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Abstract. We identified two new Saccharomyces
cerevisiae kinesin-related genes, KIPI and KIP2, using
polymerase chain reaction primers corresponding to
highly conserved regions of the kinesin motor domain.
Both KIP proteins are expressed in vivo, but deletion
mutations conferred no phenotype. Moreover, kip!
kip2 double mutants and a triple mutant with kinesin-
related kar3 had no synthetic phenotype. Using a
genetic screen for mutations that make KIP! essential,

we identified another gene, KSL2, which proved to be
another kinesin-related gene, CINS. KIPI and CINS
are functionally redundant: double mutants arrested in
mitosis whereas the single mutants did not, The
microtubule organizing centers of arrested cells were
duplicated but unseparated, indicating that KIPI or
CIN8 is required for mitotic spindle assembly. Consis-
tent with this role, KIP1 protein was found to colocal-
ize with the mitotic spindle.

sis is accomplished by a combination of multiple mi-
crotubule-based movements (for review see McIntosh
and Pfarr, 1991; Sawin and Scholey, 1991). These include
migration of the microtubule organizing centers to form a
bipolar spindle, chromosome congression to the metaphase
plate, chromosome movement along the pole-to-kinetochore
microtubules (anaphase A) and spindle elongation due to
sliding of the pole-to-pole microtubules (anaphase B).
Although a number of mechanisms have been proposed for
the generation of forces that induce movement, it is likely
that at least some of the movements are mediated by
mechanochemical “motor proteins.” One prototype motor
protein, kinesin, was identified in squid axons as a protein
capable of directing movement of vesicles and organelles to-
ward the plus ends of microtubules in an ATP-dependent
fashion (Vale et al., 1985). More recently a superfamily of
kinesin-related genes has emerged (for review see Goldstein,
1991; Rose, 1991) whose members each encode a region of
high sequence similarity to a 450-residue amino-terminal
domain of Drosophila kinesin heavy chain (khc).! We use
the term kinesin-related to denote genes showing sequence
similarity in the motor domain, suggesting a common ances-
try. This domain is sufficient to confer microtubule-based
movement in vitro (Yang et al., 1990). These kinesin-related
genes have been identified in several organisms either by mu-
tations that affect chromosome and nuclear movements in
mitosis and meiosis, or by DNA sequence homology to khc.
Remarkably, in each case the sequence similarly does not ex-
tend beyond the “motor domain”™; all the presently known
genes encode “tail” sequences that are unrelated to khc and

T HE accurate segregation of chromosomes during mito-

1. Abbreviations used in this paper: SFOA, S-fluoroorotic acid; khc, kinesin
heavy chain; PCR, polymerase chain reaction.
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to other members of the kinesin superfamily. Moreover, the
motor domain has been found at either the NH, or COOH
terminus. In addition to kinesin, motility has been demon-
strated for Drosophila ncd (McDonald et al., 1990; Walker
et al., 1990). Although it is expected that most of the genes
encode motor proteins, it is possible that some of the pro-
teins have nonmotile functions (Roof et al., 1992).

Members of the kinesin superfamily participate in a wide
variety of microtubule-mediated processes. For example, the
KARS3 protein of Saccharomyces cerevisiae functions in at
least two distinct movements (Meluh and Rose, 1990).
KAR3 is required for nuclear fusion, where it probably
serves to move the two nuclei of a zygote together via the
cytoplasmic microtubules. kar3 mutants also accumulate in-
viable cells that are blocked in mitosis. Their morphology
suggests that KAR3 participates in spindle elongation. Muta-
tions in kinesin-related genes bimC of Aspergillus nidulans
(Enos and Morris, 1990) and cut7 of Schizosaccharomyces
pombe (Hagan and Yanagida, 1990) prevent the separation
of the spindle pole bodies necessary to form a bipolar mitotic
spindle. Mutations in the Drosophila genes ncd and nod
principally affect meiotic chromosome transmission, but ned
may also play a role in mitosis (Davis, 1969; Carpenter,
1973; Sequeira et al., 1989; Zhang and Hawley, 1990). Dro-
sophila khc mutations affect neuromuscular functions (Sax-
ton etal., 1991), as does the Caenorhabditis elegans unc-104
mutation (Hall and Hedgecock, 1991). These are only a sub-
set of the kinesin-related genes, since in Drosophila the exis-
tence of 11 kinesin-related genes has been verified (Steward
et al., 1991), but as many as 35 may exist (Endow and Hat-
sumi, 1991).

Since several different motors and a variety of movements
occur within a single cell, some degree of spatial and tem-
poral specificity of each motor exist. Specificity deter-
minants have been postulated to lie in the tail sequences
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which are unique to each protein, but sequences in the motor
domain could confer specificity as well. However, the mul-
tiplicity of kinesin-related proteins within a single organism
raises the possibility of functional overlap wherein several
different motor proteins power a single movement. For ex-
ample, KAR3 cannot be the sole force-generating protein
that participates in mitotic spindle elongation, because kar3
null mutants are viable although slow growing (Meluh and
Rose, 1990). Presumably other force-generating proteins
also serve to power this movement. Such functional redun-
dancy might explain the absence of kinesin-related genes
among the collection of cell division cycle (CDC) genes in
yeast. It is not yet known to what extent individual motors
are restricted to a single movement, and to what extent sev-
eral different motors can overlap in function.

We report here the existence of multiple kinesin-related
proteins in S. cerevisine. KIP! and KIP2 were identified by
their homology with khc and K4AR3. Using a genetic screen
for mutations that make KIP! essential for viability, we
identified another gene, KSL2. KSL2 was found to be allelic
with CINS, another kinesin-related gene (Hoyt et al., 1992).
KIP! and CINS exhibit functional redundancy in spite of the
dissimilarity of their tail sequences. We have used condi-
tional double mutants to show that these proteins mediate
migration of the duplicated spindle pole bodies at the onset
of mitosis. Immunofiuorescent localization of KIP1 protein
shows that it is present on early mitotic spindles.

Materials and Methods

Strains and Microbial Techniques

The yeast strains used are listed in Table II. Media and genetic techniques
were as described in Rose et al. (1990). Yeast transformations were by the
lithium acetate method of Tto et al. (1983), with 50 ug of sheared denatured
salmon sperm DNA as carrier. Plasmids were recovered from yeast for
transformation into Escherichia coli by the method of Hoffman and Winston
(1987).

Polymerase Chain Reaction

Polymerase chain reaction amplification of kinesin-related genes was done
using degenerate primers that correspond to conserved regions of XAR3,
bimC, and kbc. Primer 1 encodes the peptide IFAYGQT (5' gggaattc-
ATACTTT(CTGCACGT TA(CTIGG(ACGT)CA(AG)AC3") and is 384-
fold degenerate. Primer 2 encodes the peptide LVDLAGSE (5' gggaattc-
COHTACGTIGTACGTIGA(CTHC T T(ACGT)GC(ACGTIGG(ACGT)
(ATHGCYACGTIGAT) and is 131,000-fold degenerate. Primer 3 is the an-
tisense strand corresponding to the peptide LVDLAGSE (5'gggatcc(CT)TC-
(ACGTXCOHATHACGT)CC(ACGT)IGC(ACGTIA(GAXGA)TC(ACGT)-
AC(ACGT)A3") and is 131,000-fold degenerate. Primer 4 is the antisense
strand corresponding to the peptide HIP(Y/F)R(D/E/N)SK (S'ggggatccTT-
(ACGTHCGHATHACGTIT(TCHACGT)C (GTHAGHATIA(ACGT)GG-
(AGT)AT(AG)TG 3" and is 131,000-fold degenerate. Two or more residues
in parentheses indicates each was included at that site, and lower case nu-
cleotides indicate restriction sites (EcoRI or BamH]I) included to allow di-
rectional cloning. Approximately 0.5 ug of yeast genomic DNA (prepared
as in Hoffman and Winston, 1987) was amplified with native Tag DNA
polymerase (Perkin Elmer Cetus, Norwalk, CT) as recommended by the
manufacturer. The initial five cycles were performed at 95°C for 1 min,
37°C for 2 min, 72°C for 1 min, and the subsequent 25 cycles were per-
formed at 95°C for 1 min, 42°C for 2 min, and 72°C for 1 min.

To clone the amplified DNA, the fragments were resolved on 4%
NuSieve (FMC Corp., Rockland, ME) agarose gels, excised, and electro-
eluted. The DNA was digested with EcoRI and BamHI, cloned into
pBluescript KS(+) (Stratagene, La Jolla, CA) and sequenced.

The Journal of Cell Biology, Volume 118, 1992

Isolation of the KIP1 and KIP2 Genes

A YCpS50 plasmid-based yeast genomic library was screened by colony hy-
bridization (Davis et al., 1980) using gel purified cloned polymerase chain
reaction (PCR) amplified DNA fragments as probes. Candidate plasmids
were analyzed by restriction digest and Southern blotting to identify plas-
mids with the hybridizing sequences near the middle of the yeast DNA in-
sert. pMR1680, pMR1691, and pMRI1692 carry KIPI, and pMR1695 and
pMRI1697 carry KIP2.

Plasmid Constructions and DNA Sequencing

For sequencing KIPI, the 5,734-bp Bglll fragment from pMRI69Z was
cloned in both orientations into pKS{+) to make pMR1722 and pMR1723.
As this fragment was found not to include the KIPI NH; terminus, a par-
tially overlapping 1,708-bp EcoRI-Pstl fragment from pMR1690 was
cloned into pKS(+) and pKS(—) to make pMR1703 and pMR1702. For se-
quencing KiP2, the 3,819-bp EcoRI-Bglll fragment from pMR1697 was
cloned into pKS(+) and pKS{—) to make pMR1705 and pMR1706. To se-
quence beyond the Bglll site which is located 20 bp from the COOH termi-
nus of KIP2, the 671-bp PstI-EcoRI fragment from pMR1695 was cloned
into pKS(+) to make pMR2362. Nested deletions of the above plasmids
were made using exonuclease Exolll and nuclease S1 (Hoheisel and Pohl,
1986), and single-stranded DNA was sequenced using Sequenase (United
States Biochemical, Cleveland, OH). Both strands of the KIP coding
regions were sequenced.

KIP! was subcloned into the yeast shuttle vectors constructed by Sikorski
and Hieter (1989). The 5,093-bp Nhel fragment from the XIP! plasmid
pMR1691 was cloned into the Spel site of pRS316 (a CEN plasmid marked
with URA3), pRS315 (CEN LEU2) and pRS306 (YIp URA3) to make
pMRI895, pMR1893, and pMRI1891, respectively.

For insertional mutagenesis and immunological detection of KIP], DNA
fragments which encode three copies of the hemagglutinin epitope were in-
troduced into four restriction sites of pMR1893, to create in frame inser-
tions. The kipl-5::HA insertion was made at KIPf amino acid residue 211
using a BglH restriction site, the kipl-6::HA insertion was made at residue
754 using Mlul, the KIP}-4::HA insertion was made at residue 54 using
Afill] and the KIPI-7.:HA was made at residue 1,022 using Accl. Since the
Afllll and Accl sites were not unique, pMR1893 DNA was partially digested
with the restriction enzyme and singly cut plasmid DNA was purified by
agarose gel electrophoresis. The linear DNA fragments were treated with
large fragment of DNA polymerase I and 4 dNTPs to generate biunt ends.
The DNA fragments encoding the epitope were isolated from plasmid
GTEPI, obtained from B. Futcher (Cold Spring Harbor Laboratory, NY).
This plasmid contains a Notl fragment that encodes three copies of the se-
quence YPYDVPDYA, in pBluescript I SK(~). The 143-bp insert DNA
for the KIPI-4::HA and kipl-5::HA alleles was made by digesting GTEPI
with BstXI, removing the 3' extension with T4 DNA polymerase and diges-
tion with Smal. The 182-bp insert DNA for the kipl-6::HA allele was made
by digesting GTEPI with Sacl, removing the 3’ extension with T4 DNA
polymerase, digestion with Clal, and treatment with DNA polymerase I
large fragment to penerate the second blunt end. The 151-bp insert DNA
for the KIPI-7::HA allele was made by digesting GTEPI with Sacl, remov-
ing the 3' extension with T4 DNA polymerase and digestion with Smal. The
insert fragments were purified by agarose gel electrophoresis and ligated
with the appropriate linearized XIP] plasmid DNA. Plasmids containing in-
sertions in the desired restriction sites and in the correct orientation were
identified by restriction digestion and gel electrophoresis of plasmid DNA
isolated from E. coli transformants.

DNA and predicted protein sequence analysis was performed using the
Sequence Analysis Software Package by Genetics Computer, Inc.

Construction of kipl and kip2 Deletion Strains

The null allele kip/41::HIS3 is an internal deletion of KIP! corresponding
to amine acids 106 to 1,046, replaced by HIS3. pMRI892 was digested with
Bell to remove three Bell fragments internal to XJPI, and a fragment con-
taining HIS3 was inserted to create pMR1921. The null allele kip2A2:-TRPI
is an internal deletion of KIP2 corresponding to amino acids 94 to 667,
replaced by TRPL. pMR1775 was partially digested with Xhol, the fragment
that resulted from cutting only at Xhol sites within XIP2 was gel purified,
and a fragment containing TRP! was inserted to create pMRI791. The
kip2AL::URA3 allele in pMR1790 was made using a fragment encoding
{/RA3 instead of the TRPI fragment. The resulting kip! deletion strains are
MS2333 and MS2334, and the kip2 deletion strains are MS2309 and
MS2354.



The kip deletion mutations were inserted into the wild-type genomic KIP
genes using the one-step gene replacement technique of Rothstein (1983).
PMR1921 was digested with EcoRI plus Xhol, and pMR1790 and pMR1791
were digested with Xhol plus Spel before transformation. The structure of
each deletion mutation was confirmed using Southern blots of genomic
yeast DNA prepared from the deletion mutants.

Mapping of KIPI and KIP2

KIP! was assigned to chromosome II by hybridization of a KIP] probe to
electrophoretically separated yeast chromosomes. The KIP! gene was local-
ized to a position near ils! on the left arm of chromosome II by hybridization
of the KIF] probe to dot blots of mapped yeast DNA fragments kindly
provided by L. Riles and M. Olsen (Washington University School of Medi-
cine, St. Louis, MO). Linkage to ils! was confirmed using meiotic crosses.
The kipi::URA3 strain MS2305 was crossed to the ils/ strain L785 and
sporulated. 42 tetrads were parental ditype and one was tetratype, indica-
ting that KIP! is 1 cM from ils! (calculated using the formula of Perkins,
1949).

KIP2 was assigned to the left arm of chromosome XVI by hybridization
of a KIP2 probe to electrophoretically separated yeast chromosomes and
chromosome fragments. Sequence of the KIP2 region revealed that the
likely KiIP2 initiation codon is located 326 bp downstream of the termina-
tion codon of the PEP4 gene (see Fig. 2).

Immunological Techniques

Total yeast protein for Western blots was extracted from exponentially
growing cells by the method of Ohashi et al. (1982), resolved by SDS-PAGE
and electrophoretically transferred to nitrocellulose membrane. The mem-
brane was incubated with mAb 12CAS ascites fluid, which recognizes an
epitope (termed HA) from the influenza hemagglutinin protein (Wilson et
al., 1984). Alternatively, a polyclonal anti-kinesin peptide antibody was
used (Sawin et al., 1992). After incubation with secondary antibody con-
jugated to HRP (Amersham Corp., Arlington Heights, IL), protein was de-
tected using the ECL detection kit (Amersham Corp.).
Immunolocalization was performed by the methods of Adams et al.
(1984) and Kilmartin and Adams (1984) as modified in Rose and Fink
{1987). For detection of HA epitope-tagged proteins with the 12CAS anti-
body, cells were fixed with formaldehyde for 30 min at 23°C. Tubulin
staining was done with rabbit anti-tubulin antibody RAP1/24, a gift of F.
Solomon (Massachusetts Institute of Technology, Cambridge, MA). Goat
anti-rabbit antibody conjugated to fluorescein isothiocyanate, or conjugated
to rhodamine, and goat anti-mouse antibody conjugated to fluorescein
isothiocyanate were obtained from Boehringer Mannheim Biochemicals
{Indianapolis, IN}. DNA was stained using the fluorescent dye 4,6-diami-
dino-2-phenylindole (DAPI) (Boehringer Mannheim Biochemicals).

Electron Microscopy

Cells were pregrown at 23°C and shifted to 37°C for 3 h in YM1 medium
(Hartwell, 1967), then fixed and embedded for sectioning by the method
of Byers and Goetsch (1991). Cells with a large bud and at least one spindle
pole body were identified, and adjacent sections were scored for the pres-
ence or absence of a second spindle pole body.

Chemical Mutagenesis

Strains M$2335 and MS$2336 were mutagenized for the synthetic lethal mu-
tant screen with ethyl methanesulfonate as described in Rose et al. (1990),
plated for single colonies on YPD medium, and replica printed to 5-fluoro-
orotic acid (SFOA) (Boeke et al., 1987) medium (all at 30°C) to identify
SFOA sensitive derivatives. Temperature sensitive kip/ mutations were
identified using the plasmid shuffie technique (Bocke et al., 1987). For this
purpose, plasmid DNA was mutagenized with hydroxylamine as described
in Rose and Fink (1987) and used to directly transform yeast. Putative kipl
(ts) plasmids were recovered from yeast by transformation into E. coli, and
the BamHI Xbal fragment containing kip/ was cloned into the URA3-
marked YIp vector pRS406 (Sikorski and Hieter, 1989). The resulting plas-
mids were linearized with Bgll or Mlul and used to replace the chro-
mosomal copy of KIP! with the kipl(ts) allele by plasmid integration and
excision (Scherer and Davis, 1979).

Roof et al. Kinesin-related Proteins Required for Mitosis

Results

Identification of the Kinesin-related Genes KIP1
and KIP2

Members of the kinesin superfamily possess several regions
of sequence conservation within their putative motor
regions. To identify new kinesin-related genes, we amplified
yeast genomic DNA by PCR using degenerate oligonucleo-
tide primers corresponding to three regions highly con-
served between KAR3, khc, and bimC. One of the primer
sites includes part of an ATP binding/hydrolysis consensus
sequence (Walker et al., 1982), while the other two primer
sites are in regions implicated in microtubule binding (Yang
et al., 1989). The primer sites flank additional conserved
regions, whose presence in an amplified DNA fragment
signified identification of a kinesin-related gene.

Two genes with homology to the motor domain of kinesin
were identified by cloning and sequencing the DNA frag-
ments generated by PCR amplification. We have designated
the genes KIPI and KIP2, for kinesin-related protein. To ob-
tain the complete genes, the cloned amplified DNA frag-
ments were used as hybridization probes to screen a yeast
genomic DNA library. DNA fragments carrying KIPI or
KIP2 were identified by hybridization, subcloned, and their
DNA sequences were determined. The KIPI open reading
frame would encode a peptide of 1,111 amino acids (Fig. 1),
while the KIP2 open reading frame would encode a peptide
of 706 amino acids (Fig. 2). The chromosomal location of
KIPI, as determined by hybridization of a KIPI probe to a
mapped yeast DNA library and by meiotic crosses, is on the
left arm of chromosome II near ILSI. KIP2 was located by
DNA sequencing of a known adjacent gene and resides on
the left arm of chromosome XVI next to PEP4 (see Materials
and Methods). Neither gene has been previously described.

The NH,-terminal region of the predicted KIPl protein
and a central region of the predicted KIP2 protein show ex-
tensive sequence similarity to the force generating domain
of khc (Fig. 3 A). The KIPI and Drosophila melanogaster
khc sequences show 42 % amino acid identity over the cen-
tral 335 residues of this domain (defined in Rose, 1991), and
the KIP2 sequence shows 38 % identity. The sequence con-
servation includes the consensus sequence GX.GKT pro-
posed to contribute to ATP binding and hydrolysis (Walker
et al., 1982), as well as other sequences present in the do-
main of kinesin thought to be required for microtubule bind-
ing (Yang et al., 1989). KIP! shows particularly high se-
quence similarity with the putative motor domains of bimC,
cut7, and Xenopus Eg5 (Le Guellec et al., 1991) (65, 54, and
52% identity, respectively, over 335 amino acids), suggest-
ing that these proteins comprise a subgroup of highly con-
served kinesin-related genes.

In contrast to the motor domain, the COOH-terminal 690
residues of KIP! show little or no sequence similarity with
the nonmotor regions of any of the kinesin-related proteins,
nor has substantial sequence similarity been found with se-
quences in the current GenBank database using the TFASTA
search program. Like many members of the kinesin super-
family, the nonmotor region of K/PI encodes several regions
containing heptad repeats of hydrophobic and charged amino
acids (Fig. 3 B). Such regions are associated with the forma-
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GCTAGCTTTTGOCGGGGARCCCATCCCGAAAAAATTGCAAAAARARAAATAGCCGCCGACCST TG TCGCTATTCACGGAATGATAGAAAAATAGCCGCGCTG 102
CTCGTCCTGGETGACCTTTTGTATATTGTATAAAGATAAACATAGTGCTATCAGGAATATCTTTATATACACACGCATACTGAATGTGGTTGAAGT TCAAAAAATATCACAAACGTTAAG 222
AAGTTTTACTGGTAAACATATAGACATAGTCGAGLGCTTGCTCGAGGTCAAATGCAGACGGATACGAGAGCGCGGGAGGCAAACCGGAGAAGGTCAATATGCCCATAATTCTTCTTOTTT 342
GAGGTTGGCAATTATATATTGTATCTGAATTAGGCAAATAGAAAAGAGACCTTACCATTAGCGCCATCETAGAGTCCCATTTCACCTTTTCT TAGT TCTTTATATATGTCTGCGTATGGE 462
CCACATATGCGCGCACAGTGCGCGCCACCCTCTAAGAACGATAAACATAAAATAAACACATAAACAATCAACGACAGTTCGCGCTTCCCTCACTAAATATGGCGAGATAGTTAAACAATS 582
ATGGCTCETTCTTCCTTGCCCAACCGCCECACCEUCCAGTTCGAAGCGAACAAGAGGAGGACCAT TECACATGCTCCATCTCCAACTC TTTCAAATGGGATGCACACTCTAACGCCGRCS 702

1M AR S 8L PNRURTAQTFEA BANI KU RRTTIHBAUHATPSU?P S L S NGMUBEHETTLTT®PT®P

ACCTGTAACAATGGTGCTGCCACTTCAGACTCCAATATACATGTATATGTAAGCTGCAGATCGCGTAATAAGCGAGAAATAGAGGAAAAAAGTAGTG TAGTTATATCTACACTAGECCCA 822
41 T ¢ N N G A A T 8 D S§ NI HV Y VR CR SR RNIZEKIZ RTETITETETZ KSSV VI S TLG P

CAAGGGAAAGAAATCATTCTGTCCAACGGTTCTCACCAATCGTATTCGTCCTCGAAGAAAACTTACCAAT TTGATCAGGTCTTCGGCGCAGAATCTGACCAGGAAACAGTGTTTAATGCC 942
81 ¢ G K E I I L 8 N G S H Q 8 Y 8§ S 8 K X T Y Q F DQV F GAZEGSTDOQTETV F N A

ACTGCARAAAACTACATTAAGGARATGTTGCACGEGTACAAT TG TACAATATT TCCATACGGTCAAACGGGAACAGETAAAACCTACACTATGTCTGGCGATATAAATATTCTCGGTGAT 1062
122 T A K N Y I K EM L H G Y NC T I FAY GQTGTGGK.TYTMZGSEGDTINTITLGTD

GTGCAATCTACCGATAATCTATTATTAGGAGAGCATGCAGGTATCATACCACGGGTTCTGGTCGATTTGT T TAAAGAATTGAGC TCCTTAAATAAAGAGTACTCCGTAAAAATATCCPTT 1182
161 v Q@ 8 T D N L L L 6 E HA G I I PRV L VDULTFI KTETLSSL NI KTZETY SV KTISF

TTAGAGTTGTACAATGARAATTTGAAAGATCTGCTCTCTGATAGTGAGGACGATGATCCTGCAGTCAACGATCCCARGAGGCAGATTCGTAT TP TTGACAATAACAACAATAATTCATCC 1302
200 L EL YNENULIKUDTULUL S DS EDODD®P AV NDUP KR QI RTIVFDNININISNNS S

ATCATGGTCAAGGGGATGCAGGAAATCTTTATTAACTCTGCACACGAAGGC TTCGAATTTGC TAATGCAGGGTTCCTTAAAAAGCAAAGTGGCCOC TACTAAATCCAACGATCTTTCATCA 1422
241 T M V K G M Q E I F I NS AHEGTILNTULTLMUGQOG S L KRI KV AATTIKTCNUDTL S 8

AGGTCTCACACCGTCTTTACAATCACAACAAACATAGTTGAGCAAGATAGCAAAGACCATGGACAAAACAAAAATTTTGTTAAAATTGGCAAAT TGAATTTGGTGGATTTGGCAGGCAGT 1542
288 R 8 H T V F T I T TUNTIV EQDSE KDUHG QNI KNTFUV X I GKILWNILVYVYDTULATGS

GAARACATCAACAGATCGGGTGCGGAGAATAAAAGGGCTCAAGAAGC TGGCCTAATAAACAAATCGCTGC TAACACTAGGCCGTGT TATCAACYCACTCGTTGATCATTCTAACCATATA 1662
321 E N I N R 8 G A E NKRAQEAGTLTINIZIKSTLTULTIULGR® RV I NAUL YV DH S NUHI

CCTTACAGAGAATCTAAGCTAACAAGATTGCTACAAGACTCTTTAGGTGGTATGACGAAAACATGCATTATCCCAACTATATCACCTGCGAAAATATCCATGGARGAGACTGCAAGTACG 1782
31 P Y R E &8 KL T™RULUL QD 5L G G MTIXTOCcCcI I ATTISPAZ KT SMETETA AT ST

CTAGRATATGCAACGAGAGCCAAATCAATTAAGAATACTCCACAAGTARATCAGTCT T TATCGAAGGATACATGTCTCAAAGAC TACATTCAAGAGATTGAAAAATTAAGARATCATTTG 1902
401 L E Y A T R A K 8 I K N T P Q V N Q L 358 K DT CL KDVYTI QETIEZ KT LT RNTDTL

AARAAATTCAAGAAACAAACAAGGTATATTTATAACTCAAGATCAGTTGGACCTTTACGAGAGCAATTCTATCTTGATTGATGAGCAAAATCTAAAAATACATAACCTGCGAGAACAAATT 2022
441 K N 8 R N K Q0 ¢ I F I T Q D Q L DL Y E SN S I L I DEQNTZLTZIEKTIUHINTULT REQ I

AAAAAATTCAAAGRAARCTACCTGAACCAATTAGATATCAATAATCTTTTACAGTCTGAAAAGGARAAACTAAT TGCCATAATACAGRATTTTAATGTCGATTTTTCTAACTTTTACTCS 2142
481 K K F X E N Y L N Q¢ L D I N N L L Q S E X BE K L I A I I ¢ N P N V¥V D F 8§ NTF Y 8

GAAATCCAAAAAATTCACCATACTAATCTCGAACTAATGAATGAAGTCATACAACAGAGAGATT TTTCACTAGAAAATTCTCAAAAACAGTATAATACGAACCAGAACATGCAATTAAAA 2262
521, E I Q K I H H T N L E L M NZE UV I Q QR DTF SL ENSTG QI KQYNTN Q N M QO L K

ATCTCTCAACAAGTTTTACAGACT TTGAACACT T TACAGGGCTCT TTAAATAATTATAACTCTAAATGT TCCGAAGTTATCAAAGGCGTCACCGAAGAACTAACCAGGAACGTAAATACC 2382
561 I 8§ Q Q V L @ T L N T L Q 6 S5 L N N Y N 8 K C & BE V I XK 6V T EELTU RNVYVHUHET

CATAAGGCGARACACGATTCTACTCTCARATCGTTATTAAACA T TACTACTAACTTAT TGATGAATCAGA TGAACGAACTGGTGCCCTAGTATTTCGACTTCATTGGAAATATTTCAGAGT 2502
601 H K A K H D S T L K S$ L L NI TTNTILILMNGOQMNETLUVZRSTI ST S LE I F Q §

GATTCTACTTCTCACTATCGTAAAGATTTGAATGAAATCTACCAATCACATCAACAATTTCTAAAAAATTTACAAAACGATATTAAAAGCTGTC T TGATTCGATAGGCAGTTCAATTCTA 2622
641 D S T S H Y R K D L N E I ¥ Q@ 8 H Q ¢ F L K NIL Q NDTI X S C LD SIOGS S I L

ACTTCCATAAACGAAATATCGCAAAATTGCACCACTAACTTGAATAGTATGARTCT T T TAATAGARRACCAGCAGTCAGGATCATCGARATTAATTAARGAGCAAGATTTAGRAATARAA 2742
681 T s I N E I § @ N C T T N L N 8 M NV L I ENQ Q 8§ G 8 8 KL I K E D ULETI K

AAACTGAAAAACGATCTGATCAATGAGCGCAGGATTTCTAACCAATTCAACCAACAGT TGGCTGARATGAAGCGATATTTTCAGGATCACGT TTCCAGGACGCGTAGTGAATTCCACGAS 2862
720 K L K N DL I N E R R I S NOQVPFPNQ@OQL A EMZEKZ RYF QDU HVYV S RTU RS ETFHTD

GAACTTAACAAATGTATCGATAACCTAAAAGATAAACAATCTAAGTTGGATCAAGATATCTGGCAGAAGACGGCCTCTAT PTTCAACGAAACAGATATCGTAGTTAATAAAATTCATTCS 2982
761 E L N X € I D N L K D K Q@ 58 K L D gD I W ¢ K T A S I F NETDI V ¥ N K I H §

GACTCAATAGCATCCCTCGCTCATAATGCTGAAAACACTTTGAAAACGGTTTCTCAGAACAATGARAGCT T TACTAACCAT T TAATCAGTC TATCACGCGGAATGAACATGGACATATCS 3102
801 D 5 I A s L A H N A ENT LK TV S QNNZESFTNDTILTISIL S8 R GMNM DI §

TCCAAACTGAGAAGTTTGCCCATCAATGAATTTTTAAACAAGATATCACAAACCATTTGTGAAACCTGTGGCGATGATAACACAATCGCATCAAATCCAGTATTGACCTCTATTAAAAAA 3222
841 $§ XK L R 5 L P I N E F L N K I 8 Q T I ¢ ET C G D DHNTIT I A S NUPVY L T $ I K K

TTTCARAATATAATTTGTTCAGACATTGCCC TAACAAATGAGAAGATCATGTCATTAATAGATGAAATACAATCACARATTGAAACCATATC TAATGARAACAATATCAATTTGATTGCA 3342
881 F Q N I I ¢ 8 D I A L T N E K I M 8 L I D E I ¢ 85 ¢ I E T I § N ENNTINTULTI A

ATAAATGAAAATTTTAATTCTTTGTGCAATTTTATATTAACTGATTACGATGAGAATATTATGCAAATCTCARAAACACAAGATGAGGTGCTTTC TGAACATTGCGAGAAGCTACAATCA 3462
921 I N E N F N S L C N F I L T D Y D E N I M @ I 8§ K T Q D E V L 8 E H C E K L Q 8§

CTGAAAATACTGGGTATGGACATTTTCACTGCTCACAGCATAGAAAAACCCCTTCATGAGCATACAAGACCTGAAGCGTCAGTAATCAAGGCTTTACCCTTATTGGATTATCCAARACAA 3582
961 L K I L & M D I F T A H § I B K P L HE H T R P E A & V I K A L P L L O Y P K Q

TTTCAGATTTATAGGGATGCTGAAAATAAGAGCARAGACGACACATCTAATTCTCGTACTTGTATACCAAACTTGTCAACTAATGAAAATT TTCCTCTTTCACAATTCAGTCCAARAACT 3702
1001 F ¢ I ¥ R D A E N K S8 KDDT $ NS RTOCIPNULSTNENTEFEUFPTLSGGF S5 P KT

CCAGTGCCAGTGCCIGATCAACCTCTACCAAAAGTTCTTATACCGAAAAGCATAAACTCGGCCAAGTCCAATAGATCAAAGACCTTACCAAATACAGAGGGTACTGGACGAGAATCGCAG 3822
041 P vV P V P D Q P L P K V L I P K S I N & A K 3 N R S K T L P NTEGTGURE § Q

AACAATTTGAAGAGAAGATTTACCACCGAGCCAATATTGAAGGGAGAAGAAACTGARAATAATGACATACTGCARARTAAAAAACT TCATCAATAAGGGGATATAGCCATTGTARAATAT 3942
1081 N N L K R R F T T E P I L K G E E T E N ND I L Q N K K L H Q =*

TTGTATCACTATATGCATTGAGTGTAAACTGTTGCACCTATAAAGAATGAAAACAATCTAGTATGTGTACTTACATAATTACACAGTC TTTTTTT I T TTTACCTTGTTTATCCTTCTTGT 40862
TCTTCAAGCTTGTAGGTTTTTTTGACTCAGTTTTTACTGCAGGAAAATCTTTACGAATCATGTTTGAACTGCCCATATTTGATAAACTAAC TTC T TGCTTTGCTGCCATCGACTGCTCAG 4182
CAACTTCCCTTGACATTCCCT TTGCTGAGGARGAACT T T TCC TGATGCT TG TATCAGAACCCGTTTTAATACCATT TCTATTCOTGTTTGAATTCATGTTAATTTGCAAACCTTGATGECT 4302
CACGATCACGTTTTGGATTTCCAGTAAAGAATGTTTCAGATTTTGAAGRARACTC T TGAA T TTGACCU TACGT TACT TG T T TCACTGTCCACAGTAGAGAATAAATTCAAAGTACTGATAC 4422
TTTTATTTTTTTTATGCTGT T TTTTACCAATGC TGGC TAGTCCACCS TCCCTTRAGCGTAGCTTAT TAATCGCCCTC T TG IO TCGTTCCCTGCAGC TTTCTCGTACCATTTCCATGCGT 4542
ATTCCATGETTACGATCACAGCCCTTGCCATGCTCATAGAAGTAGCCCAGAGTGAATTGGGCCTTTGGCAAACCAGCATTAGU TGCACGCAAGGCCCATTGAAAAGCCTCATTTTCATCTT 4662
TTTCAAAAGCAGGTTCTGCTCCCAGTAAGTACCATGCACATAAACCTAACATTGCCACAGAATCGCCT I TAACGCTGCCTGCGTATAATAGTGTACAGAAAGTGATGTATCCTGCCCTA 4782
CTGTATCATTACCTGTTTCATAAA 'CTGTGCCAACAAAGTTGCTGAAGGAACATGCUCTAAACT TGCTGC T TGAATATATAG T TCCAT TGCATACT T TCATCCGGAATGACAACATCTA 4902
AGAACCCTTCATGATAAATCT TAGCCAATTCGTATGETGCTGCCECCGTCAACTCATTAGCTCT TGC TGCAGCCCTTGATAACCATTTTACCCCAT TTAATTTAGTAT TAACGTCGETTS 5022
GAAGACCCATTCTGCCGTAGAATGAATAAAGTCCCAATTTATACATTGCTGAGGGATGATTCCTGCTAGC 5092

Figure I. Nucleotide and predicted protein sequence of KIPI. The GX,GKT sequence proposed to contribute to ATP binding and hydroly-
sis (Walker et al., 1982) and the Bcll restriction sites that form the boundary of the kiplA1 deletion mutation are underlined. KIPI enco@es
a predicted protein of 1,111 amino acids and 126 kD. These sequence data are available from EMBL/GenBank/DDBJ under accession
number Z11962.
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ACCTGTTGGCCCACTGGCCATCGTTGGTGATGCCTTCTTGCGTAAATACTATTCTATTTACGATTTGGGCAACAATGCGGTTGGTTTGGCCAAAGCAATT TGAGCTAAACTTTTCTTACT
(PEP¢..) P L A I V G D A F L R K Y Y 8§ 1 Y DL G NN AUV G L A KA I *

TCTCCGCCCTATCCTTTTCTGCCATCTAGAGAGCTTTTATAAGTAGATAACAATAAAAAAAACTATAGTATATTTAAAAAAAAAAAACAAGACAAACCATCTTGTCCTCAGTTTTAGAAT
CCATTGTTCTATGCTGCTGCCCATAATGTCATTATATGCGGGTAGCCCGATGATGCGGCTCGAGAATTTCCTTGTTTATCCTTTTCCAATAGCGGAACAATTGATAATAAAGCAATGTAA
GCAGAAGCGAAAAATAAAAAGAAATAGGCTGCAGAGATTCACAGGCTGCGCTCTAGAAACATTTGAAATCAAGGCAAACATAGAACACTTGATAAAATTCTTACCATAATACCACCATTG
ATGATTCAAAAAATGAGCCCAAGCTTAAGGAGGCCATCAACGAGGTCTAGTTCTGGTTCAAGTAATATCCCACAATCGCCCTCTGTACGATCAACTTCATCGTTTTCTAATCTGACAAGA
M I Q KM s P SLRRUPS TR S S S G S S NIUPOQS P S VR ST S S F S NTILTR

AACTCCATACGGAGCACCTCTAATTCGGGTTCTCAGTCGATTTCTGCATCTTCCACTAGAAGTAACTCCCCACTAAGATCCGTATCAGCCAAATCCGATCCCTTCCTTCACCCAGGTAGG
N S I R S T S NS GG S5 Q 858 I 8 A S 8 TR S N S P LR SV S A K S DUPVFLH P G R

ATAAGGATCAGGCGGAGCGACAGTATTAACAACAACTCGAGAAAAAACGATACATATACTGGGTCAATCACTGTGACCATCCGGCCGAAACCACGGAGCGTTGGAACTTCCCGTGACCAT
I R I RR S D S I NNNISRIKNDTYTG S I TUVTTIIRUPI KPR SV G T S R DH

GTGGGGCTAAAATCGCCCAGGTACTCTCAACCAAGATCCAACTCACATCACGGTAGCAATACATTTGTTAGAGACCCCTGGTTTATTACTAATGACAAAACAATAGTGCATGAAGAAATT
vV GL K 8§ P R Y S Q P R S NS HHG S NTVF VRDU®PWT FITNUDIKTTIV HEEI

GGAGAGTTCAAGTTCGATCATGTTTTTGCTTCCCATTGCACTAATTTGGAAGTTTATGAAAGAACCAGTAAACCAATGATTGATAAGTTATTGATGGGGTTTAATGCCACCATATTTGCG
G EF K F DHVFASHZCTNTILEUVYERTSK PMTIDIEXKXIULULMGT FNATTIF A

TACGGTATGACCGGGTCAGGTAAAACGTTTACAATGAGCGGAAATGAACAAGAGCTAGGCCTAATTCCTTTATCTGTGTCGTATTTATTTACCAATATCATGGAACAATCAATGAATGGC
Yy g M T G s g KT F TMS G NEOQELGGL I PL SV S YL FTNIMETZGQSMNG

GATAAAAAGTTCGACGTTATAATATCGTACCTCGAAATTTACAATGAAAGGATTTACGACCTGTTAGAAAGCGGATTAGAAGAATCCGGTAGTAGAATCAGTACTCCTTCAAGGTTATAT
D K K F D VI I 3 ¥ L EI Y NEURTIYDULILUES GGLEE S G S RIS TP S R L Y

ATGAGCAAGAGCAACAGCAATGGATTGGGCGTAGAATTAAAAATCAGAGATGACTCTCAGTATGGGGTCAAAGTTATCGGTCTCACCGAAAGAAGATGTGAAAGTAGTGAAGAATTATTG
M 8 K 8 N 8§ NGL GV EL KTIRDDSOQY GV K VIGLTEI RI RTCES S ETETLL

AGGTGGATTGCAGTTGGTGACAAAAGTAGGAAAATTGGCGAAACTGACTACAATGCAAGAAGCTCACGATCTCATGCCATTGTACTGATTCGTTTAACAAGTACTAACGTAAAGAACGGC
R W I AV GD XK SR IK I G ETUDYNA ARS SR S HATIUVLTIRILTS TNV KNG

ACCTCAAGATCGAGTACATTGTCGTTGTGTGACCTAGCAGGTTCGGAAAGGGCTACGGGGCAACAAGAGAGGAGAAAGGAAGGTTCATTCATCAACAAATCCTTACTTGCTTTGGGGACT
T S R S $§$ TL S L CCDULAGSERATGIQQERI RIKESG ST F I NI KSTULTULWAZLGT

GTGATATCCAAACTCAGTGCCGACAAGATGAACTCAGTAGGCTCAAACATTCCCTCGCCATCTGCAAGTGGCAGTAGCAGCAGTAGTGGAAATGCTACCAATAACGGCACTAGCCCAAGC
vV I s XKL S A bDKMNSV GS NI VPSP SA SG S S S8 S S8 G N-ATNNGT S P s

AACCACATTCCATATCGTGATTCTAAATTGACTAGATTATTGCAGCCGGCACTAAGCGGTGACAGCATAGTGACAACGATATGTACAGTCGACACCAGAAATGATGCGGCAGCGGAAACT
N HI PY RDS KLTWRILILIQU®PALSGD s I VTTTIOCTUV DT RNDAA AA ATET

ATGAATACGCTGAGGTTTGCATCAAGAGCGAAAAACGTCGCACTTCATGTATCCAAAAAATCCATCATCAGTAACGGGAATAACGATGGAGATAAAGATCGCACCATTGAGCTACTGAGA
M NTLR PF A S R A KNV A L HV $ K K S5 I I 8 NGNNDGDI KD RTTIETLTLR

CGCCAATTGGAAGAACAACGTAGGATGATCTCTGAATTGAAGAACCGTTCAAACATTGGCGAGCCCTTAACCAAATCTTCCAATGAAAGTACTTATAAAGACATTAAAGCCACCGGCAAT
R Q L EE QR RMTIS EULI KNI RSNIGEUZPULTI K S S NUEJSTYZXDTI KA ATGN

GATGGTGATCCGAATTTGGCTCTAATGAGAGCGGAGAATCGAGTATTAAAATATAAACTAGAGAATTGTGAAAAACTACTAGATAAAGATGTGGTTGATTTGCAAGATTCTGAGATTATG
b G D P NULAULMU®RAENDNI RUVILIKYKILENZ CEIZ KT LULDI XKDV VDL QD S$ E I M

GAAATTGTAGAAATGCTTCCCTTTGAGGTCGGCACCCTTTTGGAAACAAAGTTCCAAGGTTTGGAATCACAAATAAGGCAATATAGGAAATACACTCAAAAACTTGAAGACAAGATCATG
E I V EML P F E V GGT VL LETI K FQGULES QI RQY R K Y T Q KL EUDIKTIM

GCGCTAGAAAAAAGTGGTCATACTGCAATGTCGCTAACTGGGTGTGACGGCACTGAAGTGATCGAATTACAGAAGATGCTCGAGAGGAAGGATAAAATGATTGAGGCCCTGCAGAGTGCC
A L E K S GHTAMSTLTTGCCDGTEUVIELOQI KMTLTEHRIKTDI KMMTITEU ATLOQ S A

AAACGACTGCGGGATAGGGCTTTGAAACCACTCATTAATACACAGCAATCACCGCACCCTGTCGTGGATAACGATAAATGATTAGGTGAGGGTCCCAGATCTCGGGTGCTTTTTTCCTTG
K R L RDRA ALK PLINTOQQ S P H PV V DN D K *»

TGCGGATTGTTCTGTAGACTGCGCCTCCGCTTNCCCGGCNCTTGCTTGAACGGGATCTATTCTCAGAAGACAGUGCATAAAAGGCAGT TTTTAGGCACTTCTCGTTAAGAAAATACACAA
ATAATGGATTTACNAGTTCGTTTCAGTGTGGTACCAAAARAATTTNNCATCAGCTAATAAAGATCAAGAAGT TTTGGGGTTGT T TCGAGTCTGTCTCGGCCTTAATTGTGCAGGTACTAAA
GGAATTAATATATAAAGATTGTTAAGGCCAAGTGACTGAAACTTGCAAACGTCTTTGAATCAGGCTTATCTCTTAAATACTTATATATATGTTCTTTTATAGACTTCATAATCTCTTGTT
CCAAGAACAGTAAAGAGCAATTAAAAAAAGGAAAATAACAGTTAAAGATGATAGCGGATTCATCAGTTTTGAAAAAGCACACAGCAATCAAGAGAAGTACGAGAATAATATCGCTAACAC
TCGTTTTGCTTGGCGTATTTAGCTTCTTACTACTTACATGGAATGACTCCTTGGAATTC 3179
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Figure 2. Nucleotide and predicted protein sequence of KIP2. The GXsGKT sequence proposed to contribute to ATP binding and hydrol-
ysis (Walker et al., 1982) and the Xhol restriction sites that form the boundary of the kip24 deletion mutations are underlined. KIP2 encodes
a predicted protein of 706 amino acids and 78 kD. The COOH-terminal predicted protein sequence of PEP4 is shown, These sequence
data are available from EMBL/GenBank/DDBJ under accession number Z11963.

tion of an alpha helical-coiled coil and suggest that KIP1 pro-
tein is dimeric.

Unlike the other superfamily members in which the motor
domain is at either the NH, or COOH terminus, the KIP2
kinesin-related domain is almost centrally located. A 90
amino acid NH,-terminal extension precedes the motor do-
main and is serine-rich (33%). It shows no substantial ho-
mology to other proteins in the current GenBank database.
The 137 amino acid KIP2 COOH-terminal extension is
predicted to be alpha helical and includes three 30-amino
acid regions of heptad repeats consistent with the formation
of an alpha helical-coiled coil (Fig. 3 B). Thus, KIP2 protein
might also be dimeric.

kipl and kip2 Deletion Mutants Are Viable

To determine the functions of KIP! and KIP2 we constructed
deletion mutations and examined their effects after replace-
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ment of the wild-type chromosomal allele. The kip! deletion
mutation removes residues 106 through 1,046 and the kip2
deletion mutation removes residues 94 throughout 667 (Figs.
1 and 2). The resultant kip! and kip2 null mutants were then
examined for defects in the three known microtubule-depen-
dent functions of yeast: mitosis, meiosis, and karyogamy.
KIP] and KIP2 individually play no obvious role in mitotic
growth, meiosis, or mating. The deletion mutations of both
genes could be recovered in haploid as well as diploid yeast
and mutants showed wild-type growth rates on rich medium
at 16, 23, 30, and 37°C. No pronounced effect on sensitivity
or resistance to the antimicrotubule drug benomyl was de-
tected at 30°C. Furthermore, both kip! and kip2 mutants
were unimpaired for karyogamy and meiosis. Crosses of kip!
X kipl and kip2 X kip2 generated diploids at the wild-type
frequency when measured using a qualitative limited mating
assay (Conde and Fink, 1976). Sporulation of the resulting
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Figure 3. Sequence comparison of motor domains and probabilities of coiled-coil formation by KIP1 and KIP2. (4) Sequence comparison
of the motor domains of S. cerevisiae KIPl, KIP2, KAR3, and CINS, A. nidulans bimC and D. melanogaster khc. Amino acids identical
to KIPI are indicated as white characters on black, and gaps introduced to facilitate alignment are indicated with periods. The sites of
PCR primers used to identify KIPI and KIP2 are marked with heavy lines (=), and the GX4,GKT sequence for ATP binding is marked
with asterisks (*). The spacing of the conserved regions in the predicted KIP2 sequence differs from other kinesin family members due
to an insertion of 28 amino acids at residue 402, and CIN8 differs due to an 84-amino acid insertion at residue 253. The sequences were
aligned using the Pileup computer program (Genetics Computer, Inc.). The bimC sequence (amino acids 69-488) is from Enos and Morris
(1990), CIN8 (63-591) is from Hoyt et al. (1992), khc (1-399) is from Yang et al. (1989), and KAR3 (375-729) is from Meluh and Rose
(1990). (B) The probability that each residue of KIP1 and KIP2 is part of a coiled-coil structure was calculated using the algorithm of

Lupas et al. (1991), using a window size of 28 amino acids.
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homozygous null diploid strains yielded tetrads with >90%
spore viability.

The lack of an obvious phenotype conferred by the kip!
and kip2 mutations was surprising because both KIP! and
KIP2 are expressed in wild-type strains during vegetative
growth (data shown below). One possible explanation is that
these kinesin-related proteins overlap in their essential func-
tion, so that a mutation in a single gene has little effect. Func-
tional redundancy was tested with the KIPI, KIP2, and KAR3
genes by constructing double and triple mutant strains. All
of the double and triple mutants were viable. The kipl kip2
double mutant showed a wild-type growth rate, while all of
the mutants containing the kar3 deletion mutation grew at
a reduced rate, due to a defect in mitosis as described previ-
ously (Meluh and Rose, 1990). The kip! and kip2 mutations
did not exacerbate the growth defect of kar3 strains. Several
possibilities could explain the lack of an observable pheno-
type. One is that KIP!, KIP2, and KAR3 are not the sole
members of a functionally redundant group. Alternatively
the group may not be required for an essential process.

Like the single mutants, the kip! kip2 double mutants
mated and formed diploids at wild-type frequencies when
crossed either with wild-type or mutant strains. The homo-
zygous diploids could be sporulated to yield tetrads with
>90% spore viability. Thus KIP! and KIP2 are not con-
jointly required for either karyogamy or meiosis. The vari-
ous kar3 mutants could not be tested because KAR3 is essen-
tial for both nuclear fusion and meiosis.

ksl Mutants Make KIP1 Essential for Growth

As suggested above, the lack of a phenotype conferred by the
kipl and kip2 deletion mutations can be explained by propos-
ing the existence of yet other force generating protein(s) that
can substitute or compensate for the loss of KIPI or KIP2.
In that case, loss of either gene individually might cause no
gross defect, but simultaneous loss of both genes would be
lethal (synthetic lethality). We therefore designed a genetic
screen to identify mutants in which KIP! is essential for mi-
totic growth. This genetic screen could potentially identify
the genes for force generating proteins which might not have
been detected using our PCR primers, as well as other genes
required for the activity of an additional motor protein.

The synthetic lethal mutant screen is based upon an assay
in which the requirement for a given gene is assessed by de-
termining whether a mutant strain is able to segregate a plas-
mid bearing that gene as its sole copy (Kranz and Holm,
1990; Bender and Pringle, 1991). Specifically, the parent
strains (MS2335 and MS2336) were deleted for the chro-
mosomal KIP! gene and were also ura3-, but carried a
functional KIPI gene on a centromere-based plasmid marked
with URA3 (pMR1895). The parent strains frequently segre-
gate the plasmid during vegetative growth and consequently
become ura3-. Ura3- but not Ura3* strains can grow on
medium containing SFOA (Boeke et al., 1987). Colonies of
the parental strains grown on rich medium contain many
Ura- segregants; upon replica plating to SFOA these clones
appear to be drug resistant owing to the large number of
Ura-, SFOA resistant cells. In contrast, putative synthetic
lethal mutants cannot remain viable after plasmid segrega-
tion; these appear as SFOA sensitive colonies owing to lack
of viable Ura~ cells.

Screening of 22,000 mutagenized cells identified 18 inde-
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pendent SFOAS mutants. These were potential ks/ mutants
(kip synthetic lethal). All of the mutants were found to be
recessive for the Ksl phenotype. The mutations fell into four
complementation groups; ksiI had 14 alleles, ksi2 had two al-
leles, and two mutations were unique.

To determine whether the SFOAS mutants now required a
functional KIPI gene, or were SFOAS for reasons unrelated
to KIPI function, we performed a secondary screen. Potential
ksl mutants were transformed with a second KIP! plasmid
which carried a LEUZ2 selectable marker instead of URA3
(pMR1893). In mutants which require KIP! for viability, the
newly introduced KIPI gene should complement the ksi-
kipl- defect, rendering the original URA3-marked KIP]
plasmid dispensable. This would consequently permit ac-
cumulation of ura3- cells and the strains would again appear
to be SFOAR. Representatives of each ks/ complementation
group were tested, and it was found that only the two ksi2 al-
leles fulfilled the criteria of becoming SFOAR. The remain-
ing mutants remained SFOAS and were not studied further.

Meiotic crosses were used to demonstrate the synthetic
lethality between kip! and ks/2 independent of the plasmid
segregation test. The kiplAl ksl2 mutant MS2839 was
crossed to the kiplA1 strain MS2336 and sporulated. Since
a KIPI* plasmid was present, tetrads with three and four via-
ble spores could be recovered because the plasmid XIPI gene
complemented the defect of kiplA1 ksI2- spores. In the four
spore tetrads, two spores were SFOAS and two were SFOAR,
indicating that the Ksl- phenotype is caused by a mutation at
a single locus. The KIP! plasmid in the above heterozygous
diploid strain could be segregated, confirming that the ksi2
mutation is recessive. When the diploid strains without the
KIPI* plasmid were sporulated, two spores in each tetrad
were viable and two were inviable, indicating that in the ab-
sence of KIPI function, the ks/2 mutation is lethal. Thus mu-
tants singly defective in KIP] or KSL2 are viable, but the dou-
ble mutant is inviable.

KSL2 and Kinesin-related CIN8 Are the Same Gene

During the course of this work, the S. cerevisiae CIN8 gene
was cloned and identified as another kinesin-related gene
(Hoyt et al., 1992). Certain mutations in the CIN8 gene re-
sultin an increased rate of chromosome loss and temperature
sensitive growth. KIPI and CINS8 show particularly high se-
quence identity within their putative motor domains (Fig. 3
A, 56% identity), but show no substantial similarity in their
COOH-terminal regions. Like KIPI, CIN8 is a member of
the bimC/cut7/Eg5 subgroup, although KIP! is more closely
related to bimC and cut7 than it is to CINS.

Functional redundancy between kip! and cin8 was tested
by crossing kiplAl::HIS3 strain MS2333 to cin84::LEU2
strain MAY2058 and examining the meiotic products. The
spores inferred to carry both the kip! and cin8 mutations
were inviable, indicating synthetic lethality. When the KIPI
URA3 plasmid pMR1895 was present, the double mutants
were viable but SFOAS, confirming that KIP! is essential in
a cin8 background.

Complementation and allelism tests were used to deter-
mine whether the ksi2 and cin8 mutations define the same
gene. As described above, ksi2 kipl and cin8 kipl double mu-
tants are viable when a KIPI URA3 plasmid is present; these
stains appear as SFOAS colonies due to the lethality of plas-
mid loss. For complementation testing, these double mutants
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Table 1. Cell Type Distribution of Single and Double Mutants

Cell morphology (%)*

Large bud, Large bud,

2 nuclei, 1 nucleus,
Time at elongated short
Strain Relevant genotype 37°C No bud Small bud Medium bud spindle spindle Anucleate
h
MS10 WT 0 41 24 19 16 0 0
MS10 WT 3 46 19 20 13 1 0
MS10 WwT 5 44 23 19 15 0 0
MS2333 kiplAl 0 45 27 13 15 0 0
MS2333 kiplal 3 44 28 16 11 0 0
MS2333 kiplAl 5 49 26 14 10 0 1
MS2909 cin8-101 0 67 14 7 7 1 0
MS2909 cin8-101 3 17 14 8 9 50 3
MS2909 cin8-101 5 25 20 9 5 36 6
MS2911 kipl(ts) cin8-101 0 48 20 15 17 1 Q
MS2911 kipl(ts) cin8-101 3 10 7 2 0 75 7
MS2911 kipI(ts) cin8-101 5 18 4 1 0 45 33

* Bud size was scored by Nomarski microscopy, nuclei were visualized by staining DNA with DAPI, and microtubule organization was examined by indirect
immunofluorescent staining of tubulin. At least 150 cells were scored for each time point.

were used to make diploid strains. The cin84 kipl Al/pKIPl
URA3 strain MY2875 was crossed to the ksi2-1 kiplAl/
pKIPI URA3 and kisi2-2 kipl A1/pKIPI URA3 strains MS2839
and MS2868. The diploids were SFOAS, indicating that the
plasmid-based KIPI* gene remained essential because ksi2
and cin8 did not complement. Sporulation of these diploids
yielded no spores that could become SFOAR, indicating
that the ks/2 and cin8 mutations are tightly linked. We have
redesignated ksl2-1 to be cin8-101 and ksi2-2 to be cin8-102.

Conditional kipl cin8 Double Mutants Arrest before
Spindle Pole Body Migration

The synthetic lethality between the kiplAl and the cin8-
mutations indicates that either KIP! or CINS is sufficient to
perform a function essential for viability. To determine the
nature of the essential function, we generated temperature-
sensitive alleles of KIP! in the cin8-10] background, and ex-
amined the phenotype of the double mutant at the nonper-
missive temperature.

To isolate kipl temperature-sensitive alleles, we mutage-
nized the wild-type KIPI gene on plasmid pMR1893, and
used the “plasmid shuffle” procedure (Boeke et al., 1987) to
identify plasmids that were conditional for their ability to
complement the kiplAl cin8-101 defect of strain MS2879.
Three temperature-sensitive alleles, kipl-10i(ts), kipl-102(ts),
and kipl-103(ts) were isolated. The kipI(ts)’genes from these
plasmids were recloned in an integrating vector and used to

replace the wild-type chromosomal KIP! gene of several
yeast strains by plasmid integration and excision. The tem-
perature-sensitive phenotype could be recovered after plasmid
excision in the cin8-10] point mutant background (MS2909)
as well as in a cin8 deletion background (MAY2059).

The gene replacement procedure allowed dominance or
recessivity of the kipl(ts) alleles to be easily determined
because integration of the kipl(ts) plasmids created a
kipl(ts)/KIPI* merodiploid. The three merodiploids were
temperature resistant in both the cin8-10! and cin8 deletion
backgrounds, indicating that the kipI(ts) alleles are recessive.

The kipi-10l(ts) cin8-10] double mutant cells were exam-
ined by light microscopy after incubation at 37°C to deter-
mine whether the mutant arrests at a specific stage of the cell
cycle. The kipl-10I(ts) cin8-10I strain was pregrown at 23°C,
shifted to 37°C for 3-5 h, then fixed and stained. A nearly
uniform arrest morphology was observed after incubation at
37°C for 3 h. About 75% of the cells in the arrested culture
had a single large bud (Table I). Staining of DNA with the
fluorescent dye DAPI showed that the large budded cells con-
tained only a single nucleus often located in or near the bud
neck (Fig. 4). In comparison, the nucleus in wild-type large
budded cells had already divided and segregated into the
mother and daughter cells (data not shown).

Microtubule organization was examined using indirect im-
munofluorescent staining of tubulin. The microtubules of the
arrested cells appeared to emanate from a single pole and did

Figure 4. Uniform arrest morphology of kipl (ts) cin8-101 double mutant. Cells were examined by phase contrast (A, D, G and J), anti-
tubulin staining (B, E, H, and K), and DAPI staining to localize nuclei (C, F, I, and L). (4-C) cin8-10] single mutant cells (MS2909)
incubated at 37°C for 3 h. Large-budded cells with long anti-tubulin staining bars and two nuclei are present. An abnormal large-budded
cell with a short anti-tubulin staining bar and a single nucleus is also present. (D-F) kip! (ts) cin8-101 double mutant cells (MS2883) arrested
at 37°C for 3 h. The large-budded cells have short anti-tubulin staining bars and a single nucleus. (G-I) cin8-10I single mutant cells in-
cubated at 37°C for 5 h. Note the large-budded cell with a short anti-tubulin staining bar and a single nucleus (upper arrow), and a large-
budded cell with a long anti-tubulin staining bar and two nuclei (lower arrow). (J-L) kipl (ts) cin8-10] double mutant arrested at 37°C
for 5 h. The large-budded cells have short anti-tubulin staining bars and a single nuclei. An anucleate cell is also present (arrow).
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not span the width of the nucleus. The vertex of the micro-
tubules at the edge of the nucleus was usually located near
the bud neck, and appeared brighter and thicker than the
microtubules characteristic of unbudded wild-type cells (Fig.
4). In some cells, two distinct bundles of microtubules con-
verged at the pole, forming a “V” structure. This phenotype
is suggestive of a block after spindle pole body duplication
but before the formation of the bipolar mitotic spindle.

In addition to the large-budded cell type, the arrested cul-
ture contained a significant number of abnormal unbudded
anucleate cells. The fraction of anucleate cells increased
from 7 to 33% when incubation at 37°C was prolonged to
5 h, suggesting that the anucleate cells were derived from the
large budded cells when cytokinesis continued in the ab-
sence of nuclear division. This phenotype is similar to that
seen with the cur mutants of S. pombe, including mutants
defective in a kinesin-related gene, cut”, which is required
for bipolar spindle formation (Hagan and Yanagida, 1990).

We also examined the effect of a single kiplA 1 or cin8-101
mutation on the distribution of cell types. The kiplAl strain
cell type distribution was similar to wild type at 23 and 37°C
(Table I), suggesting that under these growth conditions
CINS8 can completely compensate for loss of KIPI. In con-
trast, the cin8-10l single mutant showed an abnormal cell
type distribution at 37°C. After 3 h at 37°C, about 50% of
the cells had a large bud and a single nucleus, and 3% of the
cells were anucleate (Table I). Many of the cells with a large
bud and a single nucleus contained microtubules that ap-
peared to emanate from a single pole with a morphology
similar to that of the arrested kipK(ts) cin8-10! double mu-
tant. However, the cin8-I0] single mutant culture also con-
tained cells with more mature spindles than those seen in the
kipI(ts) ¢in8-10F double mutant. The microtubules of a few
of the large-budded cells with a single nucleus appeared to
emanate from two poles, forming a short bright-staining bar,
indicating that a bipolar spindle had formed. The c¢in8-101
culture also contained 5-9% cells with a large bud and two
separate nuclei (Table I). In these cells the microtubules
spanned the distance between the nuclei, a characteristic of
normally fully elongated mitotic spindles. The fraction of
cin8-101 cells in the 37°C culture with elongated spindles
was similar to that seen for the wild-type strain, consistent
with the wild-type growth rate exhibited by the ¢in8-I10I mu-
tant at 37°C. The presence of cells with elongated spindles
suggests that the cin8-I0] mutation causes a pause at the on-
set of mitosis, or that some cells bypass the abnormal state,
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However, the large number of abnormal cells in the cin8-101
culture indicates that KIPI does not duplicate all CINS func-
tions.

Since the kipl(ts) cin8-101 double mutants appeared to be
defective in converting the short monopolar spindle into a
bipolar spindie, we wanted to determine whether the KIPl/
CIN8 function is required before or after spindle pole body
duplication. Spindle pole bodies were examined by EM of
arrested double mutant cells. The diploid double mutant
M$S2923 was pregrown at 23°C, shifted to 37°C for 3 h, and
the cells were prepared for EM. Several serial sections were
examined for 11 large-budded cells with at least one spindie
pole body. A second spindle pole body was observed in 8
cells (Fig. 5). The two spindle pole bodies were usuaily lo-
cated immediately adjacent to each other. These results dem-
onstrated that the spindle pole bodies could be duplicated,
but that spindie pole body migration failed to occur, result-
ing in a monopolar spindle as the terminal structure of the
double mutant at the restrictive temperature.

Both the NH;-terminal and COOH-terminal Domains
Are Required for KIPI Activity

Since KIPI and CINS exhibit functional redundancy in spite
of the dissimilarity of their tail sequences, we investigated
whether mutations in the KIP/ tail affected KIPI function.
The effect of mutations in the KIP! NH-terminal and
COOH-terminal domains was tested by introducing in frame
insertions of DNA fragments at four sites (Fig. 6 A) and test-
ing the ability of the altered KIP! genes to complement the
kiplAl cin8-101 growth defect. To allow immunological
identification of the proteins, we inserted DNA fragmenis
encoding three repeats of the hemagglutinin peptide recog-
nized by the mAb 12CAS (Wilson et al., 1984). The inser-
tions introduced 49-61 codons into KIPI, carried on plasmid
pMR1893. Complementation was tested using the plasmid
shuffle technique after transformation of strain MS2879. The
COOH-terminal KIPI-7::HA insertion allele complemented
the kipl41 cin8-10] defect at 23, 30 and 37°C, while the
NH,-terminal KIP]-4::HA allele complemented only at 23
and 30°C. In contrast, KIPI genes bearing insertions in the
motor region (kipl-5::HA) and near the middle of the
COOH-terminal domain (kipl-6::HA) failed to complement
at any temperature. Similar amounts of full-length KIP1 pro-
tein were detected for the functional KIPI-4::HA allele and
the noncomplementing kipi-5::HA and kipl-6::HA alleles by
Western blotting of protein from cells grown at 23°C, sug-

Figure 5. Spindle pole body
duplication in kipl {ts) cin8-
I01 arrested cells. Electron
micrographs (4-C) each show
a section of different MS2923
diploid cells arrested at 37°C
for 3 h, Two spindle pole bod-
ies are visible in each cell.
Bar, 200 nm.
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Figure 6. Expression of KIP1 and KIP2 protein. (4) The four sites
used to insert the hemagglutinin epitope. The motor region of KIP1
is the shaded portion of the bar. The number of the KIP1 amino acid
before each insertion is shown above the bar, and the corresponding
allele number of each insertion is listed below the bar. The ability
of each allele to complement the kip/ AI cin8-101 defect of strain
MS2879 at 30°C is indicated. (B) Western blot of epitope tagged
KIP1 protein from CIN&* and cin8-10 strains. The HA epitope-
tagged KIP] genes were present on a single copy plasmid, indicated
by allele number. (4) The chromosomal kip! deletion; (—) cin8-101
point mutation; (+) and wild-type genes. Identical amounts of KIP1
protein was detected in wild-type, kipIA1, and kiplAl cin8-101
strains, using the KIPI-7.:HA epitope insertion (first three lanes)
and using the KIP]-4::HA epitope insertion (4th to 6th lanes). The
amount of KIPl-4::HA detected from cells grown at 30°C (fifth
lane) was greater than the amount detected in cells grown at 23°C
(ninth lane), indicating KIP1 levels are temperature-dependent.
Both the functional KIP]-4::HA epitope insertion strain (ninth lane)
and the nonfunctional kipl-5::HA and kipl-6::HA epitope insertion
strains (seventh and eighth lanes) had similar levels of detected
KIP1 protein at 23°C. The strains used (from left to right) were
MS2936, MS2935, MS2934, MS2930, MS2929, MS2928, MS2924,
MS2927, and MS2930. (C) Detection of proteins containing a con-
served motor domain sequence. Protein was detected using anti-
HIPYRESKLT antibody (Sawin et al., 1992) by Western blotting
after gel electrophoresis of total yeast protein. The protein inferred
to be KIP1 (because it is absent in the kiplA[ strain) is marked with
the upper asterisk and the protein inferred to be KIP2 (because it
is absent in the kip24 strain) is marked with the lower asterisk, The
strains used were MS10, MS524, MS2333, MS2309, and MAY2059,
all grown at 23°C.

gesting the kipl-5::HA and kipl-6::HA proteins are defective
in function rather than expression (Fig. 6 B).

KIPI Expression Is Identical in CIN8*
and cin8~ Strains

To test whether KIPI is induced in response to the defect
caused by the cin8-101 mutation, we used the hemagglutinin
epitope tagged KIP] genes described above to measure the
level of KIP1 protein in wild-type, kiplAl, and kiplAl cin8-
10! strains. The KIPI protein level was determined by West-
ern blotting after gel electrophoresis of total protein from
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yeast harboring the tagged plasmids (Fig. 6 B). All of the
epitope-tagged KIPI plasmid strains contained a single
reacting protein species. The KIPI-4::HA fusion protein had
was ~v134 kD, which is consistent with the predicted fusion
protein molecular mass of 131 kD. The level of KIPI expres-
sion was identical in each genetic background (Fig. 6 B), in-
dicating that XIP] is not induced in response to a defect
caused by the cin8-I0! mutation.

We used an antibody raised against the conserved motor
region peptide HIPYRESKLT to visualize potential kinesin-
related proteins (Sawin et al., 1992). At least six proteins
were detected in a wild-type strain by Western blotting (Fig.
6 C). To investigate whether the detected proteins correlate
to known genes, total protein was prepared from veast stains
deleted for single kinesin-related genes. A protein of ~121
kD was present in all strains except the kip] deletion strain,
indicating that this protein is the likely product of KIPI. As
was the case with epitope-tagged KIP1, the level of KIP1 pro-
tein detected with the HIPYR antibody was similar in
CIN8* and cin8 deletion strains, confirming that KIP] ex-
pression is unaltered by a cin8 defect.

KIP2 protein was also detected using the HIPYRESKLT
antibody. An 83-kD protein was present in all strains except
the kip2 deletion strain, indicating that KIP2 is expressed
during normal growth. No proteins could be positively as-
signed to the KAR3 and CINS genes, as all proteins detected
in the wild-type strain were also present in the kar3 and cin8
deletion strains. The HIPYRESKLT antibody may not rec-
ognize these proteins since they are not conserved at the site
used to raise the antibody. KAR3 differs in two residues
(HIPFRNSKLT) and CINS differs in one residue (HIP-
FRESKLT). The remaining four proteins were ~54, 66,
112, and 190 kD. All four were detected in kipl, kip2, kar3,
and cin8 deletion strains, suggesting that additional S.
cerevisiae kinesin-related proteins exist.

KIP1 Localizes to Mitotic Spindles

The cellular location of KIP] was examined using indirect
immunofluorescent staining of yeast strains carrying the
KIPI-4::HA or the KIPI-7.:HA epitope-tagged gene. The
epitope-tagged gene was carried on a single copy CEN plas-
mid and was expressed from its own promoter. In these ex-
periments, the epitope tagged gene was the sole source of
KIP1 in both a CIN8* and a cin8-101 background. Medium
and large-budded cells frequently showed staining of short
bars, which coincided with anti-tubulin staining of short mi-
totic spindles (Fig. 7). In addition, KIPI staining in unbud-
ded and small-budded cells was often detected as a dot lo-
cated at, or near the spindle pole body. Overall, ~25% of
the cells showed staining using either the KIPI-4::HA or the
KIPI-7.:HA epitope-tagged genes. The observed variation in
staining intensity may reflect the potential low abundance of
KIP1 protein and the sensitivity of the HA epitope to fixa-
tion. The same localization pattern was observed in the
CIN8* and cin8-10] genetic backgrounds. These data sug-
gest that KIP1 is a normal participant in spindle pole body
migration, and not simply an auxiliary motor induced or
relocalized in response to a cin8- defect.

Discussion

QOur results demonstrate the existence of multiple members
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Figure 7. Immunofiuorescent localization of epitope-tagged KIP1
protein. (4) DAPI staining of DNA to localize nuclei. (B) The anti-
body specific to epitope-tagged KIP1 stains a short bar within the
nuclei of budded cells. The cells in A and B were not stained with
the anti-tubulin antibody. (C and D) Colocalization of KIP1 and
tubulin. (C) Anti-tubulin staining and (D) staining of the same
structure with the 12CAS antibody specific to epitope-tagged KIP1.
The KIPI-4::HA epitope insertion strain MS2929 was grown at
23°C. Control strain MS2933, which does not carry an epitope-
tagged KIPI gene, was grown at 23°C and cells were stained as in
(C and D) with anti-tubulin, 12CAS and both secondary antibodies.
The rhodamine fluorescence derived from anti-tubulin staining (E)
is not detected in the fluorescein isothiocyanate channel (F), nor
is a signal generated in F by cross-reaction of the goat anti-mouse
fluorescein isothiocyanate-conjugated secondary antibody with the
rabbit anti-tubulin primary antibody.

of the kinesin superfamily in yeast. Two of the kinesin-
related genes, KIPI and CINS, were shown by mutant analy-
sis to perform an essential role in mitosis. The essential role
was evident because mutants defective in both KIP! and
CIN8 are inviable. However, mutants singly defective in
KIPI or CINS8 are viable, indicating that either wild-type
gene can provide the essential function missing in the double
mutant. Therefore, KIPI and CINS are functionally redun-
dant. Functional redundancy between KIPI and CINS is sup-
ported by the finding that one or two extra copies of the KIP/
gene on a plasmid can suppress the temperature sensitivity
caused by certain c¢in8 point mutations (Hoyt et al., 1992).

The essential function of KIP! and CIN8 was examined
using a double mutant containing a kip! temperature sensi-
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tive allele and a cin8 point mutation allele. The double mu-
tant showed a nearly uniform cell division cycle arrest mor-
phology at the nonpermissive temperature. Light microscopy
showed that the arrested cells have a single large bud, a single
nucleus and a short monopolar spindle. EM revealed that
most large-budded cells have duplicated spindle pole bodies.
The arrest morphology suggests that the KIP1 and CINS pro-
teins mediate spindle pole body separation and migration to
form a bipolar spindle. Consistent with this role, immunolo-
calization of KIP1 protein showed that it is a component of
short mitotic spindles. The mitotic spindle localization of
KIP1 is similar to the mitotic spindle localization of S. pombe
cut7 protein reported recently (Hagan and Yanagida, 1992),
although we rarely detected KIP1 protein on elongated
spindles.

Particularly high sequence similarity within the putative
motor domains defined a subgroup of kinesin-related pro-
teins. Whereas most kinesin related proteins contain be-
tween 30 and 45 % identity within the motor region, the mo-
tor regions of KIPI and A. nidulans bimC showed 65%
identity, KIPI and S. pombe cut7 showed 54 % identity, and
KIPI and Xenopus Eg5 showed 52% identity. CINS is also
a member of the subgroup; it shows 56 % identity with KIPI.
Presumably, the high sequence similarity within the bimC/
cut7 subgroup reflects a common cellular function for these
proteins. Consistent with this suggestion, the bimC and cut7
gene products appear to play similar roles early in mitosis,
as mutations in either gene can block separation of the newly
duplicated spindle pole bodies (Enos and Morris, 1990; Ha-
gan and Yanagida, 1990).

Redundant Kinesin-related Proteins

Several possible mechanisms could explain how either one
of two different motors is sufficient to perform an essential
role. One possibility is that only one of the two motors is nor-
mally used. A defect in the primary motor might lead to in-
duction or relocalization of a second motor so that it could
perform as a substitute. The second “auxiliary” motor could
be induced by a mitotic checkpoint arrest mechanism that
monitors the progress of mitotic spindle formation similar
to that previously described (Hoyt et al., 1991; Li and Mur-
ray, 1991). A second possible explanation is that both motors
normally act in tandem to power a single movement, but ei-
ther motor acting alone is sufficient. Finally, it is possible
that successful completion of one movement can compensate
for the loss of a second movement. For example, incomplete
spindle elongation (anaphase B) might be not be lethal when
anaphase A proceeds normally, but would be lethal when
anaphase A is also defective. The combinatorial use of mi-
totic motors is probably necessary to achieve high fidelity
chromosome transmission.

Contrary to the inducible auxiliary motor hypothesis,
KIPI is expressed at the same level and shows apparently
identical localization in both cin8- and CIN8* strains. The
converse of the induction hypothesis is that CIN8 would be
induced in response to a KIPI defect. However, cin8~ single
mutants have an altered cell type distribution at 37°C, with
many cells that are arrested or delayed at an early stage of
mitosis. These results suggest that CIN8 is expressed and
plays an important role in KIPI* strains. Therefore, CIN8
does not serve solely as an auxiliary motor that is induced
in response to a kipl defect. We expect that insights into the



Table II. S. cerevisiae Strains Used

Strain Genotype*

MS10 a ade2-101

MS524 a ade2-101 kar3-101::LEU2

MS$2305 o trpldl kipl-2::URA3

MS2309 a ade2-101 his3A200 kip241::URA3

MS§2333 a ade2-101 his3A200 kiplAl::HIS3

MS2334 a trplAl his34200 kip1Al::HIS3

MS2335 a ade2-101 his34200 kip141::HIS3 pMR1895 (CEN URA3 KIPI)

MS2336 o trplAl his3A200 kip1A1::HIS3 pMR1895 (CEN URA3 KIPI)

MS2354 o trplAl kip242::TRPI

MS2839 a ade2-101 his34200 kiplAl::HIS3 cin8-101 pMR1895 (CEN URA3 KIPI)
MS2868 a ade2-101 his34200 kiplAl::HIS3 cin8-102 pMR1895 (CEN URA3 KIPI)
MS2879 a trpldl his3A200 kiplAl::HIS3 cin8-101 pMR1895 (CEN URA3 KIPI)
MS2883 a rplAl his34200 kiplAl::HIS3 cin8-101 pMR2371 (CEN LEU2 kip1-101(ts))
MS2909 o trplal his3A200 cin8-101

MS2911 a trplAl his34200 kipl-101(ts) cin8-101

MS2923 ala his34200/his34200 +/trplAl kiplAl::HIS3/kipl-101 (ts) cin8-101/cin8-101
M§2924 a trplAl his34200 kiplAl::HIS3 cin8-101 pMR1895 (CEN URA3 KIPI) pMR2365 (CEN LEU? kipl-5::HA)
MS2927 a trplAl his34200 kiplAl::HIS3 cin8-101 pMR1895 (CEN URA3 KIPI) pMR2368 (CEN LEU2 kipl-6::HA)
MS2928 a ade2-101 pMR2369 (CEN LEU2 KIP1-4::HA)

MS2929 a ade2-101 his34200 kiplAl::HIS3 pMR2369 (CEN LEU2 KIP1-4::HA)
MS§2930 a trpldl his34200 kip1A1::HIS3 cin8-101 pMR2369 (CEN LEU2 KIP1-4::HA)
MS2933 a trplAl his3A200 kiplal::HIS3 cin8-101 pMR1893 (CEN LEUZ KIPI)
MS2634 a ade2-101 pMR2370 (CEN LEU2 KIP1-7.:HA)

MS2935 a ade2-101 his34200 kiplal::HIS3 pMR2370 (CEN LEU2 KIP1-7::HA)
MS2936 a trplAl his3A200 kiplAl::HIS3 cin8-101 pMR2370 (CEN LEU2 KiIP1-7::HA)
MY2875¢ o his34200 lys2-101 kiplAl::HIS3 cin84::LEU2 pMR189S (CEN URA3 KIPI)
MAY?2058 o his34200 lys2-101 cin8A::LEU2

MAY2059 a his3A200 ade2-101 cin84::LEU2

L785 a ilsl-1 ura3-52 ade

* All strains are derivatives of strain S288C, and all contain the ura3-52 and leu2-3,112 mutations. Strain MS10 is from the lab collection. M§524 is from Meluh
and Rose (1990), MAY2058 and MAY2059 were obtained from M. A. Hoyt (Johns Hopkins University, Baltimore, MD), and L.785 was obtained from G. Fink
(Whitehead Institute, Cambridge, MA). All other strains were constructed for this study. Yeast genes carried on plasmids are indicated in parentheses after the
plasmid name. XIP]::HA designates an in frame insertion that encodes three copies of the HA epitope.

¥ Derived from MAY2058.

mechanism of redundancy will be gained by high resolution
localization studies of KIP1 and CINS. Of course either KIP1
or CINS could be an auxiliary motor that is regulated at the
level of activation rather than expression or localization.

An important issue is what makes CIN8 and KIPI partially
interchangeable. Presumably there is a feature common to
both KIP1 and CINS that allows this pair of proteins to be
interchanged. Since the kinesin-related proteins all possess
similar motor domain sequences, the unique tail sequences
are a likely site to define specificity of function. Indeed, we
showed that the XIPI COOH-terminal tail domain is re-
quired for KIP! activity. In this view, the tail sequences of
KIPI and CIN8 would share a common feature that allows
functional substitution. However, we find little or no se-
quence similarity between the COOH-terminal tail domains
of KIPI and CINS. Alternatively, functional specificity could
be defined by the motor regions. In this regard, it will be of
interest to determine whether the other kinesin-related pro-
teins that show particularly high sequence conservation in
the motor domains with KIP1 and CINS are capable of com-
plementing the kip/ cin8 double mutant defect.

The mitotic defect of mutants defective in CIN8 alone indi-
cates that the KIP1 and CINS proteins are not completely in-
terchangeable. No defect was detected in the kip/ single mu-
tant, indicating that CIN8 can completely substitute for
KIPl. However, both KIP1 and CIN8 could perform addi-
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tional roles which are not redundant with each other, but that
do overlap with other force generating proteins. If such addi-
tional force generating proteins exist, the genes could poten-
tially be identified using the ksl mutant screen. Since the ksl
mutant screen for synthetic lethal mutants with KIP! has
yielded only two cin8 alleles, the screen is not exhausted and
could potentially identify other force generating proteins that
overlap with a different KIP! function.

Functional overlap among force-generating proteins may
be a general phenomenon. The multiple movements of mito-
sis may be powered by force generating proteins that have
various degrees of functional overlap with each other. A sec-
ond §. cerevisiae kinesin-related protein that is likely to have
partial functional overlap with other force-generating pro-
teins of mitosis is KAR3. The morphology of kar3 mutants
indicates that this protein participates in anaphase spindle
clongation (Meluh and Rose, 1990). The viability of kar3
nuil mutants suggests a second protein can partially fulfill the
mitotic function of KAR3. A third potential example of motor
redundancy is KIP2. The KIP2 protein is expressed, but no
defect in kip2 null mutants could be detected, raising the pos-
sibility that another force-generating protein overlaps KIP2
function. Recently, synthetic lethal mutants for KIP2 have
been isolated (D. Roof, D. Loayza, and M. Rose, unpub-
lished results). In addition to genetic arguments for the exis-
tence of additional force-generating proteins, the spectrum
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of yeast proteins recognized by the anti-kinesin peptide anti-
body suggests that at least four additional kinesin-related
proteins exist in S. cerevisiae.
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