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SUMMARY

The essential calmodulin genes in both Saccharomyces
cerevisiae and Schizosaccharomyces pombe were precisely
replaced with genes encoding fusions between calmodulin
and the green fluorescent protein (GFP). In living budding
yeast the GFP-calmodulin fusion protein (GFP-Cmd1p)
localized simultaneously to sites of cell growth and to the
spindle pole body (SPB), the yeast analog of the centro-
some. Having demonstrated proper localization of GFP-
calmodulin in budding yeast, we examined the localization
of afusion between GFP and calmodulin (GFP-Cam1p) in
fission yeast, where calmodulin had not been localized by
any method. We find GFP-Camlp also localizes both to
sites of polarized cell growth and to the fission yeast SPB.
The localization of calmodulin to the SPB by GFP fusion
was confirmed by indirect immunofluorescence.
Antiserum to S. pombe calmodulin labeled the ends of the
mitotic spindle stained with anti-tubulin antiserum. This

pattern was identical to that seen using antiserum to
Sadlp, a known SPB component. We then characterized
the defectsin atemperature-sensitive S. pombe calmodulin
mutant. Mutant caml1-E14 cells synchronized in S phase
completed DNA synthesis, but lost viability during transit
of mitosis. Severe defects in chromosome segregation,
including hyper condensation, fragmentation, and unequal
allocation of chromosomal material were observed.
Immunofluorescence analysis of tubulin revealed a popu-
lation of cells containing either broken or mislocalized
mitotic spindles, which were never observed in wild-type
cells. Taken together with the subcellular localization of
calmodulin, the observed spindle and chromosome segre-
gation defects suggest that calmodulin performs an
essential role during mitosis at the fission yeast SPB.
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INTRODUCTION

Calmodulin is a small eukaryotic protein that reversibly binds
Ca?*. Study of calmodulinin genetically tractable organisms has
yielded many insights into calmodulin function. Camodulin is
essentia for praliferation in fungi, including the yeasts Saccha-
romyces cerevisiae (Davis et a., 1986), and Schizosaccha-
romyces pombe (Takeda and Yamamoto, 1987), as well as the
filamentous fungi Aspergillus nidulans (Rasmussen et al., 1990).
The function of camodulin has been extensively studied in S
cerevisiae with appreciable work also performed in A. nidulans.
Although both species are fungi, the relative importance of the
Ca?*-dependent functions for calmodulin differ markedly.

In S cerevisiae, the Ca2*-binding function of calmodulin is
dispensable for cell growth and division. Mutant calmodulins
in which the Ca2*-binding sites are inactivated support growth
(Geiser et al., 1991). Furthermore, neither the Ca2*-calmodulin-
dependent protein kinase nor the Ca?*-calmodulin-dependent
phosphatase calcineurin are required for growth (Cyert et d.,
1991; Cyert and Thorner, 1992; Moser et al., 1996; Ohyaet d.,
1991; Pausch et al., 1991). However, Ca2*-calmodulin and the
Ca2*-calmodulin dependent enzymes are required for survival

in mating pheromone and for maintaining ion homeostasis
(Cunningham and Fink, 1996; Moser et a., 1996; Pozos et d.,
1996). Thus, the conservation of the Ca2*-binding sites in
calmodulin throughout evolution is readily explained.

Diverse techniques have identified two essential Ca2*-inde-
pendent functions for calmodulin during the S. cerevisiae cell
cycle. First, calmodulin is required to bind Spc110p, a coiled-
coil protein that connects the inner and central layers of the
spindle pole body (SPB), the yeast mitotic microtubule orga-
nizing center (Geiser et al., 1993; Kilmartin et a., 1993;
Stirling et a., 1994). Calmodulin localizes to the SPB and this
localization is dependent on the calmodulin-binding site in
Spc110p (Spang et a., 1996). This interaction is essential for
proper assembly of spindle pole components because
mutations in the C-termina calmodulin-binding site of
Spc110p result in the formation of large electron-dense struc-
tures that appear to nucleate microtubules (Sundberg et al.,
1996). The presence of calmodulin at the SPB is also required
for proper function of the spindle during mitosis (Davis, 1992;
Kilmartin and Goh, 1996; Stirling et a., 1996; Sun et al.,
1992a; Sundberg et al., 1996).

Camodulin is aso important for polarized growth in



1806 M. J. Moser, M. R. Flory and T. N. Davis

S cerevisiae (Davis, 1992; Ohya and Botstein, 1994). The
polarized growth function of budding yeast calmodulin is
mediated by interaction with an unconventional type V
myosin, Myo2p (Brockerhoff et al., 1994). Calmodulin binds
in a Ca2*-independent manner in vitro to a region of Myo2p
containing 1Q sites (Brockerhoff et a., 1994). Thisbinding is
believed to be responsible for the co-localization of calmod-
ulin and Myo2p throughout the cell cycle (Brockerhoff et al.,
1992, 1994; Lillie and Brown, 1994; Sun et al., 1992b).

In striking contrast to S cerevisiae, A. nidulans requires
Ca2*-camodulin for cell cycle progression. A. nidulans
calmodulins mutated in the Ca2*-binding sites do not support
growth and division. Calmodulin appears to function at two
points in the A. nidulans cell cycle (Rasmussen et al., 1992).
Deletion of the gene encoding the calcineurin A subunit causes
A. nidulans to arrest early in the cell cycle, suggesting an
essential role for Ca2*-calmodulin at the G; to S phase transi-
tion (Rasmussen et al., 1994). Later in the cell cycle, depletion
of calmodulin blocksthe ability of A. nidulansto progressfrom
animT block between G2 and M (Lu et al., 1993). The unique
gene encoding A. nidulans Ca2*-calmodulin-dependent protein
kinase is also essentiad (Means, 1994). Thus, A. nidulans
requires Ca?*-calmodulin during cell cycle progression to
activate both calcineurin and Ca2*-calmodulin-dependent
protein kinase. If calmodulin functions at the SPB or at sites
of polarized growth and whether these putative functions are
Ca?*-dependent in A. nidulans is not known.

S. pombe requires at least one intact Ca?*-binding site for
growth (Moser et a., 1995). Thus, like A. nidulans, S. pombe
appears to require Ca2*-calmodulin for some aspect of cellular
proliferation. The importance of Ca2*-binding to calmodulinin
fission yeast might suggest that Ca2*-dependent calmodulin
targets that are essential in A. nidulans might also be essential
in S. pombe. However, the only Ca2*-dependent calmodulin
binding protein found so far in S. pombe, calcineurin, is not
essential for growth although over-expression of calcineurin
does affect SPB and nuclear positioning (Yoshidaet al., 1994).
Essential Ca?*-calmodulin dependent enzymes may yet be
found in S pombe. Alternatively, the essential Ca?*-indepen-
dent SPB and polarized growth functions of calmodulin found
in S. cerevisiae might also exist in S. pombe, but they may be
Ca?*-dependent. As a starting point in assessing the essential
roles of calmodulin in S pombe, the subcellular localization of
calmodulin was determined and compared to that in S cere-
visiae. We also characterized the defects conferred by temper-
ature-sensitive mutations in S. pombe calmodulin. These cyto-
logical and genetic methods suggest that calmodulin functions
in S pombe strongly resemble those previously identified in S
cerevisiae, thus suggesting universal functions for calmodulin.

MATERIALS AND METHODS

Media

S cerevisiae rich medium was YPD and minimal medium was SD
(Sherman et al., 1986) supplemented as described (Geiser et a.,
1991). Uracil auxotrophs were isolated on SD complete medium con-
taining 1 mg/ml 5-fluoro-orotic acid (5-FOA) (Toronto Research).

S pombe rich media were YE (Gutz et a., 1972) and minimal
medium (EMM2) (Mitchison, 1970) supplemented with 100 pg/ml
adenine, leucine and uracil. Either 5-FOA or G418 (Gibco BRL) were
added to YE agar at mg/ml and 100 pg/ml, respectively.

Plasmids
S. pombe

Plasmid pZA59 containing GFP engineered with a C-terminal Gly-
Ala spacer and N- and C-terminal BspHI restriction sites that can be
inserted upstream of a gene containing an Ncol site at the initiating
ATG was constructed by PCR amplification using plasmid TU#65
(Chalfie et a., 1994) as a template with primers 5GGTCATGAG-
TAAAGGAGAAGAAC3 and 5'CGTACCTACTTGATATGTT
TCCGCGGCCGCGACCACGACCACGACCGCGGTAGTACTT
TATCC3'. The PCR product was cloned using the pGEM T-Vector
(Promega). Plasmid pZA66 encoding S65T-GFP (Heim et a., 1995)
lacking aninternal Ncol site was constructed by oligo-mediated muta-
genesis (Kunkel et al., 1987) with pZA59 as a template using
primer: 5GGAAAACTACCTGTTCCTTGGCCAACACTTGTCAC-
TACTTTCACTTATGGTGTTCAATGC3. Plasmid pZA61 (arsl,
LEU2, GFP::caml*), plasmid pZA72 (arsl, LEU2, S55T-
GFP::caml*) and plasmid pZA73 (arsl, LEU2, S65T-GFP::caml-
E14) containing N-terminal fusions of GFP to S. pombe caml were
constructed by ligating the 747 bp BspHI fragments from either
plasmid pZA59 or pZA66 into the unique Ncol site at the initiating
ATG of caml* in plasmids pIRT2/CAMI1AINT (arsl, LEU2,
caml*Aintron) (Moser et a., 1995) and pZA70 (arsl, LEU2, 65T-
GFP::caml-E14Aintron).

S. cerevisiae

The 747 bp BspHI fragment from pZA66 containing S65T-GFP was
ligated in frame to the CMD1 gene at the initiating ATG at the unique
Ncol sitesin plasmid pJG7 (Geiser et a., 1991), and plasmids pHS9
and pHS24 (Geiser et a., 1993); resulting in plasmid pMM 135 (CEN,
URA3 and S65T-GFP::CMD1), plasmid pMM 137 (S65T-GFP: : cmd1-
6), and plasmid pMM 138 (S65T-GFP::cmd1-1), respectively.

Strains

S. pombe

The genotype of wild-type strain MP5-1C is h~, ade6-M216, cam1*,
leul-32, ura4-D18; that of MP33-6B is h™, ade6-M210, cam1*, leul-
32, ura4-D18. Camodulin mutant strains MP64 (h~, adel-D25, ade6-
M210, cam-E14, leul-32, urad4-D18), MP76 (h~, adel-D25, ade6-
M210, GFP::caml*, leul-32, ura4-D18) and MFP7 (h~, adel-D25,
ade6-M210, B5T-GFP::caml*, leul-32, ura4-D18) were constructed
as follows. Stran MP24-6C (h-, adel-D25, ade6-M210,
camlA::urad*,  leul-32, ura4-D18)  containing  plasmid
PADEL/VCAM encoding G418 resistance, adel®, and vertebrate
camodulin (Moser et al., 1995) was transformed with plasmid pZA10
(cam-E14) (Moser et d., 1995), plasmid pZA61 (GFP::caml*), or
plasmid pZA72 (LEU2, S65T-GFP::caml*) and leucine prototrophs
were selected. Leu transformants that had lost the pADEL/VCAM
plasmid were identified as those unable to produce red colony pigment
and sensitive to G418. Strains dependent solely on LEU2 plasmid
encoded mutant calmodulin were first grown on Y E medium and then
colonies resistant to 5-FOA were selected. Resistant colonies had
undergone recombination between the plasmid encoded caml
sequences and the chromosomal caml1A::ura4* locus. Strains resistant
to 5-FOA were screened for uracil and leucine auxotrophy to isolate
integrant strains that had undergone replacement and then lost the
plasmids. Proper integration was confirmed by Southern blot analysis.
The identity of the cam1-E14 mutations introduced into strain M P64
were further checked by PCR and DNA sequence analysis. In an
attempt to localize Cam1-E14p within cells, afusion of S65T-GFP to
caml-E14 carried on plasmid pZA73 was introduced into MP24-6C.
We were unable to isolate FOA resistant strains that were leucine aux-
otrophs. Southern blot analysis showed that the FOA resistant, leucine
prototroph strains we did isolate contained multiple copies of the
GFP::cam1-E14 plasmid integrated at the caml locus. The GFP-
calmodulin in these cells was overexpressed at levels 15 times higher
than the wild-type GFP fusion, as measured by FACS (data not shown).



As a consequence, GFP-Caml-El14p fusion localized uniformly
throughout the cell at both permissive and non-permissive temperature,
as did plasmid encoded fusion protein. Fusion of GFP to the temper-
ature-sensitive calmodulin encoded by caml-E14 is a letha mutation
that can only be rescued by overexpression.

S. cerevisiae

Strain MMY28 (MATa; ade2-loc; ade3A-100; canl-100; HB5T-
GFP::CMD1, his3-11,15, leu2,3-112; lys2A:: HIS3; trpl-1; ura3-1) was
constructed as follows. Strain TDY55-5D (MATa; ade2-1oc; ade3A-
100; can1-100; cmdl1A:: TRPL; his3-11,15; leu2,3-112; lys2A::HISS3;
trpl-1; ura3-1) (Geiser et a., 1991) containing a cmdl-1, URA3
plasmid pTD79 (Davis, 1992) was transformed with a gel purified 2.3
kb Sall/BamHI fragment from plasmid pMM135. After selecting for
growth at 37°C, colonies resistant to 5-FOA were selected. Strains
resistant to 5-FOA were screened for uracil and tryptophan auxotrophy,
and considered to be integrants of S65T-GFP::CMD1. Proper integra-
tion in MMY28 was confirmed by Southern blot, PCR, and DNA
sequence analysis. Plasmids pMM 135, pMM137, and pMM 138 were
introduced into strain TDY55-5D containing plasmid pTD56 (2,
ADE3, LYS?, CMD1) (Geiser et a., 1991). Only pMM135 and
pPMM 137 encoding GFP-Cmd1p and GFP-Cmd1-6p could replace the
Cmd1p from plasmid pTD56, forming white sectoring colonies from
which Lys~, Ura* strains incapable of red pigment formation could be
isolated. Plasmid pMM 138 does not allow white sector formation, indi-
cating that the GFP-Cmd1-1p fusion cannot replace the CMD1 encoded
wild-type protein. Thus, fuson of GFP to a temperature-sensitive
budding yeast calmodulin is also alethal mutation.

Microscopy

Unless noted otherwise, cells were viewed using a Zeiss Axioplan
microscope with a x100 1.4 NA objective and an optovar set at 1.25.
Filter set for GFP was the XF14 (425DF45, 475DCLPO2, 535DF55)
(Omega Optical). Images were captured using an Imagepoint cooled
CCD video camera (Photometrics) fitted to the microscope in con-
junction with IP Lab software (Signal Analytics). Images were
prepared for publication with Photoshop 4.0 (Adobe Systems, Inc.).

Preparation of cells for indirect immunofluorescence

Celswere grown in YE liquid medium a 30°C and then fixed, washed,
digested, and stained using the combined adehyde method (Hagan and
Hyams, 1988) with the following modifications. Phosphate-buffered
sdline (PBS) (Harlow and Lane, 1988), PBS supplemented with 1%
bovine serum albumin and 0.05% sodium azide (PBS/BSA), and 1.1 M
sorbitol in 0.1 M sodium phosphate buffer, pH 6.5 (SP) were substituted
for PEM, PEMS and PEMBAL buffers, respectively. Digestions were
performed in 100 pl SP containing 0.5 mg/ml Zymolyase-100T (ICN)
and 10 mg/ml mutanase (Novo Nordisk BioChem) for 30 minutes at
30°C. Cdlls were smultaneoudly incubated overnight at room tempera-
ture on a rotating platform in primary antisera: purified rat anti-tubulin
monoclonal antibody YOL 1/34 (1:50) (Kilmartin et al., 1982) and rabbit
anti-Cam1p polyclonal antiserum (1:50) (Moser et ., 1995), or affinity-
purified rabbit anti-Sad1p antibodies (1:25) (Hagan and Yanagida, 1995)
in 100 pl PBS/BSA. Following three washes in PBS/BSA, cells were
resuspended in 100 pl PBS/BSA containing secondary antibody conju-
gates. fluorescein isothiocyanate-labeled rabbit anti-rat 1gG (1:50)
(Boehringer/Mannheim), Oregon Green 488-labeled goat anti-rat 19G
(2:50) (Molecular Probes), and rhodamine isothiocyanate-labeled goat
anti-rabbit 1gG (1:50) (Boehringer/Mannheim). Following incubations
in secondary antibody for at least 4 hours a room temperature on a
rotating platform, cells were washed three timesin PBS/BSA. DNA was
stained with 100 ng/ml di-amidino phenyl indole (DAPI) (Sigma
Chemical Co.), and cells were then mounted onto polylysine-coated 10-
well dides (Cel-Line Assocides, Inc.) in Citifluor Glycerol (Ted Pella).

Characterization of the temperature-sensitive S. pombe
calmodulin mutant

Strains MP5-1C and M P64 were cultured in YE liquid medium at a
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permissive temperature of 30°C to a logarithmic phase of growth.
Hydroxyurea was added to the cultures at a final concentration of 11
mM. After 4 hours the drug was removed by filtration, the cells were
washed and transferred to fresh medium at the nonpermissive tem-
perature of 37°C. At 20 minute intervals, samples were removed and
titered for viability in triplicate or fixed as described above.

RESULTS

Localization of calmodulin using calmodulin fusions
to green fluorescent protein (GFP)

S. cerevisiae

Indirect immunofluorescence previously showed that calmod-
ulin localizes to two different regions in the budding yeast cell.
First calmodulin localizes to sites of cell growth and overlaps
the location of actin patches in buds (Brockerhoff and Davis,
1992; Sun et al., 1992b). Secondly, calmodulin localizes to the
spindle pole body (Geiser et al., 1993; Stirling et al., 1994). The
presence of calmodulin at both these sites has been confirmed
by immunoelectron microscopy (Spang et a., 1996; Sundberg
et al., 1996) (H. Sundberg and T. N. Davis, unpublished results).
Using the previous techniques, calmodulin was not seen at both
subcellular locations at the same time, because fixation proce-
dures that preserved the sites of cell growth did not alow visu-
alization at the SPB and vice versa. Therefore, we extended our
experiments in S cerevisiae to living cells by visualizing the
location of a fusion between S65T-GFP and the N terminus of
budding yeast camodulin. A gene encoding the GFP-Cmd1p
fusion protein expressed under control of the CMD1 promoter
and terminator was integrated in place of the wild-type CMD1
gene. Thefluorescent GFP-Cmd1p inliving cells shows apattern
consistent with a location a both the SPB and at areas of
polarized growth. Unbudded cells and cellswith small buds each
contain one dot of fluorescence as expected for either a single
SPB or for two SPBs in the side-by-side configuration. These
cells also have a bright patch of fluorescence at the nascent bud
site or the small bud (Fig. 1A). Cellswith amedium bud contain
two small fluorescent dots near the neck region of the cell as
expected for a protein at the poles of the short spindle (Fig. 1B).
In addition patches of fluorescence appear in the bud similar to
the pattern seen for the actin capping protein, Cap2p (Waddle et
a., 1996). In a large budded cell, both mother and daughter
contain a dot of GFP-Cmd1p presumably corresponding to their
single SPB (Fig. 1C). In addition a bright ring appears at the
neck (Fig. 1C). Importantly, the Ca2*-binding mutant GFP-
Cmd1-6p fusion had a pattern of localization identical to that of
thewild-type fusion protein (Fig. 1D-F). Thisisthefirst demon-
dration that a mutant calmodulin defective in binding Ca2*
localizes to the SPB in addition to sites of cell growth.

S. pombe

Thelocalization of calmodulinin S pombe cells was determined
using fusions of S. pombe calmodulin to GFP. A gene encoding
a fusion of wild-type GFP to the N terminus of wild-type S
pombe calmodulin expressed under the control of the caml*
promoter and terminator was integrated in place of the caml1*
gene. Because we were examining living cells, the behavior of
the GFP-Camlp in single cells could be observed over a period
of time. GFP-calmodulin displayed two distinct patterns of local-
ization. Firgt, small fluorescent dots behaved exactly as previ-
ously demonstrated for both the budding and fission yeast SPBs
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Fig. 1. Locdlization of GFP-Cmd1p to the SPB of S cerevisae. An
equal volume of a culture of strain MMY 28 (GFP::CMD1) (A-C) or
strain TDY 55-5D containing plasmid pMM 137 (GFP::cmd1-6) (D-

F) grownin YPD medium at 21°C was mixed with supplemented SD
(SDC) medium containing 1% low-melting-temperature agarose on a
microscope slide and visualized as described in Materials and Methods.
GFP-calmodulin locdization to the SPB (arrowheads). Bar, 5 um.

(Byers, 1981; Hagan and Hyams, 1988; McCully and Robinow,
1971) (Fig. 2A-D). In célls early in the cell cycle as judged by
their small size, a single spot of fluorescence was observed at
the edge of the nucleus (Fig. 2A). The dot of fluorescence
elongated and eventually divided (Fig. 2B). Later the separation
between the dots increased (Fig. 2C) with one spot of the pair
eventually being distributed to each new daughter cell following
mitosis and cytokinesis (Fig. 2D). Notably, calmodulin was not
seen at the additional MTOCs that nucleate microtubules near
the septum in S, pombe cells following mitosis.

We observed a second pattern of fluorescence indicating that
GFP-Cam1p locdlized at regions of the fission yeast cdll under-
going polarized growth (Fig. 3A-D). In cellsundergoing septation
and cytokinesis, bright fluorescence was found on both sides of
the growing septum dividing thecell (Fig. 3A). Inanewly divided
cell immediately following cytokiness, fluorescence was seen to
move from the septum to the opposite or ‘old’ end of the cell
(Fig. 3B,C). The old end corresponds to the former end of the
mother cell and is in opposition to the end directly created by
septation. S pombe cells are known to only grow from the old
end just after division (Mitchison and Nurse, 1985). L ater the flu-
orescence redistributed to both ends of the lengthening cell (Fig.
3D). This bipolar localization coincides with an event in the S
pombe cell cycle known as NETO, or new end take off, thetime
when both ends of the cell begin to grow (Mitchison and Nurse,
1985). A drain containing an integrated fusion of S65T-GFP to
caml* (MFP7) wasfound to have afluorescence pattern that was
identical to that observed with the fusion to wild-type GFP except
that the fluorescence was much easier to detect (data not shown).

Indirect immunofluorescence of S. pombe
calmodulin

Indirect immunofluorescence using antiserum to fission yeast

Fig. 2. Localization of GFP-Cam1p to the SPB of S pombe. An
equal volume of a culture of strain MP76 grown in Y E medium at
21°C was mixed with EMM2 medium containing 1% low-melting-
temperature agarose on amicroscope side. Cells were visualized
with aMRC600 laser scanning confocal microscope (Bio-Rad) on
10% power with a x60 objective. GFP-calmodulin localization to the
SPB (arrowheads). A and B are images of the same cell taken 1
minute apart. Note that the focal plane optimal for visualization of
the SPB resultsin poor visualization of the cortical cytoskeleton. A
QuickTime movie of the GFP-Cam1p behavior at the SPB can be
viewed at http://www.cityscape.co.uk/users/ag64/. Bars, 5 um.

calmodulin gave a pattern very similar to that seen with GFP-
Camlp. The growing ends and the septum as well as what
appeared to be the SPB all were stained by the antiserum. The
presence of fission yeast calmodulin at the SPB was confirmed
by comparing the localization of calmodulin to that of Sadlp.
Sadlp is a recognized component of the S. pombe SPB and
remains permanently associated with the SPB throughout the
cell cycle (Hagan and Hyams, 1988). Attempts were made to
localize Sad1p in cells containing GFP-calmodulin fusions, but
the combined aldehyde fixation procedures necessary for
tubulin immunofluorescence were found to eliminate GFP flu-
orescence. Instead we found that the localization of camod-
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Fig. 3. Localization of GFP-Cam1p to sites of polarized growthin S
pombe. Cells were visualized as described for Fig. 2. Images C and
D are of the same cell taken 9 minutes apart. Note that the focal
plane optimal for visualization of the cortical cytoskeleton resultsin
poor visualization of the SPB. Bars, 5 um.



ulin, tubulin and DNA matched that of Sadlp, tubulin and
DNA in cells processed in parallel (Fig. 4). Tubulin staining,
representing the elongating spindle, was observed between the
two dots of calmodulin staining. Sad1p dots were found to be
similarly localized to the ends of the spindle. The localization
of Sadlp, in relation to tubulin and DNA, is identical to that
previously described (Hagan and Yanagida, 1995).

Phenotypic analysis of a temperature-sensitive
S. pombe calmodulin mutant

When the Ca2*-binding-site mutant cam1-E14 dleleis carried
on aplasmid it does not confer temperature-sensitivity (Moser
et a., 1995). However, when caml-E14 isintegrated asasingle
copy in place of the wild-type caml1* gene, fission yeast cannot
form colonies at temperatures above 32°C. Calmodulin mutant
and wild-type fission yeast were arrested in S phase with
hydroxyurea at a temperature permissive for growth and then
released from arrest and shifted to the restrictive temperature.
The wild-type culture completed S phase and proceeded
normally through mitosis and then cytokinesis. The septation
index peaked 80 minutes after the shift to 37°C and the number
of viable cells began to increase 100 minutes after the shift
(Fig. 5). In contrast, 80 minutes after the shift to 37°C cellsin
the mutant culture began to lose viability (Fig. 5). Cytokinesis
in the mutant culture was delayed and asynchronous although
most of the cells did eventually form a septum.

The calmodulin localization and cell-cycle timing studies
suggested that mitotic defects might underlie the loss of
viability in the calmodulin mutant strain. Therefore, an anaysis
of DNA and spindle morphology was performed on synchro-

Tub DNA
Tub DNA
I

Fig. 4. Localization of calmodulin/tubulin and Sad1p/tubulin at the S
pombe SPB. A culture of S pombe strain MP5-1C (cam1*) grown at
30°C to logarithmic phasein Y E supplemented with adenine, leucine
and uracil was prepared for immunofluorescence as described in
Materials and Methods. Cam1p or Sad1p localization to the SPB
(arrowheads). Bar, 5 um.
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nized cultures of both the wild-type and calmodulin mutant
following incubation at non-permissive temperature. DNA-
specific staining with DAPI in control cells revealed the
chromatin as a brightly staining crescent with a faintly stained
nucleolus completing the sphere of the nucleus. As the cells
progressed through mitosis, the nucleus divided and the
chromatin segregated to either end of the dividing cell. Two
discrete nuclei formed, followed by septation.

Analysis of microtubule distribution by indirect immunoflu-
orescence revealed the disappearance of cytoplasmic micro-
tubules concomitant with formation of amitotic spindlein cells
undergoing mitotic transit. As previously described (Hagan
and Hyams, 1988), early short spindles aligned nearly perpen-
dicular to the length of the cell and spanned the centrally-
located chromosomal DNA mass (Fig. 6A). Later, spindle
alignment became more parallel with the long axis of the elon-
gating cell. The spindle midpoint corresponded with the
midpoint of the cell. As well, chromatin segregating along
medium to full-length spindles was always found near the two
endpoints of the spindle (Fig. 6B). At full spindle extension,
the newly segregated chromosomal masses were observed at
the two ends of the cell (Fig. 6C). Following mitosis, spindle
microtubules disappeared and post-anaphase arrays of cyto-
plasmic microtubules became apparent (Fig. 6D). Cytokinesis
resulted in two daughter cells each containing an equal mass
of segregated chromosomal DNA.

The cam1-E14 mutant cells exhibited several abnormal phe-
notypes. When the culture first began to lose viability (80
minutes), the chromosomal DNA appeared strikingly
condensed in 20% of the cells (n=200). M etaphase plates with
three pairs of discrete chromosomes could often be observed
(Fig. 7A). The DNA aso frequently appeared to be broken or
fragmented by improper distribution along the spindle (Fig.
7B). For comparison, only 2.5% of the wild-type cells
contained abnormal DNA at that time point. Anti-tubulin
immunofluorescence staining of mutant spindles was more
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Fig. 5. Viability of wild-type and calmodulin mutant cells following
shift to nonpermissive temperature. Cultures of strain MP33-6B
(cam1*) (M) and strain MP64 (cam1-E14) (@) were arrested by
treatment with hydroxyurea at 30°C, washed and released at 37°C as
described in Materials and Methods. At the times shown, samples
were removed and either titered or fixed in 3.7% formaldehyde. The
degree of synchrony attained was comparable to that attained
previously (Enoch et a., 1992). The septation index (A) isthe
fraction of cellswith a septum. Only the wild-type septation index is
shown for clarity.
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Tub DNA

AI.
B

/
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Fig. 6. Tubulin and DNA morphology in synchronized wild-type
cells. Cultures of strain MP5-1C (cam1*) synchronized with
hydroxyurea were incubated at 37°C , fixed, and prepared for
immunofluorescence as described in Materials and Methods.

(A) Short spindle; (B) medium spindle; (C) full-length spindle;
(D) cytoplasmic microtubules. Bar, 5 pm.

diffuse and less uniform than wild type (Fig. 7B). Perhaps the
most striking class of cells was those that appeared to have
broken mitotic spindles (Fig. 7C).

At later times, mutant cells appeared with chromosomes that
were missegregated. Some cells divided with two nuclei on one
side of the septum while other cells divided with only one
DAPI-staining mass that often appeared abnormaly large.
Cytoplasmic microtubules of normal morphology were found
assembled in association with the mislocalized chromatin (Fig.
7D). At 240 minutes after the shift, 27% of the mutant cells

Fig. 7. Tubulin and DNA morphology in synchronized calmodulin
mutant cells. Cultures of strain MP64 (cam1-E14) synchronized with
hydroxyurea were incubated at 37°C , fixed, and prepared for
immunofluorescence as described in Materials and Methods.

(A) Hyper-condensed chromosomes (arrowheads); (B) fragmented
chromatin and spindle with abnormal spur (arrowhead); (C) broken
spindle; (D) mislocalized chromatin and cytoplasmic microtubules.
Bar, 5 um.

contained mislocalized DNA and 11% contained no apparent
nuclear DNA.

DISCUSSION

We demonstrate that calmodulin localizes to the SPB in S
pombe. Antiserum to calmodulin appears at the end of the
spindle in a pattern identical to Sadlp, a molecular marker
whose |ocalization has been previously defined with respect to



SPB position (Hagan and Yanagida, 1995). A GFP-Camlp
fusion protein allowed examination of the SPB in living cells
and demonstrated that in living cells the SPB went through the
stages previously observed in fixed isolates (Hagan and
Hyams, 1988; McCully and Robinow, 1971; Tanaka and
Kanbe, 1986). Unlike a GFP fusion to Dislp (Nabeshima et
al., 1995), GFP-Camlp is the first molecular marker for SPBs
that can be seen in living S pombe cells throughout the cell
cycle. Thisintegrated marker should allow monitoring of SPB
behavior in mutant fission yeast cells.

Localization of camodulin using both a green fluorescent
protein fusion and indirect immunofluorescence also indicates an
association between S pombe calmodulin and aress of polarized
growth. GFP-Cam1p was observed in the region of the septum
as it formed, then at only one end of newly formed cells. Later,
fluorescence was seen at both ends of the growing cell. These
behaviors are similar to those of known components of the
polarized fission yeast actin cytoskeleton (Marks et a., 1986).

The SPB localization and the polarized localization of GFP-
Cam1lp can easily be differentiated using two criteria. First, the
SPB fluorescence is best seen in afocal plane that bisects the
center of the cell while the polarized localization is more
clearly seen when the focusisin a plane that is level with the
surface of the cell. The second criterion can only be applied to
live cells. The spot of SPB fluorescence remains relatively
constant in location for several minutes. During this time
interval, the fluorescence associated with cortical cytoskeleton
can be seen to undergo extensive remodeling, as has been pre-
vioudly reported in S cerevisiae (Waddle et al., 1996).

Subcellular localization of calmodulin to the SPB and the
cortical cytoskeleton suggests roles for S pombe calmodulin in
mitosisand in polarized cell growth, respectively. Analysis of the
restrictive-temperature phenotype of a temperature-senstive
camodulin mutant further substantiates a mitotic function for S
pombe calmodulin and indicates a role for calmodulin in facili-
tating chromosome segregation. At the restrictive temperature, S
pombe cells containing atemperature-sensitive Ca2*-binding-site
camodulin mutant begin to lose viability after DNA replication,
at atime when wild-type cells are completing mitosis and initi-
aing cytokinesis. Examination of the DNA of the mutant cell
reveals abnormal chromatin and spindle morphologies that are
consistent with afailure in chromosome segregation. First, at the
time when the cells begin to lose viahility, the chromatin appears
to condense and fragment. The chromatin may appear as distinct
chromosomes like that found in cold-sensitive fission yeast nda3
mutants when incubated at the non-permissive temperature
(Hiraoka et d., 1984). The nda3* gene encodes (-tubulin, an
essential component of the mitotic spindle apparatus. Consistent
with a presumed defect in spindle assembly, mutant cells were
found that appear to contain broken spindles. However, while the
tubulin defect in the nda3 mutant is detected by a spindle check-
point causing areversible mitotic arrest at the restrictive temper-
ature, the defect in the caml1-E14 mutant cells does not cause
arrest. The cam1-E14 camodulin mutant continues to divide,
resulting in cells with DNA midlocalized on only one side of the
septum and a significant number of cells containing no nuclear
DNA. This observation suggests severd, asyet untested hypothe-
ses. Calmodulin may have arolein amitotic checkpoint function.
Alternatively, the calmodulin defect may simply not be detected
by the checkpoint mechanism. Furthermore, the fact that the
mutant cells can form a septum suggeststhat any defect the cam1-
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E14 mutant may have in polarized growth is not severe enough
to manifest itself before the lethal effects of mitotic failure.

In S cerevisiae, GFP-caimodulin fusions are easily seen at
the SPB and at sites of cell growth in living cells. This is the
first demonstration of the presence of calmodulin at both struc-
tures at the same time. Previous methods employing fixation
showed calmodulin at only one place or the other (Brockerhoff
et a., 1992; Geiser et a., 1993; Stirling et al., 1994; Sun et al.,
1992b; Sundberg et a., 1996). Furthermore, although the
cmd1-6 Ca2*-binding calmodulin mutant is viable (Geiser et
al., 1991), immunofluorescence methods have not been able to
detect the Cmd1-6p protein product at the SPB. The GFP-
Cmd1-6p fusion providesthefirst cytological evidence that the
interaction between calmodulin and the budding yeast SPB is
Ca?*-independent. GFP-calmodulin serves as an excellent inte-
grated marker for the SPB alowing the observation of SPB
behavior in living cells. Our results are similar to those
observed previously examining the location of Nuf2p-GFP, a
protein that associates with the microtubules near the SPB
(Kahana et al., 1995; Osborne et al., 1994).

Calmodulin appears to perform asimilar mitotic function in
both fission and budding yeasts. The subcellular localization
pattern of camodulin in both S cerevisiae and S. pombe is
quite similar. Calmodulin can be found at the SPB and at sites
of cell growth associated with the polarized cortical cytoskel-
eton. The mitotic phenotypes of temperature-sensitive calmod-
ulin mutants from both species are also related. Like the cam1-
E14 mutant, the S. cerevisiae cmd1-1 mutant loses viability at
non-permissive temperature during mitosis and accumulates
cellswith broken spindles and fragmented DNA (Davis, 1992).
Calmodulin in S cerevisiae is known to function in mitosis by
direct interaction with the SPB component SpcllOp.
Therefore, we propose that calmodulin also performs an
essential mitotic function via an interaction at the S. pombe
SPB. Yet, unlike in S. cerevisiae (Geiser et al., 1991), in S
pombe at least one wild-type Ca2*-binding-site in calmodulin
isrequired to maintain viability (Moser et a., 1995). Thus, the
essential interaction between S. pombe calmodulin and the SPB
may be a Ca2*-dependent process. However, any determination
of the Ca2*-dependence of the interaction between calmodulin
and centrosome components from S. pombe as well as from
other species awaits their isolation and characterization.

We thank I. Hagan for affinity-purified antibodies against Sad1p, P.
Y. Lum for assistance with laser scanning confocal microscopy, and
NovoNordisk for kindly providing mutanase. This work was
supported by National Institutes of Health grants T32 GM-08437 (to
M.JM.), T32 GM-07270-22 (to M.R.F.), and GM40506 (to T.N.D.).

REFERENCES

Brocker hoff, S. E. and Davis, T. N. (1992). Calmodulin concentrates at regions
of cell growth in Saccharomyces cerevisiae. J. Cell Biol. 118, 619-629.

Brockerhoff, S. E., Edmonds, C. G. and Davis, T. N. (1992). Structural
analysis of wild-type and mutant yeast calmodulins by limited proteolysis
and electrospray ionization mass spectrometry. Protein Sci. 1, 504-516.

Brockerhoff, S. E., Stevens, R. C. and Davis, T. N. (1994). The
unconventional myosin, Myo2p, isacamodulin target at sites of cell growth
in Saccharomyces cerevisiae. J. Cell Biol. 124, 315-323.

Byers, B. (1981). Cytology of the yeast life cycle. In The Molecular Biology of
the Yeast Saccharomyces— Life Cycle and Inheritance (ed. J. N. Strathern, E.
W. Jonesand J. R. Broach), pp. 59-96. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W. and Prasher, D. C. (1994).



1812 M. J. Moser, M. R. Flory and T. N. Davis

Green fluorescent protein as amarker for gene expression. Science 263, 802-
805.

Cunningham, K. W. and Fink, G. R. (1996). Calcineurin inhibits VCX1-
dependent H*/Ca2* exchange and induces Ca?*-ATPases in Saccharomyces
cerevisiae. Mol. Cell Biol. 16, 2226-2237.

Cyert, M. S, Kunisawa, R., Kaim, D. and Thorner, J. (1991). Yeast has
homologs (CNA1 and CNA2 gene products) of mammalian calcineurin, a
camodulin-regulated phosphoprotein  phosphatase [published erratum
appearsin Proc. Nat. Acad. Sci. USA (1992) 89, 4220]. Proc. Nat. Acad. ci.
USA 88, 7376-7380.

Cyert, M. S. and Thorner, J. (1992). Regulatory subunit (CNBL1 gene product)
of yeast Ca?*/calmodulin-dependent phosphoprotein phosphatases is
required for adaptation to pheromone. Mol. Cell Biol. 12, 3460-3469.

Davis, T.N.,Urdea, M. S, Masiarz, F. R. and Thorner, J. (1986). | solation of
the yeast calmodulin gene: calmodulin is an essential protein. Cell 47, 423-
431.

Davis, T. N. (1992). A temperature-sensitive calmodulin mutant loses viability
during mitosis. J. Cell Biol. 118, 607-617.

Enoch, T., Carr, A. M. and Nurse, P. (1992). Fission yeast genesinvolved in
coupling mitosis to completion of DNA replication. Genes Dev. 6, 2035-
2046.

Geiser, J. R, van Tuinen, D., Brocker hoff, S. E., Neff, M. M. and Davis, T.
N. (1991). Can calmodulin function without binding calcium? Cell 65, 949-
959.

Geiser, J. R., Sundberg, H. A., Chang, B. H., Muller, E. G. and Davis, T. N.
(1993). The essential mitotic target of calmodulin is the 110-kilodalton
component of the spindle pole body in Saccharomyces cerevisiae. Mol. Cell
Biol. 13, 7913-7924.

Gutz, H., Hedot, H., Leupold, U. and Loprieno, N. (1972).
Schizosaccharomyces pombe. In Handbook of Genetics, vol. 1 (ed. R. C.
King), pp. 395. Plenum, New York.

Hagan, . M. and Hyams, J. S. (1988). The use of cell division cycle mutants
to investigate the control of microtubule distribution in the fission yeast
Schizosaccharomyces pombe. J. Cell Sci. 89, 343-357.

Hagan, |.and Yanagida, M. (1995). The product of the spindleformation gene
sadl* associates with the fission yeast spindle pole body and is essential for
viability. J. Cell Biol. 129, 1033-1047.

Harlow, E. and Lane, D. (1988). Antibodies: A Laboratory Manual. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Heim, R., Cubitt, A. B.and Tsien, R. Y. (1995). Improved green fluorescence.
Nature 373, 663-664.

Hiraoka, Y., Toda, T. and Yanagida, M. (1984). The nda3 gene of fission
yeast encodes beta-tubulin: a cold-sensitive nda3 mutation reversibly blocks
spindle formation and chromosome movement in mitosis. Cell 39, 349-358.

Kahana, J. A., Schnapp, B. J. and Silver, P. A. (1995). Kinetics of spindle
pole body separation in budding yeast. Proc. Nat. Acad. Sci. USA 92, 9707-
9711.

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

Kilmartin, J. V., Dyos, S. L., Kershaw, D. and Finch, J. T. (1993). A spacer
protein in the Saccharomyces cerevisiae spindle pole body whose transcript
iscell cycle-regulated. J. Cell Biol. 123, 1175-1184.

Kilmartin, J. V. and Goh, P. Y. (1996). Spc110p: assembly propertiesand role
in the connection of nuclear microtubules to the yeast spindle pole body.
EMBO J. 15, 4592-4602.

Kunkel, T. A., Roberts, J. D. and Zakour, R. A. (1987). Rapid and efficient
site-gpecific mutagenesis without phenotypic selection. Meth. Enzymol. 154,
367-382.

Lillie, S. H. and Brown, S. S. (1994). Immunofluorescence localization of the
unconventional myosin, Myo2p, and the putative kinesin-related protein,
Smylp, to the same regions of polarized growth in Saccharomyces
cerevisiae. J. Cell Biol. 125, 825-842.

Lu, K. P, Osmani, S. A., Osmani, A. H. and Means, A. R. (1993). Essential
roles for calcium and camodulin in G2/M progression in Aspergillus
nidulans. J. Cell Biol. 121, 621-630.

Marks, J., Hagan, |I. M. and Hyams, J. S. (1986). Growth polarity and
cytokinesisin fission yeast: the role of the cytoskeleton. J. Cell Sci. Suppl. 5,
229-241.

McCully, E. K. and Robinow, C. F. (1971). Mitosis in the fission yeast
Schizosaccharomyces pombe: a comparative study with light and electron
microscopy. J. Cell Sci. 9, 475-507.

Means, A. R. (1994). Calcium, calmodulin and cell cycle regulation. FEBS
Lett. 347, 1-4.

Mitchison, J. M. (1970). Physiologica and cytologica methods for
Schizosaccharomyces pombe. Meth. Cell Physiol. 4, 131-165.

Mitchison, J. M. and Nurse, P. (1985). Growth in cell length in the fission
yeast Schizosaccharomyces pombe. J. Cell Sci. 75, 357-376.

Moser, M. J,, Lee, S. M., Klevit, R. E. and Davis, T. N. (1995). Ca?* binding
to calmodulin and its role in Schizosaccharomyces pombe as revealed by
mutagenesis and NMR spectroscopy. J. Biol. Chem. 270, 20643-20652.

Moser, M. J., Geiser, J. R. and Davis, T. N. (1996). Ca2*-calmodulin promotes
survival of pheromone-induced growth arrest by activation of calcineurinand
Ca?*-calmodulin-dependent protein kinase. Mol. Cell Biol. 16, 4824-4831.

Nabeshima, K., Kurooka, H., Takeuchi, M., Kinoshita, K., Nakaseko, Y.
and Yanagida, M. (1995). p93disl, which is required for sister chromatid
separation, is anovel microtubule and spindle pole body-associating protein
phosphorylated at the Cdc?2 target sites. Genes Dev. 9, 1572-85.

Ohya, Y., Kawasaki, H., Suzuki, K., Londesborough, J. and Anraku, Y.
(1991). Two yeast genes encoding calmodulin-dependent protein kinases.
I solation, sequencing and bacterial expressions of CMK1 and CMK2. J. Biol.
Chem. 266, 12784-12794.

Ohya, Y. and Botstein, D. (1994). Diverse essential functions revealed by
complementing yeast calmodulin mutants. Science 263, 963-966.

Osborne, M. A., Schlenstedt, G., Jinks, T. and Silver, P. A. (1994). Nuf2, a
spindle pole body-associated protein required for nuclear divisionin yeast. J.
Cell Biol. 125, 853-866.

Pausch, M. H.,Kaim, D., Kunisawa, R., Admon, A. and Thorner, J. (1991).
Multiple Ca2*/calmodulin-dependent protein kinase genes in a unicellular
eukaryote. EMBO J. 10, 1511-1522.

Pozos, T. C., Sekler, |.and Cyert, M. S. (1996). The product of HUM1, anovel
yeast gene, is required for vacuolar Ca?*/H* exchange and is related to
mammalian Na*/Ca2* exchangers. Mol. Cell Biol. 16, 3730-3741.

Rasmussen, C. D, Means, R. L., Lu, K. P, May, G. S. and Means, A. R.
(1990). Characterization and expression of the unique calmodulin gene of
Aspergillus nidulans. J. Biol. Chem. 265, 13767-13775.

Rasmussen, C. D,, Lu, K. P, Means, R. L. and Means, A. R. (1992).
Calmodulin and cell cycle control. J. Physiol. 86, 83-88.

Rasmussen, C., Garen, C., Brining, S., Kincaid, R. L., Means, R. L. and
Means, A. R. (1994). The calmodulin-dependent protein phosphatase
catalytic subunit (calcineurin A) is an essential genein Aspergillus nidulans.
EMBO J. 13, 3917-3924.

Sherman, F., Fink, G. R. and Hicks, J. B. (1986). Methodsin Yeast Genetics.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York.

Spang, A., Grein, K. and Schiebel, E. (1996). The spacer protein Spc110p
targets calmodulinto the central plaque of the yeast spindle pole body. J. Cell
Sci. 109, 2229-2237.

Stirling, D. A., Welch, K. A. and Stark, M. J. (1994). Interaction with
calmodulin is required for the function of Spc110p, an essential component
of the yeast spindle pole body. EMBO J. 13, 4329-4342.

Stirling, D. A, Rayner, T. F, Prescott, A. R. and Stark, M. J. R. (1996).
Mutations which block the binding of calmodulin to Spc110p cause multiple
mitotic defects. J. Cell Sci. 109, 1297-1310.

Sun, G. H., Hirata, A., Ohya, Y. and Anraku, Y. (19924). Mutationsin yeast
camodulin cause defects in spindle pole body functions and nuclear
integrity. J. Cell Biol. 119, 1625-1639.

Sun, G. H., Ohya, Y. and Anraku, Y. (1992b). Yeast camodulin localizes to
sites of cell growth. Protoplasma 166, 1625-1639.

Sundberg, H. A., Goetsch, L., Byers, B. and Davis, T. N. (1996). Role of
calmodulin and Spc110p interaction in the proper assembly of spindle pole
body components. J. Cell Biol. 133, 111-124.

Takeda, T. and Yamamoto, M. (1987). Analysis and in vivo disruption of the
gene coding for camodulin in Schizosaccharomyces pombe. Proc. Nat.
Acad. Sci. USA 84, 3580-3584.

Tanaka, K. and Kanbe, T. (1986). Mitosis in the fission yeast
Schizosaccharomyces pombe as revealed by freeze-substitution electron
microscopy. J. Cell Sci. 80, 253-268.

Waddle, J. A., Karpova, T. S., Waterson, R. H. and Cooper, J. A. (1996).
Movement of cortical actin patchesin yeast. J. Cell Biol. 132, 861-870.

Yoshida, T., Toda, T. and Yanagida, M. (1994). A calcineurin-like gene ppbl*
in fission yeast: mutant defects in cytokinesis, cell polarity, mating and
spindle pole body positioning. J. Cell Sci. 107, 1725-1735.

(Received 6 November 1996 — Accepted 29 May 1997)



