S Y AQP T QS5 S8 ST S L L NOAWUPAVTAGTG G SV I 637
1910 TAGCCAGTAAACTATCAAATAAGCTGAAAACAAACTTAAGGTCTACTAGTGAATATTCAAGTAAAGAAAATGAAAAAAGGGCAAGGCATCATGACAGTATGAACTCTG 2017
638 A 8 KL S N KULIKTNWNULR ST S EY S 8 KENUZEI KT RA ARUBHIUHEDSMNS V 673
2018 TTTCAAACAGCAACACCAAAGATAATAATAATGTTACTAAAAGAAAAGTTAGTGCCCCTCCTTCTTCTACTGCCGCCACAAAAGTATCTGAAAATTACACAAATTTTG 2125
674 5 N 8§ NT KD NNNV T KU RI KUV SA PP S S TAATI KV SENTYTNTF D 709
2126 ATGACTTTCCGTCAAACCAAATCGACTTGACTGATGAGTTATCAAATAGTTACTCTAACCCGTTGATAAAGAAATATATGGATAAAAATGATGTTTCGATGTCATCTT 2233
710 D F P S NQ I DLTUDETLSNSUSY SNUPULTII KI KT YMDIE KU NTUDU VSMS 8§ S8 745
2234 CTCCAATCTCATTAAAAGGCAGTAATAAACTTGGTGAATATGAAACCCTTTACAAAAAATTCAATGATGCTTCGTTTCCAGCTCAGATCAAAGATGCTTTACAGTATT 2341
746 P I 8 L K G 8 N K L G E Y ETTUL YK KT FNDA ASTFUPAGQTIIKUDA ATLUGQY L 78
2342 TACAAAAGGAGTTACTGTTGACATCGCRACAGTCATCATCAGCCCCAARATTTGAATTTCCCATGATTATGAAAAAGCTACGCCAAATTATGATARAGTCACCAAATG 2449
782 Q K E L L LT S Q Q S s S AP KTFETFUPMTIMEKTEKTLUZ RIOQTIMMTIIZKSTZ®PNTD 817
2450 ATTTCAAGCCATTTTTGAGTATAGAGAAGTTTACAAATGGAGT TCCCTTAAATTACCTCATTGAGCTATAT TCTATTAATAGT TTTGATTACGCGGAAATCTTAAAGA 2557
818 F K P F L 5 I BEKVFTWN NGV ?PLNYULTIELTVY S INSPF DY AETITLTK N 853
2558 ATAGAATGAATCCTGAAAAGCCCTACGAGCTTACTAACTTGATTATAACTATCGCGGATTTATTCAATT TCTTGAATGCCAATAATTGTCCGAATGATTTCAAACTAT 2665
854 R M N P E K PY ELTTUNULTITITTIA ADULUFNTFILNANNTCZPNUDTFIK KL Y 889
2666 ACTATATGAAATACAAAACCACTTTTTTCAATTATAATTTCAAGTTACTTTTAGAGATTTTCCGTAACTTCAACATAAAACATGATAACACTCTGAGGTCAGGAACGA 2773
890 Y M X Y KTTVFVFNTYNTFIEKIULULLTETITFURINILNTIIKIHIUDUNTILIRSGTT N 925
2774 ACGATCTCATGCCTAAAATATCAATGATACTCTTTCAAATCTACGGTARAGAGTTTGACTACACATGTTATTTCAATCTAAT TTTTGAAATTTATAAATTCGATAATA 2881
926 D L M P XK I s MIULVF QI Y G KU EFUDJYTTCYVFNILIUPETITVYKT FDUNN 095
2882 ATCGTTTTAATAAATTGCTAGCTGATTTTGACATTGTATCTACCAAGATGAAAATCTGTCATGAACTTGAAAAGAAGGATGCCAACTTTAAGGTAGAAGACATCATTT 2989
962 R F N KL L ADYVFUDTIUVSTI KMEKTITUCHTETLTEIZ KT KD ANTFI KUV VETDTITI S 97
2990 CTAGAGAAAGTTCTGTAAGCTTCACTCCCATCGACAATAAAAAATCTGAAGGGGATGAGGAATCCGACGATGCTGTAGACGAAAATGATGTTAAGAAATGCATGGAAA 3097
998 R E S 8§ VvV s FTPIDNIKIKSE EGDTETESTDUDA AVYVDEUNUDUVIEKI KT CME M 1033
3098 TGACAATGATTAATCCCTTCAAAAACTTGGAAACTGATAAAACACTAGAGTTGAAGAATAACGTTGGAAAAAGAACATCAAGCACAGACAGCGTAGTTATTCATGATG 3205
1034 T M I N P F K NL ETDIKTULETLIKNNUVGI KX RT S S TD SV V I HDD 1069
3206 ATAATGACAAAGATAAAAAGCTTTCAGAAATGACGAAAATAGTAAGTGTTTATCAACTGGACCAGCCAAACCCAGCAAAGGAGGAAGATGATATAGATATGGAAAATT 3313
1070 N D XK DK KL S EMTXKTIUV S VY QL DOQZ?PNPAIEKTETEDTUDTITUDMEN S 1105
3314 CTCAAAAATCTGATTTGAATTTAAGTGAAATTTTTCAAAACAGTGGTGAAAATACCGAAAGGARATTGAAGGACGATAATGAACCAACAGTAAAATTCAGTACAGATC 3421
1106 Q K s pLV¥NUL S E I F QNS GENTTERIEKILIKTUDUDNETPTUVIE KF S TOD P 1141
3422 CTCCAAAGATAATAAATGAGCCAGAAAAACTTATTGGAAATGGGAATGAGAATGARAAGCCTGATTTGGAAACAATGTCACCAATCARAATAAACGGGGACGAGAATA 3529
1142 P K I I N E P E K LI GNGNZENETZ KT PDTULETMSUPTIKTINTGDTEUNM 1177
3530 TGGGTCAAAAGCAAAGGATCACAGTAAAGAGAGAAAGAGACGTAGCACTAACTGAACAAGACATAAACTCCAAAAAGATGAAACTAGTTAATAACAAAAAATCAGAGA 3637
1178 G Q K Q RI TV KIRUEBERUDUVALTET GQDTINUSIEKI KMTEKT LUV VNUNIEKI K S E K 1213
3638 AGATGCATTTGCTTATCATGGATAATTTCCCAAGGGATTCCTTGACTGTATATGAAATTAGTCATCT TTTAATGGTTGATTCTAATGGCAACACTTTGATGCATTTTG 3745
1214 M HL L I MODNPFPRUDSLTVYETISHILULMMUVDSNGNTTIULMDF D 1249
3746 ATGTCTATTTCAATCACATGTCAAAGGCAATAAACAGGATAAAAAGTGGATCGTTCACTATGAAACATATAAATTACCTGATCGAACCCTTGATTACTTGTTTTCAAA 3853
1250 VY F NHM S K AINURTIIKSGS F T™MIZ KU HTINYTULTIE EUZPILTITTOCTFQ N 128
3854 ATCAAAAAATGACCGATTGGTTGACGAATGAAAATGGTTTTGATGAACTACTGGATGTTGCTATTATGCT TTTGAAATCTACTGATGACACGCCTTCAATTCCATCAA 3961
1286 Q KM TDWTULTNENGTFDETULULDVATIMMTLTLI K STUDTUDTU?P S I P S K 1321
3962 AAATATCCAGTAAGTCCATAATTCTCGTTCATTGTCTTTTGGTTTGGAAAAAGT TTCTAAATACACTAAGCGAGAATGCCGACGATGATGGCGTTTCGGTGAGAATGT 4069
1322 I s $ K 8 I I L VHOCLULUVWI KU KT FULNTILSENADUDUDT GV S V RMC 1357
4070 GTTTCGAAGAAGTATGGGAACAGATCCTTTTAATGCT TAATAAATTTTCTGATTATGGAAACGAAATCTATAAATTAGCGCAAGAGTTCAGGGACAGTCTAATGTTAT 4177
1358 F E E V W E Q I L LMULNIKTFSDYGNZETIYIXKTLAOQETFH RTDSULMY¥L S 1393
4178 CGCACTTTTTCAAAAAACATTCGGCAACAAGAATTCTAAGCATGTTGGTTACTGAAATTCAGCCTGACACCGCTGCTGTGAAAGAAACATTTTTAATTGAGACCTTAT 4285
1394 H F F K K H s A TUR1 1L S MULVTETIUOQ®PDT AGV VI KTETT FTULTIZETL W 1429
4286 GGAAGATGCTGCAATCTCCTACCATTTGCCAACAATTCAAGAAATCTAATATATCAGAGATTATCCAAACAATGAGCTATTTCATTATGGGGACTGATAATACTTCGT 4393
1430 K ML @ s P T I C Q Q F KK S$ KNI s EI I Q TM S Y F I M G T DNT s W 1465
4394 GGAACTTCACCAGTGCCGTGGTATTAGCTCGTTGTTTGAGAGTCCTCCAAACTACTCCAGATTATACTGAGCAAGAAACCGAACGATTATTCGATTGTTTGCCTAAGA 4501
1466 N F T $ AV VL ARCLURVYVLOQTTU®PUDYTEU QETERTULTFUDTCTL P K N 1501
4502 ATGTCTTTAAAATGATCATGTTCATCGCCTCAAACGAATAGAGAATAGCGTGGTAGACGCGTAATTT TTTTTTACCGTGACGCGTCTCACCAGAGTTTCTTAGTTCTT 4609
1502 V F K M I M F I A S N E * 1537
4610 TCTCTTTTCTAAAACTGTAATAATATGAGCTC

Figure 7. Sequence of the 5-kb region which complements stu/-I. These sequence data are available from EMBL/GenBank under accession
number Z35655.
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of the entire STU!I gene was maintained. Thus, an additional
46 amino acids were introduced into the full length Stulp
at amino acid position 997. This construct, designated STUI::
HA;, carried on either a low-copy number CEN plasmid or
a high-copy number 2 pm plasmid, complemented the stul-
Al::HIS3 disruption.

To determine the cellular location of the epitope-tagged
Stulp, we examined haploid yeast cells with the sml-
Al::HIS3 disruption carrying either the STUI::HA;/CEN
plasmid or the STUI::HAs/2 um plasmid. Staining of cells
with the 12CAS antibody was generally weaker when the
STUI::HA;/CEN plasmid was used, but a similar pattern of
staining was observed for both plasmids (Fig. 9). In cells that
contained short spindles, the epitope-tagged Stulp colocal-
ized with anti-B-tubulin staining uniformly along the length
of the spindle. Less intense, diffuse staining was also seen
within the nucleus surrounding the spindle. In cells carrying
the CEN construct, 60% of short spindles showed coincident
staining for Stulp. The remaining 40% did not show staining
probably because of the low abundance and formaldehyde
sensitivity of the epitope-tagged Stulp. In cells carrying the
2 um construct, 80% of short spindles showed coincident
staining for Stulp.

Stulp staining was also observed on long anaphase spin-
dles, although the staining was weaker than that observed on
short spindles. It was unclear if Stulp was present at the ends
of long spindles, because diffuse nucleoplasmic staining ob-
scured this region. In cells carrying either the CEN or 2 um
plasmid, half of the long spindles showed coincident staining
for Stulp. Cells without spindles did not show significant
staining either on microtubules or within the nucleus.
Colocalization of Stulp with cytoplasmic microtubules was
never observed.
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sporulate dissect

Figure 8. STUI is essential for
the assembly of the mitotic
spindle. (a) One copy of STUI
was disrupted in wild-type
diploid cells. These cells
(CUY547) were sporulated,
and tetrad analysis revealed
that spores containing the dis-
ruption were unable to form
colonies. Microscopic anal-
ysis and manipulation of cells
with a dissecting needle showed
that these spores germinated
but arrested as large-budded
cells after one or two cell divi-
sions. (b-d) Diploids hetero-
zygous for the disruption were
sporulated, and the spores
were isolated and grown for
7 h at 30°C. The cells were
then examined by Nomarski
optics (b), DAPI staining (c),
and anti-o-tubulin immuno-
fluorescence (d). The open
arrows in (d) indicate large-
budded cells with the mutant
phenotype. These cells pre-
sumably contain the stud-Al
disruption. Bar, 5 pum.

Similar patterns of Stulp localization were observed using
only the 12CAS antibody (Fig. 9, g and k) indicating that the
Stulp staining we observed was not due to spill-over of the
microtubule staining. When cells carrying the STUI gene
without the epitope tag were stained with 12CAS5 and anti-3-
tubulin antibodies, no Stulp staining was observed (not
shown). Thus, the 12CAS antibody was specific for the epi-
tope-tagged Stulp.

Discussion

The tub2-406 Mutation Affects Spindle Assembly

We report the isolation and characterization of a novel con-
ditional-lethal allele of the yeast G-tubulin gene, tb2-406.
Because yeast contain only one gene encoding 3-tubulin, the
mutant protein must be present in all microtubules in fub2-
406 cells. Nonetheless, this allele primarily affects the intra-
nuclear microtubules that form the mitotic spindle. rub2-406
cells fail to assemble a normal short spindle and are unable
to segregate chromosomes, a process that requires nuclear
but not cytoplasmic microtubules. On the other hand, these
cells contain cytoplasmic microtubules and are able to move
the nucleus to the bud neck, a process that requires cytoplas-
mic microtubule function. The cytoplasmic microtubules in
tub2-406 cells are longer and more numerous than those in
wild-type cells. This phenotype could be a direct consequence
of the mutation or an indirect consequence of the defect in
spindle assembly. If tubulin subunits are not incorporated
into the mitotic spindle, they may instead be incorporated
into microtubules in the cytoplasm.

The rub2-406 mutation affects both the assembly and sta-
bility of mitotic spindles. When asynchronously growing
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tub2-406 cells were shifted to 14°C, we could distinguish by
immunofluorescence two separated SPBs in almost all cells.
When we examined these cells by electron microscopy, we
observed two classes of SPBs separation. In the first class,
SPBs were located on opposite sides of the nuclear envelope
but were separated by only 60% the length of a normal short
spindle. The SPBs did not face each other, suggesting that
the microtubule connections between these structures were
defective. In the second class, SPBs were separated but still
resided on the same side of the nuclear envelope. When we
synchronized cells with short spindles and then shifted them
to 14°C, we observed that all cells displayed the first class
of SPB separation. Therefore, in asynchronous populations,
the first SPB class likely resulted from the collapse of spin-
dles that had formed prior to the shift to the restrictive tem-
perature. We assume that the second class arose from cells
that had not separated SPBs prior to the temperature shift.
In wild-type cells, SPB separation is rapid, and intermedi-
ates in this process have not been observed (Byers, 1981).
The second class of SPB separation we observed in tub2-406
cells may represent an intermediate in bipolar spindle
formation.

The defects in spindle assembly and stability in tub2-406
cells are less severe than those in cells that have lost all mi-
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Figure 9. Stulp colocalizes
with microtubules in the mi-
totic spindle. CUY549 and
CUY573 cells, deleted for
STUI and carrying the triple
HA-tagged STU! on plasmids,
were labeled with DAPI (a, d,
and g), anti-HA antibody (b, e,
and A), and anti-B-tubulin an-
tibody (c and f). The cells in
a-c carry the tagged STUI
gene on a CEN plasmid,
whereas the cells in d-h carry
the tagged STUI on a 2 um
plasmid. The cells in g and &
were not double-labeled for
B-tubulin. Bar, 5 um.

crotubules. Treatment of cells with the microtubule-desta-
bilizing drug nocodazole completely blocks SPB separation
(Jacobs et al., 1988). If SPBs have not separated before treat-
ment with nocodazole, they remain in the side-by-side con-
figuration after treatment. When cells containing short spin-
dles are treated with nocodazole, the spindles collapse to
~20% their original length, but the SPBs remain on oppo-
site sides of the nuclear membrane. Thus, rub2-406 cells re-
tain partial capacity to separate SPBs and to prevent the
complete collapse of spindles. This conclusion is consistent
with the presence of nuclear microtubules in tub2-406 cells.

It is possible that the rub2-406 mutation affects the func-
tion of only one class of spindle microtubules. The tub2-406
phenotype is most consistent with a defect in polar microtu-
bules. For example, the mutant $-tubulin encoded by tub2-
406 may be unable to interact appropriately with a protein
that mediates the interaction of polar microtubules from each
half spindle. Such “cross-linking” of polar microtubules may
be required to maintain spindle integrity. The rub2-406 phe-
notype is not consistent with a specific defect in kinetochore
microtubule function. Temperature-sensitive mutations in
NDCIO, a gene that encodes a component of the yeast kineto-
chore, prevent attachment of chromosomes to the mitotic
spindle (Goh and Kilmartin, 1993). Nonetheless, this muta-
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tion does not block the formation or elongation of the mitotic
spindle.

Genetic Evidence for Interaction of Stulp
with Microtubules

The tub2-406 allele confers a specific defect in spindle mi-
crotubule function. One explanation for this phenotype is
that the mutation interferes with the interaction between
microtubules and a particular protein whose action is re-
quired for spindle assembly. This situation is ideally suited
for genetic analysis because a compensating mutation that
alters the microtubule-binding protein will suppress the
original microtubule defect. By screening for suppressors of
tub2-406, we isolated four alleles of a single gene, STUI.
Genetic interactions between stul* and tubulin alleles sug-
gest that Stulp does interact with microtubules.

We observed that suppression of ub2-406 by stul-I and
stul-2 is allele specific. A stul mutation that compensates for
a particular rub2 mutation should not suppress many other
tub2 mutations. Consistent with this model, the sful-/ and
stul-2 alleles suppress only two out of 15 other cold-sensitive
tub?2 alleles. These alleles, tub2-423 and tub2-434, also con-
fer spindle-specific defects (Reijo et al., 1994) and could also
disrupt the interaction of microtubules with Stulp. Five of
the other fub2 alleles tested confer specific defects in spindle
assembly as well but are not suppressed by either stul-I or
stul-2. Although these latter tub2 mutants are phenotypically
similar, the molecular mechanisms underlying thelr defects
may differ from those in mb2-406 cells.

In contrast to its ability to suppress some fub2 mutations,
the stul-2 allele is synthetically lethal in combination with
three other rub2 alleles. Synthetic lethality often occurs be-
tween alleles whose gene products participate in a common
process. Examples of synthetic phenotypes between pairs of
mutant tubulin alleles in Saccharomyces have been previ-
ously reported (Huffaker et al., 1987). Furthermore, all four
of the stul=» alleles fail to complement one of the rubl=+ al-
leles for suppression of rub2-406. Unlinked noncomplemen-
tation, like synthetic lethality, is also observed between
genes whose products interact. For example, the tubl-1 allele
was originally isolated as an unlinked noncomplementer of
the tub2-40! allele (Stearns and Botstein, 1988). Thus, three
genetic criteria—allele specificity, synthetic lethality, and un-
linked noncomplementation—suggest that Stulp interacts
with microtubules in vivo.

We have proposed a model in which stuls+ alleles sup-
press tub2-406 cold-sensitivity by restoring the interaction
of Stulp with mutant microtubules. Based on this model, one
might predict that stuls+ alleles should be dominant (STUI/
stul*» tub2-406/tub2-406 cells should grow at 14°C). How-
ever, the stul*» alleles are recessive to wild-type. If wild-
type Stulp cannot bind to mb2-406 microtubules, why
should it interfere with the function of the suppressor Stulp?
First, it is possible that a single stul*+ allele may not pro-
vide enough protein to allow growth of a tub2-406 homozy-
gous diploid. This explanation is unlikely, however, because
homozygous TUB2* diploid cells containing a deletion of
one copy of STUI grow at wild-type rates. A more plausible
explanation is that Stulp also binds to another protein, and
formation of this complex is essential for Stulp to interact
with microtubules. In STUl/stul* diploids, the wild-type
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Stulp will compete with suppressor Stulp for binding to this
protein. If this protein is limiting, the amount of suppressor
Stulp complex will be reduced by half which may not be
sufficient for growth.

Stul Is an Essential Component of the Mitotic Spindle

Cells lacking Stulp fail to assemble a normal short spindle
and are unable to segregate chromosomes. However, they
contain extensive cytoplasmic microtubules that are capable
of moving the nucleus to the bud neck. Thus, a deletion of
STUI produces a defect in spindle assembly that is indistin-
guishable at the level of immunofluorescence from that pro-
duced by the ub2-406 mutation. This observation suggests
that the STUI deletion and the mub2-406 mutation block the
same step in spindle formation. We propose that interaction
of Stulp with 8-tubulin is required for this step, and the fub2-
406 mutation, like the STUI deletion, prevents this inter-
action.

Epitope-tagged Stulp colocalized with microtubules in
both short and long spindles. Staining was brighter along
short spindles, suggesting that the same amount of Stulp on
short spindles was distributed along the length of elongated
spindles. We also observed diffuse staining in the nucleus
surrounding these spindles. Staining of the nucleoplasm
could be an artifact of the experimental conditions. The
STUI::HA; gene was carried on a plasmid and may have
been expressed at levels that are higher than normal. Excess
Stulp may remain in the nucleoplasm once all Stulp binding
sites on the mitotic spindle are occupied. Nucleoplasmic
staining may also be due to the epitope tag itself. The
epitope-tagged Stulp may not bind to spindles as well as
wild-type Stulp, producing a larger pool of soluble protein
that remains in the nucleoplasm. However, it is unlikely that
the HA; tag dramatically affects Stulp localization because
STUI::HA; fully complements the stul-Al::HIS3 deletion.
We did not observe Stulp staining along microtubules or in
the nucleoplasm of cells without spindles, suggesting that
Stulp is synthesized and/or transported into the nucleus just
before spindle formation. Stulp did not colocalize with cyto-
plasmic microtubules at any point of the cell cycle, consistent
with the observation that a STUI deletion did not block cyto-
plasmic microtubule assembly or function. The pattern of
Stulp localization is similar to that of the kinesin-like pro-
teins, Cin8p and Kiplp (Hoyt et al., 1992; Roof etal., 1992).
These proteins are proposed to interdigitate polar microtu-
bules from each half spindle. Likewise, Stulp may also
cross-link polar microtubules, a hypothesis that is consistent
with the phenotype of the STUI deletion.

In summary, the intracellular location of Stulp and the
phenotype of cells lacking Stulp demonstrate that Stulp is an
essential component of the yeast mitotic spindle. However,
the precise role of Stulp in spindle assembly has yet to be
elucidated; conditional lethal alleles of the STUI gene may
provide further insight into Stulp function. In addition to
our cytological observations, genetic evidence is also consis-
tent with the model that Stulp directly interacts with mi-
crotubules. Biochemical experiments that show binding of
Stulp to microtubules in vitro will be necessary to prove
this model.

‘We thank Bill Brown, Ken Kemphues, and Kris Kopski for comments on
the manuscript.

1983



This work was supported by a grant from the National Institutes of
Health (GM40479) and a National Institutes of Health Predoctoral Fel-
lowship.

Received for publication 29 July 1994 and in revised form 28 September
1994.

References

Altschul, S. F., W. Gish, W. Miller, E. Meyers, and D. Lipman. 1990. Basic
local alignment search tool. J. Mol. Biol. 215:403-410.

Bairoch, A. 1992. PROSITE: a dictionary of sites and patterns in proteins. Nu-
cleic Acids Res. 20:2013-2018.

Barnes, G., K. A. Louie, and D. Botstein. 1992. Yeast proteins associated with
microtubules in vitro and in vivo. Mol. Biol. Cell. 3:29-47.

Berlin, V., C. Styles, and G. Fink. 1990. BIK1, a protein required for microtu-
bule function during mating and mitosis in Saccharomyces cerevisiae,
colocalizes with tubulin. J. Cell Biol. 111:2573-2586.

Boeke, J., F. LaCroute, and G. Fink. 1984. A positive selection for mutants
lacking orotidine-5"-phosphate decarboxylase activity in yeast: S-fluoro-
orotic acid resistance. Mol. & Gen. Genet. 197:345-346.

Bond, J. F., K. J. L. Fridovich, L. Pillus, R. C. Mulligan, and F. Solomon.
1986. A chicken-yeast chimeric beta tubulin protein is incorporated into
mouse microtubules in-vivo. Cell. 44:461-468.

Byers, B. 1981. Cytology of the yeast life cycle. In The Molecular Biology of
the Yeast Saccharomyces. J. N. Strathern, E. W. Jones, and J. R. Broach,
editors. Cold Spring Harbor Laboratory, Cold Spring Harbor. 59-96.

Byers, B., and L. Goetsch. 1991. Preparation of yeast cells for thin-section elec-
tron microscopy. Methods Enzymol. 194:602-607.

Christianson, T. W., R. S. Sikorski, M. Dante, J. H. Shero, and P. Hieter.
1992. Multifunctional yeast high-copy-number shuttle vectors. Gene (Amst. ).
110:119-122.

Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehensive set of se-
quence analysis programs for the VAX. Nucleic Acids Res. 12:387-395.

Eschel, D., L. A. Urrestarazu, S. Vissers, J.-C. Jauniaux, J. C. van Vleit-
Reedijk, R. J. Planta, and I. R. Gibbons. 1993. Cytoplasmic dynein is re-
quired for normal nuclear segregation in yeast. Proc. Natl. Acad. Sci USA.
90:11172-11176.

Goh, P.-Y., and J. V. Kilmartin. 1993. NDCI0: a gene involved in chromo-
some segregation in Saccharomyces cerevisiae. J. Cell Biol. 121:503-512.

Hoyt, M. A., L. He, K. K. Loo, and W. S. Saunders. 1992. Two Sac-
charomyces cerevisiae kinesin-related gene-products required for mitotic
spindle assembly. J. Cell Biol. 118:109-120.

Hoyt, M. A,, L. He, L. Totis, and W. S. Saunders. 1993, Loss of function of
Saccharomyces cerevisiae kinesin-related CIN8 and KIP! is suppressed by
KAR3 motor domain mutants. Genetics. 135:35-44.

Huffaker, T. C., M. A. Hoyt, and D. Botstein. 1987. Genetic analysis of the
yeast cytoskeleton. Annu. Rev. Genet. 21:259-284.

Huffaker, T. C., J. H. Thomas, and D. Botstein. 1988. Diverse effects of
S-tubulin mutations on microtubule formation and function. J. Cell Biol.
106:1997-2010.

Jacobs, C. W., A, E. M. Adams, P. J. Szaniszlo, and J. R, Pringle. 1988. Func-
tions of microtubules in the Saccharomyces cerevisiae cell cycle. J. Cell
Biol. 107:1409-1426.

Kilmartin, J. V., and A. E. M. Adams. 1984. Structural rearrangements of
tubulin and actin during the cell cycle of the yeast Saccharomyces. J. Cell

The Journal of Cell Biology, Volume 127, 1994

Biol. 98:922-933.

Kilmartin, J. V., B. Wright, and C. Milstein. 1982. Rat monoclonal antitubulin
antibodies derived by using a new nonsecreting rat cell line. J. Cell Biol.
93:576-582.

Li, Y.-Y., E. Yeh, T. Hays, and K. Bloom. 1993. Disruption of mitotic spindle
orientation in a yeast dynein mutant. Proc. Natl. Acad. Sci. USA. 90:
10096-10100.

Lillie, S. H., and S. S. Brown. 1992. Suppression of a myosin defect by a
kinesin-related gene. Nature (Lond.). 356:358-361.

Meluh, P., and M. Rose. 1990. KAR3, a kinesin-related gene required for yeast
nuclear fusion. Cell. 60:1029-1041.

Neff, N. F., J. H. Thomas, P. Grisafi, and D. Botstein. 1983. Isolation of the
B-tubulin gene from yeast and demonstration of its essential function in vivo.
Cell. 33:211-219.

Page, B. D., and M. Snyder. 1992. CIK1: a developmentally regulated spindle
pole body-associated protein important for microtubule functions in Sac-
charomyces cerevisae. Genes & Dev. 6:1414-1429.

Page, B.D., L. L. Satterwhite, M. D. Rose, and M. Snyder. 1994. Localization
of Kar3 kinesin heavy chain-related protein requires the Cik1 interacting pro-
tein. J. Cell Biol. 124:507-520.

Pearson, W. R., and D. J. Lipman. 1988. Improved tools for biological se-
quence comparison. Proc. Natl. Acad. Sci. USA. 85:2444-2448.

Reijo, R. A., E. M. Cooper, G. J. Beagle, and T. C. Huffaker. 1994. System-
atic mutational analysis of the yeast S-tubulin gene. Mol. Biol. Cell. 5:
29-43.

Riles, L., J. E. Dutchik, A. Baktha, B. K. McCauley, E. C. Thayer, M. P.
Leckie, V. V. Braden, J. E. Depke, and M. V. Olson. 1993. Physical maps
of the six smallest chromosomes of Saccharomyces cerevisiae at a resolution
of 2.6 kilobase pairs. Genetics. 134:81-150.

Roof, D. M., P. D. Meluh, and M. D. Rose. 1992. Kinesin-related proteins
required for assembly of the mitotic spindle. J. Cell Biol. 118:95-108.
Rose, M., P. Novick, J. Thomas, D. Botstein, and G. Fink. 1987. A Sac-
charomyces cerevisae genomic plasmid bank based on a centromere-

containing shuttle vector. Gene (Amst.). 60:237-243.

Rothstein, R. 1991. Targeting, disruption, replacement, and allele rescue: in-
tegrative DNA transformation in yeast. Methods Enzymol. 194:281-301.

Rout, M. P., and J. V. Kilmartin. 1990. Components of the yeast spindle and
spindle pole body. J. Cell Biol. 111:1913-1927.

Saunders, W. S., and M. A. Hoyt. 1992. Kinesin-related proteins required for
structural integrity of the mitotic spindle. Cell. 70:451-458.

Schatz, P., L. Pillus, P. Grisafi, F. Solomon, and D. Botstein. 1986. Two func-
tional a-tubulin genes of the yeast Saccharomyces cerevisiae encode diver-
gent proteins. Mol. Cell. Biol. 6:3711-3721.

Sherman, F. 1991. Getting started with yeast. Methods Enzymol. 194:3-21.

Sikorski, R. S.,and P. Hieter. 1989. A system of shuttle vectors and yeast host
strains designed for efficient manipulation of DNA in Saccharomyces
cerevisiae. Genetics. 122:19-27.

Stearns, T., and D. Botstein. 1988. Unlinked noncomplementation: isolation
of new conditional-lethal mutations in each of the fubulin genes of Sac-
charomyces cerevisiae. Genetics. 119:249-260.

Sullivan, D. S., and T. C. Huffaker. 1992. Astral microtubules are not required
for anaphase B in Saccharomyces cerevisiae. J. Cell Biol. 119:379-388.

Thomas, J., N. Neff, and D. Botstein. 1985. Isolation and characterization of
mutations in the S-tubulin gene of Saccharomyces cerevisiae. Genetics.
112:715-734.

Wilson, 1. A., H. L. Niman, R. A. Houghten, A. R. Cherenson, M. L. Con-
nolly, and R. A. Lerner. 1984. The structure of an antigenic determinant in
a protein. Cell. 37:767-718.

1984



