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Abstract. The function of the essential MIF2 gene in
the Saccharomyces cerevisiae cell cycle was examined
by overexpressing or creating a deficit of MIF2 gene
product. When MIF2 was overexpressed, chromosomes
missegregated during mitosis and cells accumulated in
the G, and M phases of the cell cycle. Temperature
sensitive mutants isolated by in vitro mutagenesis
delayed cell cycle progression when grown at the re-
strictive temperature, accumulated as large budded
cells that had completed DNA replication but not
chromosome segregation, and lost viability as they
passed through mitosis. Mutant cells also showed in-
creased levels of mitotic chromosome loss, supersen-

sitivity to the microtubule destabilizing drug MBC,
and morphologically aberrant spindles. mif2 mutant
spindles arrested development immediately before
anaphase spindle elongation, and then frequently broke
apart into two disconnected short half spindles with
misoriented spindle pole bodies. These findings indi-
cate that MIF2 is required for structural integrity of
the spindle during anaphase spindle elongation. The
deduced Mif2 protein sequence shared no extensive
homologies with previously identified proteins but did
contain a short region of homology to a motif in-
volved in binding AT rich DNA by the Drosophila D1
and mammalian HMGI chromosomal proteins.

common to all eukaryotic cells. When chromosomes

are missegregated during mitosis, the result is
aneuploidy and frequently cellular death. Of central impor-
tance to successful chromosome segregation is the correct
functioning of the segregation machinery, the spindle ap-
paratus (for review see McIntosh and Koonce, 1989). Spin-
dles are composed of two sets of interdigitating microtubules
(half spindles) that originate at the spindle poles. The minus
ends of the spindle microtubules are located at the poles and
the plus ends in the spindle midzone, forming an anti-
parallel microtubule array in the region of half spindle over-
lap. In order for successful chromosome segregation to occur,
spindles must form stable associations with chromosomes,
and then function in two very different ways during the two
substages of anaphase. In anaphase A, the pole to chromo-
some spindle microtubules (kinetochore microtubules) de-
polymerize as sister chromatids separate, leave the meta-
phase plate, and are translocated via their kinetochores along
the microtubules toward the spindle poles. In anaphase B, the
distance between the poles increases as the spindle micro-
tubules not attached to chromosomes (polar microtubules)
elongate, ensuring the complete separation of chromosomes
both from their sisters and into separate daughter cells.
Elongation is achieved both by a sliding apart of the anti-

CHROMOSOME segregation is a highly accurate process
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parallel microtubules and by an increase in polar microtu-
bule length via tubulin polymerization (for review see Cande
and Hogan, 1989).

8. cerevisiae is an excellent system in which to study the
mechanics of chromosome segregation and spindle behavior.
Compared to most eukaryotes, S. cerevisiae tolerates whole
chromosome aneuploidy relatively well and can therefore
grow under conditions of low segregational fidelity. Segrega-
tion errors can be detected by scoring chromosome specific
genetic markers in highly sensitive assays that measure the
accuracy of chromosome transmission. The yeast spindle is
similar in most respects to the spindle of higher eukaryotes
and undergoes a well characterized cycle of development as
determined by electron and immunofluorescence micros-
copy (Byers and Goetsch, 1975; Kilmartin and Adams,
1984). During interphase the yeast spindle pole, called the
spindle pole body (SPB)', duplicates to generate two side-
by-side SPBs embedded in the nuclear envelope, which un-
like the nuclear membrane of higher eukaryotes remains in-
tact throughout mitosis. As the cell cycle progresses, the
SPBs separate from each other, forming a short spindle be-
tween them. The nucleus then migrates to the junction be-
tween the mother cell and attached daughter bud, and the
spindle elongates. Cytokinesis is accompanied by the break-

1. Abbreviations used in this paper: C, complete synthetic medium; CAI,
Codon Adaptation Index; FACS, fluorescence-activated cell sorter; MBC,
methy] benzimidazole-2-yl-carbamate; —N, minimal synthetic medium hav-
ing no nitrogen source; SPB, spindle pole body.

387



down of any remaining long spindle microtubules and results
in the generation of two daughter nuclei, each with a single
SPB and interphase array of microtubules. A variety of mu-
tants have been isolated that identify genes required for spin-
dle development and/or chromosome segregation (Brown et
al., 1993).

The mitotic fidelity gene MIF2 was isolated for its ability
to destabilize chromosome VII when overexpressed (Meeks-
Wagner et al., 1986) and was shown to be an essential gene
by gene disruption. Spores carrying a MIF2 null allele ar-
rested growth after several divisions as large budded cells,
a morphology characteristic of cells blocked in DNA repli-
cation or mitosis. These results suggested that MI/F2 has an
essential cell cycle function and is potentially involved in mi-
totic chromosome segregation. To further define the role of
MIF2 in the cell cycle and determine whether it indeed plays
a role in chromosome segregation, we isolated temperature
sensitive lethal alleles and examined the phenotypes of cells
deficient for MIF2 function. Our results indicate that Mif2
protein is required for maintaining the structural integrity of
the mitotic spindle.

Materials and Methods

Strains and Media

All 8. cerevisiae strains used were of congenic A364a genetic background
unless otherwise noted and are listed in Table I. E. coli strain JA194 (trpC-
117 leuB rk™ mk™) was used to assay plasmid-borne yeast TRPI function.

The yeast media used were the two rich media YM-1 (Hartwell, 1967)
and YEPD (Sherman et al., 1986), a complete (C) synthetic medium (Sher-
man et al., 1986), and a minimal synthetic medium lacking a nitrogen
source (—N). —N medium consisted of 1.6 g/liter of yeast nitrogen base with-
out amino acids or ammonium sulfate (Difco Labs., Detroit, MI), 009 M
succinic acid, adjusted to pH 5.8 with NaOH. Rich medium plates were
YEPD + 2% Bacto-agar (Difco Labs.). Synthetic plates were C medium
with 2% added Bacto-agar. For selection against auxotrophic markers, C
medium minus the substance(s) required for growth was used (e.g., C—
tryptophan). YEPD + cycloheximide ( Sigma Chem. Co., St. Louis, MO)
plates contained 10 ug/ml of cycloheximide. Canavanine plates consisted
of C—arginine medium containing 60 ug/ml canavanine sulfate (Sigma
Chem. Co.). Methyl benzimidazole-2-yl-carbamate (MBC), a gift of Du
Pont Corp. (Wilmington, DE), was added to YEPD or C plates at concen-
trations of 10, 15, 20, and 40 pg/ml. E. coli was grown in L Broth and on
LB or M9 agar plates.

Plasmid Constructions

pMBO001 was constructed by inserting a 4.4-kb BamH I fragment containing
the MIF2 partial gene into the BamH I site of JKO07, a CEN3 ARS1 URA3
vector. JKOO7 was constructed by J. Konopka by filling in the EcoR I and
Hind 111 sites of pDK263 (Koshland et al., 1985). pMB002 was constructed
by inserting the same 4.4-kb BamH I fragment into the CEN4 ARS1 URA3
vector YCp50. Plasmid SC231 consists of the 4.4-kb BamH 1 fragment
cloned into the BamH I site of the multiple copy 2 pum LEU2 vector CV13
(Broach et al., 1979) as described by Meeks-Wagner et al. (1986), who re-
ferred to SC231 as YEpSC231. A 2.0 BamH I fragment deriving from chro-
mosome IX is also present in SC231. Plasmid S26 consists of the 4.4-kb
BamH 1 fragment cloned into the BamH I site of the multiple copy ARSI
TRPI vector YRp7 (Tschumper and Carbon, 1980) and was referred to as
YpSC231-4 by Meeks-Wagner et al. (1986). pMB024 was constructed by in-
serting a 3.0-kb BamH I fragment containing half of the MIF2 gene into the
BamH 1 site of pMBO017 immediately adjacent to the 4.4-kb BamH I frag-
ment containing the other half of the MIF2 gene. This juxtaposition recon-
structed the intact MIF2 gene. pMBO17 is a derivative of pMBOOI created
by filling in the BamH I site distal to the MIF2 open reading frame with
Klenow. pMB027 was constructed as described for pMB024 except that the
target vector was pMBO025 instead of pMBO017. pMB025 was constructed
as described for pMBO17 except that the base vector was $26. pMBO030 was
constructed by inserting the complete MIF2 gene on a 2.6-kb Pst I fragment
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Table I. Yeast Strains
Strain

LH330SD* o

Genotype

ade2 leu2 trpl hom3 ura3 canl fecyl sap3
(lys5 + cyh2 + ade +)/(+ aro2 + +

ade3)

mif2-3B a  mif2-3 his3 ade2 trpl leu2 ura3 canl sap3

4050-15 a  leu2 trpl

4050-15-y1 a  leu2 trpl MIF2::TRP1

4053-34Z1 o his7 ura3 MIF2::URA3

4076-27 a  his7 ural

5371-8-3 o ura3

5371-10-2 a ura3

6716-7-1 a  his3 ade2 trpl leu2 ura3 canl sap3

6730 a/oe his3/his3 ura3fura3 +/mif2::HIS3 +/leu2
+/met2 +/sap3

6764-181 o his3 ura3 trpl leu2 met2 canl sap3

mif2::HIS3, plasmid pMB030

mif2-2 ade2 leu2 trpl hom3 ura3 canl fcyl
sap3 (lys5 + cyh2 + ade6 +)/(+ aro2
+ + ade3)

mif2-3 ade2 leu2 trpl hom3 ura3 canl fcyl
sap3 (lysS + cyh2 + ade6 +)/(+ aro2
+ + ade3)

6767-C1-A* o

6768-D4-A* a

6783-D-4 a  ura3 leu2 his3 his7 canl sap3 MIF2::URA3

6796-5-2 a  mif2-3 trpl leu2 ura3

6799 ala mif2-3/mif2-3 canl/+ hom3/+ ura3/ura3
trpl/+ his3/+ his7/+ sap3/sap3

6801 a/a MIF2/MIF2 canl/+ hom3/+ ura3/ura3
leu2/leu2 his3/+ his7/+ sap3/sap3

6815 ala mif2-5/mif2-5 canl/+ hom3/+ ura3/+
trpl/+ his3/+ his7/+ sap3/sap3

6810-2-3 a  mif2-6 his3 trpl leu2 ura3 canl sap3

6818-1-1 o mif2-2 ura3 leu2 sap3

6832 a/o cdcl7/cdcl7 canl/+ hom3/+ ura3/+
leu2/+ his7/his7 sap3/+ ural/+

6836 a/a mif2-2/mif2-2 canl/+ hom3/+ ura3/+
leu2/+ trpl/+ his3/+ ade2/+

6848-9-4 o mif2-2 ura3

6849-8-4 o mif2-3 ura3 sap3

6849-10-1 a  mif2-3 ura3

6858-19-2 o  mif2-5 ura3

6881-13-1 a  cdcl6 ura3

6886B-14-3 o mif2-6 ura3

6898-3-2 o cdc9 ura3

6918-8-2* o mif2-3 his7

* Not of congenic A364a strain background.

into the CEN4 ARS1 URA3 vector pPEMBLYC32-12, which was constructed
by C. Mann and is a member of the pPEMBLY plasmid family (Baldari and
Cesareni, 1985). pMBO031 was constructed similarly to pMB030 but con-
tains the 2.6-kb Pst I fragment in the opposite orientation. pMB034 was
constructed from pMBO031 by deleting a 0.7-kb Sph I-Pst I fragment of the
MIF2 insert, leaving behind in the vector a 1.9-kb Pst I-Sph I fragment con-
taining the MIF2 gene. pMBO038 was constructed by inserting the MIF2 gene
contained on a 1.9-kb Sph I fragment into the Sph I site of pTC3, a CEN3
ARS1 TRPI vector constructed by K. Nasmyth by insertion of a 2.0-kb Hind
III-BamH I CEN3 fragment into the Pvu Il site of YRp7. The 1.9-kb Sph
1 fragment consists of the MIF2 gene on a 1.9-kb Pst I-Sph I fragment plus
the region of the pMB030 polylinker sequence between the vector Pst I and
Sph 1 sites.

Non-complementation of a mif2 Null Mutation by
MIF2 DNA Sequences

The MIF2 4.4-kb BamH 1 fragment from the multicopy chromosome
destabilizing plasmid S26 (Meeks-Wagner et al., 1986) was cloned into two
different centromere-URA3 plasmids to form pMB001 and pMBO002, which
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were transformed into 6730, a ura3/ura3 diploid heterozygous for a lethal
disruption of MIF2 formed by insertion of the HIS3 gene (Meeks-Wagner
et al., 1986). Transformants were sporulated and their progeny scored for
viable spores per tetrad. Viability segregated 2:2 for both pMBOO! and
pMBO002, the same result obtained for control transformants containing ei-
ther of the pMBOOL and pMBO002 parent centromere-URA3 vectors JK007
and YCp50, which lack the MIF2 insert. The surviving spores were either
His~Ura™ or His"Ura*, indicating that none contained the HIS3 disruption
of MIF2 and that the centromere plasmid segregated independently of the
disruption. Because centromere plasmids segregate 2:2 in meiosis (Clarke
and Carbon, 1980), a mixture of tetrads segregating viability 4:0, 3:1, and
2:2 was expected if either pMBOO1 or pMBOO2 were able to complement
the MIF2 disruption; furthermore, some of the viable spores would have
been His*Ura*. Since neither of these conditions was fulfilled, the 4.4-kb
BamH 1 fragment must not encode a complementing MIF2 gene.

Cloning of MIF2

To obtain a complete MIF2 gene, DNA flanking the 4.4-kb partial gene was
cloned by integrative transformation. Plasmid $26, which contains the 4.4-
kb partial MIF2 gene and the bacterial 8-lactamase gene, was integrated at
the MIF2 locus, forming duplicated copies of MIF2 flanking bacterial DNA,
as verified by Southern analysis. Genomic DNA was isolated, restricted
with EcoR 1, ligated, and ampicillin resistant transformants were selected
in E. coli. (EcoR 1 was chosen because it cuts within plasmid sequences
outside of the 8-lactamase gene but does not cut within the partial MIF2
gene fragment as diagrammed in Fig. 1. Genomic mapping had indicated
that the nearest EcoR I site flanking the partial gene was ~3 kb away.) Plas-
mids isolated from the ampicillin resistant transformants contained 3.05 kb
of novel DNA flanking the original 4.4-kb MIF2 fragment.

Northern Analysis

Total RNA was isolated from exponentially growing yeast cells (Sclafani
and Fangman, 1984). Poly A* RNA was isolated from total RNA using
poly U sepharose. RNA samples were denatured with glyoxal, separated by
electrophoresis through a 1% agarose gel in 10 mM sodium phosphate
buffer (pH 7.0), transferred to a nylon membrane (Nytran, Schleicher &
Schuell, Inc., Keene, NH) by Northern blotting, and hybridized to the MIF2
2.6-kb Pst I fragment.

DNA Sequencing

The sequence of both strands of the MIF2 gene was determined by the
dideoxy chain termination method (Sanger et al., 1977) using double-
stranded plasmids and the Sequenase DNA Sequencing Kit (Un. States Bio-
chemical, Cleveland, OH). A nested set of deletions was prepared by Exo-
nuclease I1I digestion (Henikoff, 1984), and commercially available primers
were used to initiate polymerization. Where gaps existed, 17-mer oligonu-
cleotides based on previously generated MIF2 sequence were synthesized
and used as primers. Homology searches of sequence databases were per-
formed using the Intelligenetics FASTDB program (Brutlag et al., 1990).

Isolation of Conditional Mutants

pMBO038 was mutagenized in vitro with hydroxylamine (NH,OH; Sigma
Chem. Co.) essentially as described (Rose and Fink, 1987). 3.3 ug of DNA
in 2 pl of TE, pH 80, was added to 100 ! of hydroxlamine solution, which
consists of 009 g NaOH and 0.35 g NH,OH-HCI in 5 ml ice cold H;O,
made immediately before each mutagenesis. The DNA was incubated for
30-120 min at 75°C (Belfort and Pedersen-Lane, 1984), depending on the
desired frequency of mutagenesis. Because pMB038 contains two markers
that can be selected in E. coli strain JA194, the §-lactamase gene which con-
fers resistance to ampicillin and the yeast TRP/ gene which complements
the E. coli trpC mutation, the degree of mutagenesis can be assessed in bac-
teria. AmpR transformants were screened for loss of TRP! function by
replica plating to medium lacking tryptophan (M9 + 64 mg/liter leucine).
When DNA was mutagenized for 60 min, for example, the frequency of
Trp™ mutants was 2%.

Mutagenized pMBO038 was transformed into 6764-181, a haploid yeast
strain containing both a lethal genomic disruption of MIF2 and pMB030,
a CEN4 URA3 plasmid containing MIF2 sequences that complement the le-
thal defect of the disruption allele. Transformants were selected on C — uracil —
tryptophan medium at 23°C, and then patched to C medium to allow loss
of the URA3 plasmid. After several days growth at 23°C, the plasmids were
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shuffled (Mann et al., 1987) by replica plating to C — tryptophan plates con-
taining 5-fluoroorotic acid (SCM Chemicals, Gainesville, FL; Boeke et al.,
1984), which selects against cells with URA3 function, at 14, 23, and 36°C.
Only cells lacking pMBO030 and harboring mutagenized pMB038 will grow
on this medium. Of 4,110 transformants screened, 44 were capable of
growth at 23°C but not 36°C, and 7 could grow at 23°C but not 14°C. By
testing for conditional growth on C plates, 13 heat sensitive strains were
found to have defects in the TRP! gene whereas none of the cold sensitive
strains were defective in TRPI function. Linkage of the conditional defect
to pMBO30 in the remaining 31 heat sensitive and 7 cold sensitive candi-
dates was determined by isolating plasmid from the temperature sensitive
yeast strains, transforming E. coli with the rescued plasmids, isolating plas-
mid DNA, retransforming 6764-181, and testing for conditional growth. Af-
ter this screen, 17 plasmid-linked heat sensitive and 3 cold sensitive mutants
remained.

Transfer of Plasmid-linked Mutations into the Genome

Plasmid-linked mif2 mutations were transferred into the yeast genome by
using a two step plasmid integration/excision gene replacement strategy
(Scherer and Davis, 1979). 1.9-kb Sph I fragments containing the mutage-
nized MIF2 gene (consisting of a 1.9-kb Sph I-Pst I MIF2 fragment plus
polylinker sequence from pMBO038 to provide the second Sph I site) were
isolated from six different temperature sensitive mutant pMB038 plasmids
and cloned into the Sph I site of the yeast URA3 integrating vector YIp5
(Struhl et al., 1979). The resulting plasmids were cut with BamH I to target
integration to the MIF2 locus and transformed into either 6716-7-1 or
LH330SD. Integrants were selected on C — uracil medium at 23°C. Plasmid
excisions were selected on C + S5-fluoroorotic acid medium at 23°C. To
identify temperature sensitive isolates, excision events were screened for the
ability to grow on C medium at 36°C. For one of the six mutant plasmids,
temperature sensitive excisions could not be obtained. Genomic DNA was
isolated from four of the five temperature sensitive excision strains as well
as the duplication strains from which they were derived, digested with
BamH 1, and subjected to Southern analysis using a 2.6-kb Pst I MIF2 frag-
ment as probe. The predicted number and sizes of bands appeared for the
alleles designated mif2-2, mif2-3, mif2-5, and mif2-6 as well as their progen-
itor duplication strains, verifying that the gross structure of DNA at the in-
tegration/excision site was as expected, and that these events had occurred
at the MIF2 locus and not at an unlinked site.

Linkage of the five putative mif2 temperature sensitive mutations 60-
23-4, mif2-2, mif2-3, mif2-5, and mif2-6 to the MIF2 locus was assessed
by crossing mutants to one of the MIF2 strains 4053-3-4Z1, 4050-15+1, or
6783-D-4, all of which contain either URA3 or TRP! integrated adjacent
to MIF2. Heterozygous diploids were then sporulated and random spores
were selected by plating to appropriate medium. All five strains showed
complete cosegregation of temperature sensitivity with uracil or tryptophan
auxotrophy and so were classified as linked to the MIF2 locus. Verification
that an allele belonged to the mif2 complementation group was obtained by
complementation testing to another temperature sensitive mif2 allele and re-
quiring that the heteroallelic diploids be temperature sensitive. Only 60-
23-4 failed this test and was therefore not classified as an allele of MIF2.
2:2 segregation of the temperature sensitive defect was demonstrated by
tetrad analysis of each mif2 allele when crossed to an MIF2 strain.

Flow Cytometry

Yeast cells were prepared for flow cytometry as described by Hutter and Ei-
pel (1979). 5371-8-3 and 6848-9-4 were grown in C medium to a density
of ~d4 X 10° cells/ml, and then either fixed immediately or shifted to the
restrictive temperature for 3 h and 20 min and then fixed. Cells were fixed
in 70% ethanol at room temperature for 1 h, washed in PBS, incubated in
PBS containing 1 mg/ml RNase A for 1 h at 37°C, washed in PBS, and
stained overnight at 4°C with 50 pg/ml propidium iodide (Sigma Chem.
Co.). Immediately before flow cytometry, cells were washed in PBS con-
taining 5 pg/ml propidium iodide.

Microcolony Assay

The microcolony assay was used to assess the viability of strains as de-
scribed for each experiment. In general, strains were grown to log phase
in C medium, treated in a specific way, diluted in minimal medium, soni-
cated briefly, and then plated to C or other medium at a specified tempera-
ture. Viability was determined by scoring 200-400 individual cells on each
plate by microscopic examination after 1-2 d growth and calculating the
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fraction of cells unable to form a colony, which is readily apparent after
this length of time. Cells not capable of successfully growing to a colony
generally arrest as microcolonies of 1-30 cells, depending on the specific
strain and experimental treatment.

Correlation of Lethality with Bud Morphology

6796-5-2 was grown to a density of 5 X 106 cells/ml in C medium at 23°C,
and then shifted to 37°C for 3 h. Cells were sonicated and plated to very
thin C agar plates at 23°C. Using a microscope, the position of cells and
whether they were unbudded, small budded, or large budded was scored
and the same cells rescored for whether they had formed a colony 24 and
48 h later.

Chromosome Segregation Assays

MIF2-overproducing plasmid transformants of LH330SD, a haploid strain
disomic for chromosome VII, were assayed for the frequency of chromo-
some VII loss as previously described (Meeks-Wagner et al., 1986). The
rate of VII loss in LH330SD and the LH330SD-derived mif2 strains 6767-
Cl-A and 6768-D4-A was calculated by the method of the median (Lea and
Coulson, 1949) using data gathered in the following way. Each strain was
streaked for single colonies on a YEPD plate and incubated at 23, 30, 32,
or 34°C overnight. Fifteen colonies were picked from each plate by covering
the entire colony with the end of a pasteur pipette and pressing downward
such that the colony and agar underlying it become contained on an agar
plug within the pipette. Agar plugs were transferred into 1 ml of —N
medium, vortexed, and sonicated to suspend and separate cells. To deter-
mine the average colony size, aliquots of each sample were pooled and
plated to YEPD at 23°C. Another aliquot of each sample was plated at 23°C
on YEPD medium + cycloheximide, which selects for both chromosome
VII loss and recombination events, distinguishable by their white or red
color. A third aliquot was streaked to YEPD at 23°C to determine the color
of each original colony. Colonies testing white were excluded from calcula-
tions because they were derived from cells that had already lost one copy
of chromosome VII. The rate of loss of chromosome V in dipoid strains
was also determined by the method of the median. Chromosome V loss
events in (canl hom3)/(+ +) diploids were selected on C — arginine +
canavanine medium and distinguished from recombination events by their
inability to grow on C — methionine medium due to uncovering of the hom3
marker, as previously described (Hartwell and Smith, 1985; Meeks-Wagner
and Hartwell, 1986).

MBC Supersensitivity Assays

Liquid cultures were grown to saturation in YM-1 medium and 2.5 ul of
each spotted and streaked in a defined sector (one sixth of a 9-cm petri plate)
on prewarmed YEPD plates containing either 0, 10, 15, or 20 ug/ml MBC.
After 3-4 d incubation at either 23, 28, 30, 32, 34, or 36°C, mif2 strains
were scored for the degree of growth compared to a congenic MIF2 strain.
Strains tested included 6716-7-1, 5371-10-2, 4076-27, 6818-1-1, mif2-3B,
6810-2-3, and 6918-8-2. Quantitative data were obtained by growing strains
to a density of 2 X 10° cells/ml in C medium, sonicating briefly, and plat-
ing to C medium containing 20 pg/ml MBC, which had been added to the
liquid agar medium from a 10 mg/ml stock solution in DMSO immediately
before pouring. Viability of cells was assessed by the microcolony assay.
DMSO alone at this concentration had no significant effect on cell viability.

Fluorescence Microscopy

Strains were grown in C medium to a concentration of ~2 X 10° cells/ml
at 23°C before either fixing or shifting to the restrictive temperature. Prepa-
ration of cells for indirect immunofluorescence was essentially as described
(Baum et al., 1988) with several modifications. For each sample, 6 ul of
0.25 ug/ml polylysine was dried onto an area of ~5 mm? on the surface
of a glass microscope slide before addition of fixed cells. The rat anti-yeast
a-tubulin monoclonal antibody YOL1/34 (Accurate, Westbury, NY; Kil-
martin et al., 1982) was diluted 1/650 and 10 ul added to cells after attach-
ment to the slide. After a 12-h incubation at room temperature, slides were
washed, 10 ul of a 1:100 dilution of FITC-conjugated goat anti-rat IgG anti-
body (Accurate) containing 1 ug/ml 4,6-diamidino-2-phenylindole (DAPI;
Sigma Chem. Co.) was added, and cells were incubated for 5-7 h at room
temperature. Cells were counterstained with Evans Blue (Sigma Chem.
Co.) for 5 min to allow visualization of cell outlines. Cells were viewed on
a Nikon Microphot microscope equipped for epifluorescence. Mother cells
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were distinguished from daughter buds in large budded 6849-8-4 cells by
a 2 1/2-h incubation in 0.001% calcofluor (Cyanamid, Bound Brook, NJ)
at room temperature after formaldehyde fixation.

Electron Microscopy

6849-10-1 was grown to a density of 2.5 X 10° cells/ml in C medium at
23°C, and then shifted to 37°C for 3 1/3 h. Fixation, embedment, and elec-
tron microscopy were performed according to previously described
methods (Byers and Goetsch, 1991). Several efforts were made to improve
contrast between the spindle fibers and cytoplasm, and the best data are
presented. The low contrast appears to be caused by characteristics of the
mif2 A364a strain.

Results

Cloning of MIF2

The 4.4-kb BamH 1 fragment that was originally cloned by
Meeks-Wagner et al. (1986) and shown to destabilize chro-
mosomes when overexpressed was tested for its ability to
complement a lethal insertion mutation at the MIF2 locus
and found to be incapable of doing so (see Materials and
Methods). Reasoning that the 4.4-kb fragment might contain
only a portion of the MIF2 gene, we cloned additional DNA
from the MIF2 region by integrative transformation (Fig. 1
and Materials and Methods). A 7.4-kb fragment consisting
of the 4.4-kb MIF2 fragment and an adjacent 3.0 kb BamH
I fragment of newly isolated DNA was cloned into both a
centromere- URA3 plasmid and the multicopy ARS plasmid
YRp7, forming pMB024 and pMBO027.

pMBO024 was transformed into 6730, a diploid heterozy-
gous for a lethal HIS3 disruption of the MIF2 gene. After
sporulation of transformants, viability was found to segre-
gate 4:0 (6 tetrads), 3:1 (15 tetrads), and 2:2 (24 tetrads),
as would be expected for a centromere plasmid containing
a functional copy of the MIF2 gene. In all cases where a 4:0
pattern was observed, two of the viable spores were
His"Ura-, indicating they carried the undisrupted MIF2
gene but no plasmid, and two of the spores were His*Urat,
indicating they contained the mif2::HIS3 disruption allele
and a complementing centromere-URA3 plasmid. Whether
MIF2 is essential for mitotic growth and not simply spore
germination was tested by assaying plasmid stability in
His*Ura* and His~Ura* spores. His~ spores contain the
wild-type MIF2 gene and should be able to survive after loss
of the centromere-URA3 plasmid. His* spores contain the
lethal MIF2 disruption and therefore should die when they
lose the plasmid if MIF2 is required for vegetative growth.
When His- strains were grown for seven generations with-
out selecting for maintenance of the URA3 plasmid, ~60%
of the viable cells were Ura* and therefore contained the
plasmid. For His* strains, plasmid stability was 100%.
Therefore, His* cells were not able to lose the plasmid and
survive, indicating that MIF2 is required for mitotic growth.
Subcloning experiments further limited the DNA required
for complementation to a 1.9-kb Pst I-Sph I fragment, com-
posed of a 0.55-kb Sph I-BamH I fragment contained within
the newly cloned DNA and the adjoining 1.35-kb BamH I-
Pst 1 fragment from the original 4.4-kb MIF2 partial gene
(Fig. 2).

Map Position of MIF2
MIF2 was localized to chromosome XI by probing CHEF

390



MIF2 partial gene

AMP

)

Integrative
Transformation

|
|

Ligation

Select AMP in E. coli

Test for Complementation in Yeast

blots of yeast chromosomes (Chu et al., 1986) with the 4.4-
kb BamH 1 MIF2 DNA fragment, contradicting the earlier
report that MIF2 mapped to chromosome IX (Meeks-Wagner
et al., 1986). If a CHEF blot was probed with the 2.0-kb
BamH 1 fragment from the original MIF2 plasmid SC231
(Meeks-Wagner et al., 1986), then only chromosome IX
showed hybridization. The original MIF2 plasmid, therefore,
contained two BamH 1 fragments from different chromo-
somes. This conclusion was supported by the cloning of
novel DNA flanking the 4.4-kb BamH 1 fragment and
demonstration of its non-identity with the 2.0-kb BamH I
fragment by restriction analysis and hybridization. The ear-
lier mapping study, therefore, located the genomic position
of the 2.0-kb fragment, not the MIF2 gene.

MIF2 was genetically mapped in relation to several chro-
mosome XI markers (Table IT). The resulting data as well as
additional distances calculated between non-MIF2 chromo-
some XI markers allowed us to map MIF2 to the left arm of
chromosome XI and infer the order of genes as TRP3-URAI-
SUP75-MIF2-CDCl6-(CENXI)-METI4. No known essential
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Figure 1. MIF2 cloning
strategy. Plasmid S26, which
contains the 4.4-kb BamH I
MIF2 partial gene, the TRP!
gene from yeast, and the gene
conferring ampicillin resis-
tance from E. coli, was in-
tegrated into the yeast genome
by targeted transformation of
4050-15 at the MIF2 locus,
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a MIF2 null allele in yeast. Re-
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BamH 1.
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7
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genes map to this position, indicating that MIF2 is a previ-
ously unidentified gene. The strong data linking MIF2 to
CDCI6 and SUP75 indicate that CLY7 should also have
shown linkage to M/F2. The map position of CLY7 (Mor-
timer and Schild, 1985) therefore is placed in doubt.

Overexpression of MIF2

To test the effects of overexpressing the complete MIF2 gene
on chromosome segregation, a multiple copy ARS plasmid
containing the intact MIF2 gene, pMBO027, was transformed
into LH3308SD, a chromosome VII disome genetically
marked for assaying loss of VII (Mecks-Wagner and Hart-
well, 1986). pMBO027 increased chromosome VII loss to 12-
fold higher levels than did the vector plasmid YRp7. S26, a
YRp/-derived plasmid containing the partial MIF2 gene, in-
creased chromosome VII missegregation 75-fold above vec-
tor levels. Strains overexpressing the partial gene also
showed an increased proportion of cells in the G, and M
phases of the cell cycle (44 %) compared to the proportion
seen in strains containing the vector plasmid (26%), as de-
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Figure 2. Restriction map of
the MIF2 region and plasmid
complementation analysis of a
mif2 null allele. The shaded
region indicates the DNA se-
quenced. The arrow beneath
the map specifies the MIF2
coding region. The bars indi-
cate the DNA fragments from

T the MIF2 region that were

tested for complementation.
Plasmids were transformed

MIF2 ORF . -

— Complementation ~ into 6f730, a uﬂlg}?f h?;;?g
Plasmi f mif2 gous oran €le O .
Plasmid 2 Transformants were sporu-
pMB001 - lated and scored for com-
plementation. Plus (+) and
minus (—) signs indicate the
pMB024 + ability of the indicated plas-
mids to complement the mif2
pMB030 ey + null allele. R, EcoR I; B,
BamH ; P, Pst1; S, Sph1; Py,
Pvu II; ORF, open reading

pMBO034 — + frame.

termined by bud morphology and intracellular location of
the nuclear DNA.

Molecular Analysis of MIF2

Northern analysis of yeast poly A* RNA identified two
transcripts of 2.05 and 1.8 kb that hybridized to a 2.6-kb
Pst I DNA probe corresponding to the functional region of
MIF2. No bands were visible when total RNA was hybrid-
ized to a MIF2 probe, indicating that these RNAs are rela-
tively scarce and explaining why no MIF2 transcripts were
identified in previous attempts (Meeks-Wagner et al., 1986).

A 2,161-bp region of DNA containing the sequences that
confer MIF2 complementing activity was sequenced and
found to contain a single long open reading frame (Fig. 3).
The predicted length of the protein is 549 amino acids count-
ing from the first of four in-frame methionines within the ini-
tial 55 amino acids. Of the four potential start codons, which

Table II. Map Position of MIF2

Interval PD NPD TT Distance (cM)
MIF2-TRP3 107 45 329 62.3
MIF2-URAI 28 10 75 59.7
MIF2-MET14 37 12 101 57.7
MIF2-SUP75 80 3 66 28.2
MIF2-CDCl16 55 1 55 27.5
MIF2-METI 16 11 50 75.3
MIF2-CLY7 14 11 41 81.1
MIF2-MAK9 8 4 47 60.2
TRP3-URAI 101 0 10 4.5
SUP75-TRP3 40 10 96 534
MAK9-TRP3 26 2 31 36.4
CLY7-TRP3 9 8 51 72.8

Linkage of MIF2 to chromosome XI markers was assessed by crossing either
a strain in which the URA3 gene had been integrated immediately adjacent to
the MIF2 locus or a temperature sensitive mif2-3 mutant to strains bearing the
indicated genes. The resulting diploids were sporulated and their tetrads dis-
sected. Map distance was calculated according to Perkins et al., 1949. PD, Paren-
tal Ditype; NPD, Non-parental Ditype; T7T, Tetratype; cM, centiMorgans.
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are located at positions 1, 4, 28, and 45, the first two are situ-
ated within a poor context for efficient translation initiation
(ACTCATGG and TTATATGA), whereas the second two are
located within a context associated with highly efficient
translation initiation (CAGCATGG and CAGTATGA), (Ko-
zak, 1984). The predicted molecular weight of the protein
beginning at the first in-frame methionine is ~62.5 kD. The
partial MIF2 gene that causes high levels of chromosome loss
when overexpressed contains the NH,-terminal 364 amino
acids of the deduced protein sequence.

An unusual feature of the putative MIF2 gene product is
its high number of acidic residues. Whereas acidic amino
acids comprise 11.2% of the average eukaryotic protein
(Doolittle, 1986), the Mif?2 protein contains 20.6% glutamic
and aspartic acid residues. The predicted pl of the Mif2 pro-
tein is 4.5. Particularly striking is a highly acidic region ex-
tending from position 178-263 composed of 42% acidic
residues and only one basic amino acid. No significant
codon bias was detected. The Codon Adaptation Index (CAI)
value for the Mif2 protein is a fairly low 0.142 (Sharp and
Li, 1987). Because low CAI values correspond to low levels
of gene expression, the MIF2 gene is likely to be expressed
at low levels.

The deduced Mif2 protein sequence was compared to the
protein sequences contained in the Swiss-Prot (release 21)
and PIR (release 31) databases as well as to translated se-
quences from the GenBank nucleic acid database (release
71), but no extensive homologies were found. A 12-amino
acid perfect match beginning at amino acid 352 was found
between Mif2 and the Drosophila D1 chromosomal protein,
which binds double-stranded AT rich DNA (Levinger and
Varshavsky, 1982). Within the matching sequence is a motif
required for AT DNA binding by the HMGI family of mam-
malian chromosomal proteins (Lund et al., 1987; Reeves and
Nissen, 1990). Synthetic peptides containing this motif have
been shown to specifically bind AT DNA in vitro (Reeves
and Nissen, 1990). D1 contains eleven of the AT DNA-
binding motifs (Ashley et al., 1989), HMGI contains three
motifs, and Mif2 contains one. The D1, human HMGI,
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-274

CTGCAGGTTAAAAGTTTTCTTGAARAAAATCACTACATATTT TGGGAAGARTCTTCCTACTTCAGAA

-207 TTGAGGGTAAGAAGAAGAAATAAAACCTATCTGATTTTTCIATAAAGGT TATAAACGCTAGGCTTCTTT
-138 AAACTGCATTGGGTTTTTTCTCAATTTCGAGAAAAATAATATAACGCGTTAGAAATGGTGATGTAAATA
-69 AATGAATGTTAGAAAAATACATACGTTAAACAAATAAGITAGACATTAGCACAGGACAGCACTTCACTC
1 ATGGATTATATGARATTGGGGCTTAAGTCCCGTAAAACTGGTATTGATGTTAAGCAAGATATACCCARAA
M D YMZ KU LGTILIZ KSRIEKTGTIUDVTZEKS QDTITFPK 23
70 GATGAATACAGCATGGAAAATATTGATGATTTTTTCAAAGATGATGAAACTAGTCTTATCAGTATGAGA
DEY S MENTIDTUDTFTFIZ KTDTDETSTILTISMRZ R 46
139 AGGAAAAGCAGAAGAARATCATCGCTTTTCTTACCATCAACGTTAAATGGCGATACTAAGAACGTATTA
R K S RREKSSLTFULPSTTULNGT DTT KUDNUVL 69
208 CCGCCATTTCTACAGTCATATAAATCTCAAGATGATGAAGTTGTCCARAGCCCATCTGGGAARGGCGAT
PPFLQSYZ K SOQDTDEVVYQSZPSGTI KTGTSD 92
277 GGATCAAGACGATCATCTTTGTTAAGCCATCAATCAAACTTCCTGAGTCCAGCCAATGATTTCGAGCCT
G SRR SSULULSHO QS SNTFTILSPA ANTDTFTEP 115
346 ATTGAGGAAGAACCAGAACAAGAAGAAAATGATATCAGAGGCAATGATTTTGCCACACCAATCACACAG
I EEEPEGQETENDTIRTGUNUDTFATZPTITOQ 138
415 AAATTGAGTAAACCTACATATAAAAGARAGTACTCCACTCGGTATAGCCTTGACACTTCAGARAGCCCT
K L S KPTJVYZXKRTEKYJ STT® RYSTILDTSTESP 161
484 TCTGTAAGGTTGACACCTGATAGAATCACTAATAAGAATGTTTATTCAGATGTACCTGATTTGGTTGCT
S VRLTPUDRTITNIEKNVYSDVZPDTILVA 184
553 GATGAGGATGACGATGATAGAGTAAACACTTCTTTAAACACATCTGATAACGCATTATTAGAAGACGAA
DEDDUDUDTZRVYNTSTILNTSDNALTLTETDE 207
622 TTAGAAGATGACGGGTTTATACCTGAAAGTGAAGAGGACGGTGATTACATTGAAAGTGACTCATCTTTG
LEDDGTPFIPETGSETEDTGDTYTITET ST DS SSL 230
691 GATTCAGGCTCGGATTCAGCCAGTGATTCAGATGGAGATAACACCTATCAAGAAGTAGAAGAGGAGGCT
D S GSDSASTD SUDGDUNTT YGOQETVETETERB 253
760 GAGGTGAACACAAATGACAATGAAGATGATTATATAAGACGACAAGCGAGTGATGTGGTTCGTACAGAT
EV NTNTJDUNETDTUDTYTI®RURG QASTDVVRTD 276
829 TCAATAATTGATAGAAACGGGCTTCGGAAATCTACAAGAGTCAAGGTGGCGCCTTTGCAGTATTGGAGG Figure 3. DNA sequence of
S I I DRNGILRTEKSTRVYVEKTYATPTLSG OTYTWR 209 the MIF2 gene. The sequence
898 AACGAAAAAATAGTATATAAGAGGAAGTCCAATAAACCCGTTCTTGACATAGACAARATTGTCACATAT of 2161 bases of DNA con-
NEKTIVYZE KRTE KTSNTIEKTPVUILDTIDIEKTITVTY 322 taining the MIF2 open reading
967 GATGAATCTGAAGACGAAGAGGAGATATTGGCAGCACAAAGAAGGAAGAAACARARAAAAARACCTACA frame is shown along with the
DESEUDETEETITLA AA AGC QRTREKTEKTG GQE KT KTEKTPT 345 predicted amino acid se-
1036 quence of the gene product.
368 Numbers in the left margin re-
1105 fer to the DNA sequence, with
KENTLTIPEDTPNETDTITIETRTITESS GG GTIE 391 1 designated as the first base
1174 AATGGCGAGTGGCTGAAACATGGAATACTGGAAGCTAATGTGAAAATTAGCGACACTAAGGAGGAAACT of the first in-frame methio-
N GEWTULZE KU HGTITULEA ANV VI KTISTDTTZEXKTETET 414 nine codon. Numbers in the
1243 AAGGATGAAATTATTGCATTCGCGCCCAATTTGTCGCARACTGAACAAGTAARAGACACGAAGGACGAG right margin indicate the amino
K DETITIAFA APNUNILSO OQTTET G QVZ KDTTZEKTDE 437 acid sequence. The TAA stop
1312 AATTTTGCCCTTGAGATAATGTTCGATAAGCATAAAGAATATTTTGCTAGCGGCATATTAAAACTACCA codon is indicated by an aster-
NFALETIMTPFUDTEKUHEKTETYTFA ASGTITLTZEXKTLFP 460 isk (*). Potential TATA boxes
1381 GCTATTTCTGGACAARRAGAAATTAAGCAACTCATTTAGGACATATATTACGTTCCACGTGATACAGGGA at —167, —158, and —99 are
AI S G QK KUILSVNSTFRTYTITTFHVTIO QG 483 underlined. The PstI, BamH 1,
1450 ATAGTCGAAGTAACTGTATGTAAGAACAAGTTCTTGAGCGTTAAAGGTTCCACTTTCCAAATACCGGCA and Sph I sites are located
I VEVT TV CEKNZEKTFIULSVIEKSGSTTFOQTIUZPA 506 on positions —274, 1093, and
1519 TTCAACGAGTACGCGATTGCCAATAGAGGGAATGATGAAGCCAAAATGTTCTTCGTTCAAGTGACCGTT 1675, respectively. The 12-
FNEYATIAMNRGNUDEA AZXKMEFTFUVQVTV 529 amino acid sequence with per-
1588 TCAGAAGACGCTAACGATGACAACGACAAAGAATTAGACAGTACGTTTGACACTTTTGGGTAATTATGA fect homology to Drosophila
S EDANDUDNUDIEXKETLUDTSTT FTDTTFPFG * 549 D1 protein is contained within
1657 TGTGAATATTCTCATTATGCATGCTATGTACTGAAGAAATATAACTAGGTCCATACGCTTATACTGTTA the shaded box. These se-
1726 AACATGTGAACTTTTCTGTAAGAAAATGAATCACGTAAAATTTCGCGCCGAACTTTCGTAGATGAGAGA quence data are available from
1795 ACARAAAGCAGAAAAAGAGAAAGAACAGTAAAGTAACACTTAGTTAGCATATTTAAATAAAAGTCTAAA EMBL./GenBank/DDIJB under
1864 GGACCAGCAAAGAGTTATTAGGTG accession number Z18294.

mouse HMGY, and Mif2 DNA-binding motifs are compared
in Fig. 4.

The Mif?2 protein also contains four sequences fitting the
most preferred consensus site for phosphorylation by cAMP
dependent kinase, R-R/K-X-S/T (Kennelly and Krebs, 1991),
which are located at amino acid positions 46 (R-R-K-S), 50
(R-R-K-S), 95 (R-R-S-8), and 285 (R-K-S-T). The sequence
T-P-T-R at amino acid 345 is potentially a p34< kinase
(gene product of CDC28 in S. cerevisiae) phosphorylation
site (Moreno and Nurse, 1990).

Brown et al. MIF2 Is Required for Mitotic Spindle Integrity

Isolation of Temperature Sensitive mif2 Alleles

The question of what happens when cells have a deficit rather
than a surplus of MIF2 function was examined by isolating
conditional lethal alleles of MIF2. The centromere plasmid
pMBO038, which contains MIF2 sequences capable of com-
plementing a lethal disruption allele, was mutagenized in
vitro, and 17 heat sensitive and 3 cold sensitive plasmid-
linked mutants were recovered using a plasmid shuffle
scheme (see Materials and Methods). Six of the mutant
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consensus:

R/K XRGRPKK

Figure 4. Comparison of AT DNA-binding motifs from Mif2, Hu-
man HMGI, Mouse HMGY, and Drosophila D1 proteins. The
Mif2 motif shares 100% homology with a D1 12-amino acid se-
quence containing the DNA-binding motif in repeat IX (Ashley et
al., 1989). HMGY is an alternatively spliced mouse homolog of
HMGI (Johnson et al., 1988, 1989). Shaded residues indicate
matches with a consensus motif.

genes were introduced into yeast as genomic replacements
of the resident wild-type MIF2 gene in a standard two step
plasmid integration/excision procedure. Putative mif2 mu-
tants were tested for linkage to the MIF2 locus, non-
complementation of other mif2 temperature sensitive alleles,
and 2:2 segregation for temperature sensitivity. The four al-
leles that fulfilled these requirements, mif2-2, mif2-3, mif2-5,
and mif2-6, are all recessive and represent four distinct al-
leles both because of their independent isolation and the
differing temperatures required to arrest their growth.

Arrest of Cell Division by mif2 Mutants

mif2 mutants were grown to exponential phase at 23°C,
shifted to their restrictive temperature for three hours, and
scored for bud morphology by light microscopy. mif2-3 cells
arrested cell division with ~18% unbudded, 7% small bud-
ded, and 75% large budded cells. (A large budded cell is
defined as having a bud at least 3/4 the size of the mother
cell.) The other mif2 alleles also arrested predominantly as
large budded cells, mif2-2 with 76 %, mif2-5 with 60%, and
mif2-6 with 74%. In contrast, only 28% of wild-type cells
grown at 37°C had large buds. The large budded morphol-
ogy is typical of cells arrested in the S, G;, or M phases of
the cell cycle. Arrested mutant cells were larger in size than
congenic MIF2 cells grown under similar conditions, a char-
acteristic of cell division cycle (cdc) strains that are blocked
in cell division but continue protein synthesis (Hartwell,
1967, Johnston et al., 1977). mif2 cells did not arrest growth
with as uniform a terminal morphology as classical cell cycle
mutants such as cdc9 and cdcl6, which halt cell cycle
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Figure 5. Stability of cell cycle arrest in a temperature sensitive mif2
mutant. mif2-3 (), cdc9 (@), cdcl6 (0), and wild-type (O) strains
were grown to exponential phase in C medium at 23°C and shifted
to 37°C. The fraction of the cell population having a large budded
morphology was scored by light microscopic examination at timed
intervals after the temperature shift. Strains used: 6898-3-2, 6881-
13-1, 6849-10-1, 5371-10-2.

progression with >90% large budded cells at the restrictive
temperature (Fig. 5). To see if presynchronization of mif2
cells could increase the uniformity of the arrest morphology,
mif2-3 cells were synchronized as unbudded G, cells with
the yeast mating pheromone a-factor, and then released from
the a-factor block simultaneously with a temperature in-
crease to 37°C. The ensuing profile of arrest morphologies
was similar to that given by asynchronously grown mif2-3
cultures, indicating that the heterogeneity in arrest is not due
to multiple execution points. With increasing times at the re-
strictive temperature, the fraction of large budded cells de-
creased (for example, to 60% after 5 h for mif2-3) and the
unbudded and small budded populations increased, indicat-
ing that the unbudded and small budded cells originate by
cytokinesis of the large budded cells. In contrast, >90% of
cdc9 and cdcl6 cells remained large budded for at least six
hours after a shift to the restrictive temperature (Fig. 5). Fur-
thermore, when exponentially growing mif2-3 cells were
plated at 38°C and scored 8 h later, only 6 out of 310 micro-
colonies consisted of an unbudded cell, suggesting again that
the unbudded cell population results from division of large
budded cells. The heterogeneity of arrest observed for all
four mif2 alleles may be characterisitic of MIF2 loss of func-
tion or alternatively could reflect leakiness of the alleles iso-
lated.

mif2-induced Cell Lethality

When mif2 cells were held at the restrictive temperature,
they rapidly lost viability (Fig. 6). If MIF2 function is re-
quired only during a specific stage of the cell cycle, then mu-
tant cells not actively progressing through the cell cycle
should have no requirement for MIF2 and remain viable at
the restrictive temperature. If, however, MIF2 function is re-
quired continuously during the cell cycle, then loss of viabil-
ity will not require progression through the cycle. To distin-
guish between these possibilities, mif2 cells were prevented
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Figure 6. Viability of mif2 in o-factor. 6849-10-1 was grown to a
cell density of ~105 cells/ml in C medium, pH 3.5, at 23°C. The
culture was divided into two aliquots. One aliquot was shifted to
37°C. To the other aliquot, a-factor was added to a final concentra-
tion of 1076 M, and the cells were allowed to continue growing at
23°C. After 2 1/2 h, the cell population of the a-factor containing
culture consisted of 80% unbudded cells; this is considered to be
the zero timepoint. Half of this culture was allowed to continue
growing at 23°C and the other half was shifted to 37°C. Aliquots
were removed from each of the cultures at intervals, diluted into
-N medium, treated with 20 xg/ml pronase at room temperature for
5 min to destroy a~factor, and plated to C medium at 23°C. Viabil-
ity was assessed by the microcolony assay. O: a-factor, 23°C; e:
a-factor, 37°C; a: no a-factor, 37°C.

from traversing the cell cycle by arrest with a-factor at 23°C,
followed by an increase in temperature to 37°C. After almost
four hours at the restrictive temperature, c-factor arrested
cells showed no drop in viability, whereas only 12 % of con-
trol cells to which no a-factor had been added were viable
(Fig. 6). This result demonstrates that MIF2 is not required
continuously during the cell cycle but rather has a stage
specific function that occurs at some time in the cycle other
than the G, arrest period.

Although mif2-3 cells arrest primarily as large budded
cells at the restrictive temperature, ~25% of cells pass
through this block after 3 h, producing unbudded and small
budded cells. When returned to the permissive temperature
of 23°C, 47% of large budded cells were able to form viable
colonies whereas only 7 and 10% of unbudded and small
budded cells, respectively, had this capability. This resuit
suggests that completion of some event after the large budded
single nucleus stage, where the majority of mif2 cells arrest
(see below), is lethal in the absence of the MIF2 gene
product.

mif2 Mutants Complete DNA Replication

Because DAPI staining indicated that temperature arrested
mif2 cells have a single mass of nuclear DNA located at the
bud neck and therefore might be arrested in either S, G,, or
early M phase (see below), we wished to further define the
arrest point by determining whether arrested cells have com-
pleted DNA replication. We examined the extent of DNA
replication by measuring cellular DNA content with a
fluorescence-activated cell sorter (FACS). Flow cytometry
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Figure 7. DNA content of mif2 cells. DNA content was determined
by harvesting MIF2 (5371-8-3) or mif2-2 (6848-9-4) cells during ex-
ponential growth at 23°C and subjecting them to flow cytometric
analysis. A portion of the mif2-2 culture was shifted to 37°C for
3 1/3 h before sampling. Where two peaks appear, the left peak is
assumed to represent G, cells and the right peak G;. MIF2 celis
arrested in stationary phase display one peak that aligns approxi-
mately with the presumed G, peak whereas cells arrested with the
microtubule inhibitor MBC have one peak that aligns just to the
right of the presumed G, peak (data not shown). The rightward
displacement of the G, peak for both MBC arrested MIF2 and
temperature arrested mif2-2 cells is probably due to their increased
size, because in flow cytometric analysis larger cells may appear
to contain more DNA (Cross, 1988; Beach et al., 1988).
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Table III. Mitotic Recombination and Chromosome Loss in mif2 Mutants

Genotype* Chromosome 23°C 30°C 32°C 34°C 36°C
Rate of mitotic recombination/10° cell divisions
MIF2/MIF2 \' 5.46 3.98 ND 3.18 6.24
mif2-2/mif2-2 \Y% 2.43 6.07 ND 6.34 4.49
mif2-3/mif2-3 v 3.04 3.72 ND 4,59 ND
mif2-5/mif2-5 \Y% 1.67 3.51 ND 2.00 ND
cdcl7/cdcl7 \Y% 1.73 41.3 ND 153 ND
Rate of chromosome loss/10° cell divisions
MIF2 A1 5.62 3.58 3.07 3.69 ND
mif2-2 VII 95.6 1260 3520 3370 ND
mif2-3 VI 454 1660 5830 ND ND
MIF2/MIF2 \Y 5.46 2.38 ND 2.16 1.92
mif2-2/mif2-2 \Y% 11.7 23.4 ND 60.9 32.0
mif2-3/mif2-3 v 43.1 427 ND 38.0 ND
mif2-5/mif2-5 v 1.67 12.8 ND 12.2 ND

Rates of mitotic loss of chromosome VII in disomic haploids and of chromosome V in diploids were determined at the indicated temperatures as described in

Materials and Methods. The strains used were LH330SD, 6767-C1-A, 6768-D4-A, 6801, 6836, 6799, 6815, and 6832.

* Complete genotypes are given in Table I. ND, not done.

of an exponentially growing wild-type strain showed that one
population of cells has a G, content of DNA and another has a
G, content. A mif2-2 strain behaved similarly when grown
at 23°C under identical conditions. Temperature arrested
mif2-2 cells displayed a very different profile (Fig. 7). Most
cells had a G; or greater content of DNA, indicating that
the bulk of DNA replication is completed in cells deficient
for MIF2 function. Similar results were obtained with the
mif2-3 mutant. The broad distribution of cells surrounding
the G, peak may represent aneuploid cells produced by
mif2-induced mitotic chromosome missegregation (see be-
low). We also tested the X-ray resistance of temperature ar-
rested mif2 cells, and found it to be typical of cells that have
completed the bulk of DNA replication but not chromosome
segregation (data not shown), a result that supports the FACS
data.

FACS and X-ray analysis do not readily distinguish be-
tween cells blocked in G, that have completed DNA repli-
cation successfully and those whose replicated DNA con-
tains nicks and gaps. Treatments that cause lesions in nuclear
DNA such as UV irradiation or limiting cells for gene prod-
ucts involved in DNA metabolism stimulate the recombino-
genic repair system of yeast. Elevated levels of mitotic
recombination, therefore, can be used as a very sensitive as-
say to detect deficiencies in DNA replication (Hartwell and
Smith, 1985). We measured the levels of mitotic recombina-
tion of chromosomes V (Table III) and VII (data not shown)
at semipermissive temperatures for several mif2 alleles, but
observed no significant increases above background levels.
This result supports the conclusion that MIF2 is not required
for DNA synthesis. In contrast, a cdcl7 strain defective in
DNA polymerase I function showed a 10-fold increase in
chromosome V mitotic recombination over background lev-
els at 30°C and an 80-fold increase at 34°C, as expected for
a mutant unable to complete DNA replication.

Another result suggesting MIF2 has no role in DNA me-
tabolism is that mif2 rad9 double mutants arrested cell divi-
sion as efficiently as mif2 mutants at the restrictive tempera-
ture. The RAD9 checkpoint gene allows cells to arrest in G,
to repair potentially lethal DNA damage. rad9 mutant cells
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bypass this G, arrest (Weinert and Hartwell, 1988). Be-
cause most mif2 rad9 cells do arrest in G,/M, the mif2
block is therefore not a RAD9-dependent response to DNA
damage. Furthermore, mif2 and mif2 rad9 cells were equally
inviable at the restrictive temperature, demonstrating that
RADS9 plays no role in protecting mif2 cells from dying as
it does for RAD9-dependent cell cycle mutants (Hartwell and
Weinert, 1989; Weinert and Hartwell, 1993).

MIF?2 Is Required for Accurate
Chromosome Segregation

The fidelity of chromosome segregation in mif2 mutants was
measured genetically by selecting for chromosome loss
events in colonies grown at permissive or semirestrictive
temperatures. The rate of chromosome VII loss was deter-
mined using a haploid strain disomic for chromosome VII,
in which VII missegregations appear as white sectors in
a red colony background (Meeks-Wagner and Hartwell,
1986). Even at a permissive temperature of 23°C, mif2 mu-
tants showed elevated levels of errors in chromosome segre-
gation, exceeding the wild-type rate by 17-fold for mif2-2 and
by 80-fold for mif2-3 (Table III). This result indicates that
MIF2 function is compromised at the permissive tempera-
ture despite the similar growth rates of mif2 and wild-type
strains at this temperature. The rate of chromosome mis-
segregation increased when limitation for MIF2 gene prod-
uct became even more severe at higher temperatures. This
was indicated qualitatively for chromosome VII by the ap-
pearance of increasing numbers of white sectors as the tem-
perature was raised and quantitatively by a rate of loss that
exceeds wild-type levels over 1,000-fold at higher tempera-
tures (Table III). The rates of chromosome V missegregation
at intermediate temperatures were obtained by measuring
the production of chromosome V monosomes in a diploid
strain. When compared to wild-type levels, the rate of V loss
at 34°C was 28-fold higher in mif2-2, 18-fold higher in mif2-3,
and 6-fold higher in mif2-5 (Table III). Elevated levels of loss
of chromosomes II, III, IV, and XV were also observed but
not quantified.

396



Table IV. Viability on MBC-containing Medium

% viable cells

Temperature Medium MIF2 mif2-2 mif2-3 mif2-5 mif2-6
23°C C 95 96 97 93 67
MBC 90 78 95 56 13
28°C C 93 98 97 98 60
MBC 99 91 89 64 26
30°C C 94 99 96 96 50
MBC 96 87 83 28 12
32°C C 96 98 88 94 24
MBC 94 87 60 4 10
34°C C 94 85 11 40 <0.5
MBC 97 62 2 1 <0.5
36°C C 94 29 <0.5 <0.5 <0.5
MBC 97 <0.5 <0.5 <0.5

Cells were grown to a density of 2-3 X 10° cells/ml in C medium at 23°C, sonicated briefly, diluted, and plated at the specified temperatures to C medium and
C medium containing 20 ug/ml MBC. Viability was assessed by the microcolony assay. The strains used were 5371-8-3, 6848-9-4, 6849-8-4, 6858-19-2, and 6886B-14-3.

mif2 Supersensitivity to the Microtubule Destabilizing
Drug MBC

Because microtubule inhibitor drugs of the benzimidazole
carbamate family such as MBC act by destabilizing microtu-
bules in yeast (Jacobs et al., 1988), an altered cellular re-
sponse to such a drug can indicate defects in microtubule
function. For example, mutations in the genes encoding
(-and a-tubulin can cause benzimidazole carbamate resis-
tance or supersensitivity (Thomas et al., 1985; Huffaker et
al., 1988; Schatz et al., 1988). Initially, three mif2 alleles
were tested for sensitivity to MBC by assaying the growth
of cells on C medium containing 10, 20, and 40 pg/ml MBC
at semipermissive temperatures. Wild-type strains were
resistant to 20 ug/ml and sensitive to 40 ug/ml. At semiper-
missive temperatures, mif2-2, mif2-3, and mif2-6 were all
supersensitive to MBC for growth when compared to wild-
type. mif2-2 and mif2-3 were impaired for growth at 20 g/ml
MBC and mif2-6 at 10 ug/ml MBC. To better assess the MBC
supersensitivity of mif2 strains, a more quantitative test for
MBC sensitivity was devised. Exponentially growing strains
at 23°C were plated to C and C + 20 pg/ml MBC medium
at various temperatures and scored one and two days later for
viability using the microcolony assay described in Materials
and Methods. A wild-type strain was 90-97 % viable at tem-
peratures ranging from 23-36°C on both C medium alone
and C + MBC medium. mif2-2, mif2-3, mif2-5, and mif2-6
displayed varying degrees of supersensitivity (Table IV). For
example, at 32°C mif2-5 was 94 % viable on C plates but only
4% viable when grown in the presence of MBC.

MIF2 Is Required for Normal Spindle Structure

mif2 cells were simultaneously stained with anti-tubulin an-
tibodies and DAPI to allow visualization of cellular microtu-
bules and chromosomal DNA by fluorescence microscopy
(Fig. 8). The results were tabulated and are presented in Fig.
9. After 3 h at the restrictive temperature, 67 % of mif2-2 and
77 % of mif2-3 cells possessed a single mass of nuclear DNA
located at or extending across the neck that connects the
mother and large bud (Fig. 8, D and E, and Fig. 9), indicat-
ing that segregation of the chromosomal DNA had not been
completed but that nuclear migration had occurred success-
fully. Only 6-7% of mif2 cells contained nuclear DNA that
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Figure 8. Fluorescence microscopy of mif2 cells. 6849-8-4 (mif2-3)
was shifted from exponential growth in C medium at 23°C to 37°C for
3 h, and then fixed and stained with anti-tubulin antibodies (4, C,
and E) and DAPI (B, D, and F) as described in Materials and
Methods. (4 and D) A larger budded cell with a broken spindle.
(B and E) Two large budded cells, one with an intact, short spindle
(top cell) and the other with a broken spindle (bottom cell). (C and
F) A large budded cell with an elongated spindle. (This morphol-
ogy appears in less than 3% of the population.) Scale bars, 10 um.
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MIF2 mif2-2 mif2-3 cdc9 cdc16
23°  g7o | 23° 38 | 23 37 | 230 37 | 230 gp
% large budded cells 37 28 | 47 73 43 83 28 9% 3 96

DNA Spindle % of cells with indicated morphologies

@O 6 5 | 6 22 °o 6 5 71 6 70
@@ CO)| 2 2|6 3 |26 3 2 21 4 23
(_/\__6) 8 4 16 2 3 9 3 9 1
(G| <02 <02 [04 10 2 34 03 <06 1 2
€@ O 19 15 |19 3 2 9 <06 | 11 <06
| 2 3 | o4 1 5 3 1 3 1

Figure 9. Spindle morphologies in large budded cells. Cells of the indicated genotypes were stained with DAPI and anti-tubulin antibodies
for visualization of nuclear DNA and spindles at the permissive temperature and after 3 h at the restrictive temperature. The position of
the nuclear DNA was scored as being in one of three classes: located at the mother-daughter neck and contained wholely within one cell
body; extending across the mother-daughter neck; or separated into two discrete masses, one in each cell body. Spindles were classified
as short and contained either in one cell body or extending across the neck; intermediate and extending across the neck; discontinuous
with a non-staining area between the two SPBs, one in each cell body; elongated and continuous; or elongated and discontinuous. The
percentage of total cells in the population in each class is given. Between 100 and 250 large budded cells were scored for each strain
at both permissive and restrictive temperatures. Note that the percentages of each subclass do not add up exactly to the percentage of large
budded cells in some columns due to rounding error. Strains used: MIF2, 5371-8-3; mif2-2, 6848-9-4; mif2-3, 6849-8-4; cdc9, 6898-3-2;

cdcl6, 6881-13-1.

had segregated into two discrete masses (Fig. 8 F and Fig. 9).
In contrast, the majority of wild-type large budded cells had
completed chromosome segregation. Furthermore, in mif2
large budded cells at the restrictive temperature the chro-
mosomal DNA was much less frequently located on one side
of the neck (7% among mif2-3 large budded cells) than ex-
tending across the neck (85% among mif2-3 large budded
cells) and sometimes appeared “stretched.” Even at the per-
missive temperature the majority of mif2-3 large budded
cells contained DNA spanning the neck, suggesting a delay
at this stage. For comparison, the G./early M phase arrest-
ing cell cycle mutants cdc9 and cdcl6 were also examined.
In contrast to mif2, of the large budded cdc9 and cdcl6 cells
having DNA located at or extending across the mother-
daughter neck under restrictive conditions, the majority pos-
sessed nuclear DNA that was contained wholely within one
cell body rather than extending across the neck (Fig. 9). A
similar pattern has been observed in cdcl3, cdc20, and cdc23
(Palmer et al., 1989). In the less prevalent class of arrested
mif2 cells in which the nuclear DNA is situated at the
mother-daughter neck but not extending across it, the DNA
was located equally frequently in the mother and daughter,
as determined by calcofluor staining. In contrast, in large
budded wild-type cells having the nuclear DNA located at
but not lying across the neck, the DNA was almost always
located in the mother.

The distribution of spindle morphologies in mif2 cells also
differed greatly from wild-type (Fig. 9). The presence of
short unelongated spindles in large budded cells is character-
istic of cells blocked in S, G;, or early M phase; this
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phenotype was observed in 53 and 40% of temperature ar-
rested mif2-2 and mif2-3 cells, respectively (Fig. 8 B and
Fig. 9). (Because mif2 cells successfully complete DNA
replication under restrictive conditions, we assume that
these short spindle-containing cells are blocked in G, or
early M.) In contrast, only 7-8% of wild-type cells were
large budded and possessed similar short spindles; 18-21%
of wild-type cells, however, contained fully elongated spin-
dles, a class seen in only 6-7 % of mif2 cells under restrictive
conditions (Fig. 8, C and F, and Fig. 9). For comparison,
92-93% of cdc9 and cdcl6 cells contained short spindles at
37°C. We also observed a class of longer but not fully elon-
gated spindles that was present only in cells in which the nu-
clear DNA spanned the mother-daughter neck (see diagram
in Fig. 9). These intermediate length spindles were present
in a greater proportion of wild-type large budded cells than
in large budded mif2 cells. The last class of spindle observed
in mif2 cells appeared discontinuous between the poles and
was seen in 34% of temperature arrested mif2-3 cells. In
these cells, there was no tubulin staining in the central part
of the spindle, as if the two half spindles had either failed to
connect with or broken away from each other (Fig. 8, 4 and
B). In some cases the two discontinuous halves were no
longer arranged linearly, but at angles to the pole-to-pole
axis (Fig. 8 B). This novel spindle morphology was also ob-
served in temperature arrested mif2-2 (14%, Fig. 9), mif2-5
(10%), and mif2-6 (18 %) cells, but never in wild-type cells
and only rarely in cdc9 and cdcl6.

To examine the discontinuous spindles in more detail,
serial sections of temperature arrested mif2-3 cells were ex-
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amined by electron microscopy. Each large budded cell con-
tained a single nucleus and two SPBs embedded in the
nuclear envelope. The structure of the SPBs and nuclear
envelope appeared normal. Approximately half of the large
budded cells contained spindles that appeared to have broken
in half to form two short half spindles in which the spindle
poles were no longer oriented parallel to one another (Fig.
10, A and B). Cytokinesis had not yet begun in these cells,
indicating that broken spindles are not caused by cytokinesis
through intact spindles. The remaining large budded cells
contained short intact spindles, but as in the discontinuous
spindles, the SPBs often appeared twisted away from each
other instead of having a parallel alignment (Fig. 10 C) typi-
cal of wild-type short spindles. In these cells, intranuclear
microtubules extending at angles to the main spindle axis
were sometimes observed (Fig. 10 C). This stage is not ob-
served in wild-type cells and may indicate an intermediate
stage in loss of spindle continuity by mif2 mutants. In the
previously described lower resolution immunofluorescence
studies, these aberrant continuous spindles were scored sim-
ply as intact short spindles resembling those of wild-type
cells.

mif2 Spindles Break Apart during Anaphase
Spindle Elongation

There are two points in the cell cycle at which discontinuous
spindles might be likely to arise. First, discontinuous spin-
dles could result if during spindle formation the SPBs begin
to separate but fail to generate a continuous bipolar spindle
between them. In S. cerevisiae spindle formation occurs be-
fore the completion of S phase, a point at which the bud is
still significantly smaller than the mother. Second, spindles
might break apart during spindle elongation as the two half
spindles separate from each other in anaphase. At this stage,
the size of the bud approaches that of the mother cell. To de-
termine which of these two events gives rise to mif2 discon-
tinuous spindles, the time course of their appearance was
monitored with respect to two other cell cycle markers, bud
size and continuous short spindles. If discontinuous spin-
dles result from a failure in spindle formation, then they
should precede or coincide with the appearance of short
spindles in the population, and appear in small budded cells.
If mif2 spindles fall apart due to defective anaphase spindie
elongation, short spindles should indeed form, preceding the
appearance of broken spindles in the population, and broken
spindles should never appear in small budded cells. During
exponential growth at 23°C, mif2-3 cells were synchronized
in G, by addition of a-factor. Arrested cells were shifted to
37°C, and the a-factor was removed. Spindle morphology,
bud size, and viability were monitored at half hour intervals
(Fig. 11). Short spindles first appeared at the 1 h timepoint
and their proportion peaked at 1 1/2 h, the same time at
which the proportion of short spindles peaked in a similarly
treated wild-type culture. Discontinuous spindles did not ap-
pear until the 1 1/2 h timepoint and reached their highest
level at 2 h. Small budded cells with discontinuous spindles
were never observed. Furthermore, broken spindles ap-
peared with similar kinetics to fully elongated mitotic spin-
dles in wild-type cells (Fig. 11), suggesting that the elongated
spindle morphology had been replaced by the broken spindle
morphology in mif2. Therefore, mif2 broken spindles likely
result not from an inability to form spindles, but from a de-
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fect in anaphase spindle elongation. Alternatively, a lack of
MIF2 function may result in structurally defective spindles
prone to breakage at the time of anaphase.

The fraction of cells with broken or breaking spindles at
certain timepoints is underestimated in this experiment for
two reasons. First, as was observed by electron microscopy,
some spindles do not break completely and are therefore
scored by immunofluorescence microscopy as intact short
spindles. Furthermore, if spindles do indeed break but the
two half spindles do not twist sufficiently from the central
spindle axis in relation to the plane of observation, they will
be scored as intact by immunofluorescence. Second, because
mif2 cells do not completely block progression through the
cell cycle at the restrictive temperature (Fig. 5), cytokinesis
of a cell containing a broken spindle could result in two un-
budded daughter cells with one SPB each, which would be
scored by immunofluorescence not as cells with broken spin-
dles, but as unbudded G, cells. As a corollary to this idea,
we reasoned that if cytokinesis occurred in cells stalled at
the short spindle stage, in some cases an intact short spindle
with two SPBs might be distributed to one cell and no spindle
to the sister cell. A novel class of unbudded cells with com-
plete short spindles representing up to 4% of the population
does indeed arise at later timepoints, beginning at 2 h after
the temperature shift.

We also measured the viability of mif2 cells as they
progressed through the cycle at 37°C (Fig. 11). Viability be-
gan to decline as mif2 cells progressed through mitosis. The
steepest drop in viability coincided with the period of
greatest accumulation of broken spindles, which corre-
sponds to the time of spindle elongation in wild-type cells.
Although the curve specifying broken spindles begins to de-
cline after the 2 h timepoint, viability continues to drop. If
broken spindles and inviability are causally related, the in-
creasing inviability may be due in part to greater numbers
of broken spindles than are represented by the curve due to
the underestimate of broken spindles (see above). However,
there is clearly some inviability incurred at the short spindle
stage, suggesting that the MIF2 gene is required before the
complete breaking apart of the spindle. The inviability ob-
served at the short spindle stage may correspond to the ini-
tial stages of spindle breakage, which can be observed by
electron microscopy but not by immunofluorescence mi-
croscopy.

Discussion

This work demonstrates that the MIF2 gene is required for
mitosis in S. cerevisiae. Mitotic defects result whether MIF2
is overexpressed or deficient. When the MIF2 gene was over-
expressed, cells suffered increased missegregation of chro-
mosomes during mitosis and a delay of the cell cycle in the
G; and M phases. These defects suggest that MIF2 contrib-
utes to the successful completion of a Go/M event that is re-
quired for chromosome segregation and that is sensitive to
the dosage of the proteins involved in its execution or regu-
lation. Temperature sensitive alleles of MIF2 arrested cell
division primarily in early mitosis and displayed increased
errors in chromosome segregation, supersensitivity to a
microtubule destabilizing drug, inviability caused by pas-
sage through mitosis, and aberrant broken spindles, suggest-
ing that MIF2 is involved in spindle function. The lethality
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Figure 11. Kinetics of broken spindle appearance. The mif2-3 strain
6849-10-1 was grown at 23°C to a cell density of 1.5 x 10¢
cells/ml in C medium, and then shifted to 37°C. Samples were re-
moved at 1/2 h intervals, sonicated briefly to disperse cells, and
diluted into —N medium. Part of each diluted sample was plated to
C medium and grown to 23°C for determination of viability by the
microcolony assay. Another part of each sample was prepared for
immunofluorescence and examined for spindle morphology as de-
scribed in Materials and Methods. Between 100 and 200 cells were
scored by immunofluorescence for each data point. Also shown is
the time course of appearance of elongated spindles in similarly
treated wild-type cells (5371-10-2). »: % viable mif2 cells; ®: %
mif2 cells with short spindies; o: % mif2 cells with broken spin-
dles; 0: % wild-type cells with elongated spindles.

suffered by mif2 mutants was accompanied by the appear-
ance of the structurally aberrant spindles during mitosis.
Broken spindles resulted when half spindles appeared to fall
apart during unsuccessful anaphase spindle elongation.
The majority of temperature arrested mif2 cells had one
of two spindle types: a short spindle located at or across the
neck of the bud that at first inspection appeared typical of
spindles seen in G, or early M phase wild-type cells, or a
broken spindle located across the neck. Closer examination
of intact, short spindles by electron microscopy revealed that
some appeared to be in an early stage of breaking apart, with
the SPBs twisted away from each other and microtubules ex-
tending away from the central spindle axis. In cells contain-
ing either broken or intact spindles, the nuclear DNA was
usually found spanning the mother-bud neck. Intact, short
spindles also most frequently extended across the neck. This
indicates that cytoplasmic microtubules, which are required
for migration of the nucleus to the neck (Huffaker et al.,
1988) and movement of the spindle through the neck into the
daughter, are functional in cells deficient for MIF2. Both the
preponderance of temperature arrested mif2 cells with DNA

spanning the mother-daughter neck as well as the frequent
stretched appearance of the nuclear DNA as it extends across
the neck differed from what was observed in wild-type cells
and the Gy/early M mutants cdc9 and cdcl6. mif2 mutants,
therefore, may be blocked at a point in the cycle that is tran-
sient in wild-type cells — after movement of the nuclear DNA
through the mother-bud neck but before completion of chro-
mosome segregation—and that follows the cdc9 and cdcl6
arrest points. Indeed, chromosomes may have already begun
segregating at the mif2 arrest point. Alternatively, the high
frequency of DNA stretched across the neck in mif2 cells
may indicate that the nuclear DNA is in the process of tran-
siting from one side of the neck to the other, as has been ob-
served in temperature arrested cdcl6, cdc23, cdcl3, and
cdcl7 strains, although at lower frequencies than in mif2
(Palmer et al., 1989). mif2 also resembles these cdc mutants
in that when nuclear DNA is located solely on one side of
the neck in arrested large budded cells, it is just as frequently
located in the daughter as in the mother, indicating that nu-
clear DNA transits do occur. Nuclear transits may reflect a
mechanism for movement of nuclear DNA, but whether they
play a role in wild-type cells has not been determined.
Broken spindles, the second class of spindle most fre-
quently seen in arrested mif2 cells, were never observed in
wild-type cells. mif2 spindles apparently did not break dur-
ing spindle assembly/formation nor by cytokinesis through
an intact spindle. The broken spindle morphology rarely oc-
curred in cells that had not moved the nuclear DNA through
the mother-daughter neck, suggesting that breaks arise dur-
ing anaphase/chromosome segregation. Kinetic experiments
confirmed that spindles break apart during anaphase spindle
elongation. A class of intermediate length or semi-elongated
spindles present in wild-type large budded cells (Kilmartin
and Adams, 1984) was infrequently observed in mif2 cells
at the restrictive temperature, suggesting that even this mod-
est degree of spindle elongation may not be possible in the
absence of MIF2 function. Electron microscopic examina-
tion of broken spindles showed that they possess no spindle
fibers running from pole to pole and that their SPBs face in
random directions with respect to each other and remain
separated, with one pole usually in the mother cell and one
in the bud. This spindle morphology and arrangement of
SPBs can be compared to those of the two other yeast mu-
tants whose spindles break during anaphase, espl and cin8
kipl. The functionally redundant genes CIN8 and KIP! en-
code putative kinesin-like microtubule motor proteins (Hoyt
etal., 1992; Roof et al., 1992). In cin8 kip/ double mutants,
when CIN8/KIP! function is removed, short spindies lose
structural integrity and the SPBs assume a side-by-side posi-
tion (Saunders and Hoyt, 1992). SPBs undergo a similar fate
when wild-type spindles are treated with the microtubule
destabilizing drug nocodazole (Jacobs et al., 1988). As sug-
gested by Saunders and Hoyt (1992), SPB collapse may indi-
cate the loss of a force opposing another force that pulls the

Figure 10. Electron microscopy of temperature arrested mif2 cells. mif2-3 (6849-10-1) cells were grown to exponential phase at 23°C, shifted
to 37°C for 3 1/3 h, and then fixed and prepared for electron microscopy. Because of the long distance between SPBs and their random
orientation with respect to each other, it was rarely possible to find both SPBs in the same section. (4) A large budded cell containing
a broken spindle. (B) Two serial sections through a cell showing a broken spindle. (C') Two serial sections through a cell showing an intact
spindle whose SPBs are not oriented parallel to each other. Note the microtubules that have broken away from the central spindle (arrow-

head). SPBs are indicated by arrows. Scale bars, 0.5 gm.
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poles together. Interestingly, when CIN8/KIPI function is re-
moved from spindles that have begun elongating or are fully
elongated, no collapse is seen, suggesting an anaphase relax-
ation of the pole attracting force. Similarly, mif2 spindles
may not collapse because they have already entered ana-
phase. espl appears more similar to mif2: spindles lose con-
tinuity during elongation but do not immediately collapse to
the side-by-side SPB formation (McGrew et al., 1992). Un-
like mif2, however, espl preferentially segregates the chro-
mosomal DNA and spindle into the daughter bud and con-
tinues additional cycles of SPB duplication and DNA
replication after spindle breakage.

No extensive homologies were detected between the
predicted Mif2 protein sequence and other protein se-
quences, but Mif2 did contain one subsequence resembling
a motif required for binding of AT rich DNA by the Drosoph-
ila D1 and mammalian HMGI chromosomal proteins (Ash-
ley et al., 1989; Reeves and Nissen, 1990). The HMGI
DNA-binding domain has been shown to specifically contact
six base or longer runs of A and T in the minor groove of
double-stranded DNA (Solomon et al., 1986; Reeves and
Nissen, 1990). HMGI has been immunolocalized to the AT
rich G/Q bands and centromeric C bands of mammalian
chromosomes (Disney et al., 1989). AT sequences within
the repeated a-satellite DNA sequences found at all mam-
malian centromeres appear to specify the centromeric sites
of HMGI binding (Strauss and Varshavsky, 1984). An attrac-
tive possibility is that the AT DNA-binding motif in the Mif2
protein allows binding to the centromere DNA element II of
yeast centromeres, a 78-86-bp region composed of >90%
A and T residues that are essential for both optimal centro-
mere function in vivo (Fitzgerald-Hayes, 1987) and binding
of minichromosome/protein complexes to microtubules in
vitro (Kingsbury and Koshland, 1991). If Mif2 is a chro-
mosomal protein, the extraordinarily acidic region located
in the middle of the putative MIF2 gene product may be im-
portant for contacting basic chromosomal proteins such as
histones. The presence in the Mif2 sequence of several
potential phosphorylation sites including one recognition de-
terminant for Cdc28 protein kinase suggests that Mif2 activ-
ity may be regulated by phosphorylation. HMGI protein is
an in vivo substrate for the mammalian homolog of the
Cdc28 kinase, p34<2, and is phosphorylated in a cell cycle-
dependent manner (Lund and Layland, 1990; Reeves et al.,
1991; Nissen et al., 1991). The site of phosphorylation is lo-
cated immediately adjacent to the NH, terminus of one of
the conserved AT DNA-binding domains. Phosphorylated
peptides containing the DNA-binding domain have been
shown to bind AT DNA in vitro with lower affinity than an
unphosphorylated peptide (Reeves et al., 1991; Nissenetal.,
1991). The Mif2 recognition determinant for Cdc28 kinase
lies ~10 amino acids NH, terminal to the putative AT
DNA-binding motif.

The breaking of spindles during anaphase suggests that
MIF2 is specifically required for maintenance of a rigid
anaphase spindle. Broken spindles could be caused by
defects in the processes of spindle elongation (anaphase B)
or the separation and poleward movement of chromosomes
(anaphase A). Alternatively, spindles might break due to
structural instability that is manifested at the time of
anaphase. During anaphase B, the overlapping anti-parallel
microtubules of the two half spindles slide apart while simul-
taneously increasing their length by tubulin polymerization.
Defects in either sliding or elongation might cause spindles
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to break. For example, using an in vitro model for anaphase
B (Masuda and Cande, 1987), it was shown that diatom spin-
dles break apart when sliding occurs in the absence of tubu-
lin polymerization (Masuda et al., 1988). If Mif2 is a
chromosomal protein, however, how might it function in
anaphase B microtubule movements? Certain proteins from
mammalian cells associate with chromosomes during pro-
metaphase and metaphase but detach from chromosomes at
the onset of anaphase and become localized to the spindle
midzone, the site of anaphase B polar microtubule lengthen-
ing and sliding (for review see Earnshaw and Bernat, 1991).
These “chromosomal passenger” proteins may use chromo-
somes simply as transportation to their site of action, sug-
gesting one way that chromosomal proteins might contribute
to the mechanics of spindle elongation.

Disruption of kinetochore microtubule function during
anaphase A also could contribute to loss of spindle struc-
tural integrity. Before sister chromatid separation, opposing
forces within the spindle act to balance each other, resulting
in a stable spindle under tension (Nicklas and Koch, 1969;
Nicklas, 1988; Goldstein, 1993). Poleward forces exerted by
kinetochores on chromosomes may be balanced by the me-
chanical linkage between sisters as well as a pole-separating
force caused by interactions among the anti-parallel polar
microtubules. When the kinetochores of sisters separate, the
tension is relaxed; chromosomes are translocated polewards
and spindles elongate. If the tension were relaxed inap-
propriately in mif2 mutants, for example due to defective
connections between sisters, between kinetochores and cen-
tromeric DNA, or between kinetochores and microtubules,
then broken spindles might result. For example, if connec-
tions between sisters were released before anaphase, an im-
portant contribution to spindle stability would be lost. If
Mif2 is a chromosomal protein, then mutations in MIF2
might render chromosomes poor substrates for interaction
with the spindle or for segregation, perhaps by inefficient
maintenance of the pole-sister-sister-pole tension within the
spindle.
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