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Abstract. The Saccharomyces cerevisiae genes KAR/ 
and CDC31 are required for the initial stages of spin- 
die pole body (SPB) duplication in yeast. The Cdc31 
protein is most related to caltractin/centrin, a calcium- 
binding protein present in microtubule organizing 
centers in many organisms. Because of a variety of 
genetic interactions between CDC31 and KARl 
(VaUen, E. A., W. Ho, M. Winey, and M. D. Rose. 
1994. Genetics. In press), we wanted to determine 
whether Cdc31p and Karlp physically interact. Cdc31p 
was expressed and purified from Escherichia coli and 
active for binding calcium. Using a protein blotting 
technique, Cdc31p bound to Karlp in vitro via an es- 
sential domain in Karlp required for SPB duplication 

(Vallen, E. A., M. A. Hiller, T. Y. Scherson, and 
M. D. Rose. 1992a. J. Cell Biol. 117:1277-1287). By 
immunofluorescence microscopy, we determined that 
the interaction also occurs in vivo. Cdc31p was local- 
ized to the SPB in wild-type cells but was mislocal- 
ized in a karl mutant strain. In a karl mutant contain- 
ing a dominant CDC31 suppressor, Cdc31p was again 
localized to the SPB. Furthermore, the localization of 
Cdc31p to the SPB was affected by the overexpression 
of Karlp-/~-galactosidase hybrids. Based on these data, 
we propose that the essential function of Karlp is to 
localize Cdc31p to the SPB, and that this interaction is 
normally required for SPB duplication. 

~ eukaryotic organisms contain microtubule organ- 
izing centers that mediate the assembly of the micro- 
tubule-based cytoskeleton. Like the centrosome of 

higher eukaryotes, the microtubule organizing center in Sac- 
charomyces cerevisiae, called the spindle pole body (SPB) m, 
mediates the assembly of the mitotic and meiotic spindles 
(for reviews see Rose et al., 1993; W'mey and Byers, 1993). 
In addition, the SPB also assembles cytoplasmic microtu- 
bules that are essential for the process of nuclear fusion dur- 
ing mating (karyogamy). 

The SPB is a disc-shaped trilaminar structure embedded 
in the nuclear envelope (Byers and Goetsch, 1974; Byers and 
Goetsch, 1975). The central plaque is within the plane of 
the membrane, whereas the inner and outer plaques face the 
nucleoplasm and cytoplasm, respectively. In addition, the 
"half-bridge ~ structure appears to be a distinct modification 
of the nuclear envelope on one side of the SPB. The inner 
plaque organiT~s the nuclear microtubules that form the mi- 
totic and meiotic spindles, while the outer plaque organizes 
the cytoplasmic microtubules that are required for nuclear 
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positioning, spindle orientation, and karyogamy (Jacobs et 
al., 1988; Delgado and Conde, 1984; Huffaker et al., 1988). 

As is the case for centriole duplication (Kochanski and 
Borisy, 1990), SPB duplication appears to be a conservative 
process that occurs early in the cell cycle before S phase 
(Winey et al, 1991; Vallen et al., 1992b). The earliest known 
event in SPB duplication is the formation of a precursor "sat- 
ellite" structure on the cytoplasmic face of the half-bridge. 
This is followed by the appearance of two morphologically 
identical SPBs connected by a complete "bridge" structure. 
The bridge splits when one SPB migrates to the opposite side 
of the nucleus to form a bipolar spindle, resulting in two half- 
bridge structures, one of which remains attached to each 
SPB. 

Several genes required for SPB duplication have been 
identified by mutations that affect microtubule-mediated 
processes. KAR/ was identified by its role in karyogamy 
(Conde and Fink, 1976), and further genetic analysis 
demonstrated that it is required for SPB duplication (Rose 
and Fink, 1987). These two functions of KAR/are mediated 
by two separate domains, the karyogamy and SPB domains 
(Vallen et al., 1992a). Because Kaxlp-~-galactosidase hybrid 
proteins localize to the SPB, it was proposed that Karlp is 
a component of the SPB (Vallen et al., 1992b). The SPB do- 
main was found to be both necessary and sufficient for local- 
ization of Karlp-B-galactosidase hybrids to the SPB. There- 
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fore, localization to the SPB probably reflects the essential 
role of KAR/in SPB duplication. 

Mutations in KARl result in phenotypes very similar to 
those produced by mutations in the CDC31 gene. Both/car/ 
and cdc31 mutations block SPB duplication and the mutants 
arrest as large budded cells with increased ploidy (Rose and 
Fink, 1987; Schild et al., 1981). Both mutations block very 
early in SPB duplication, resulting in a single, abnormally 
enlarged SPB lacking the associated half-bridge and satellite 
structures (Byers, 1981; Rose and Fink, 1987). Cdc31p is a 
member of the caimodulin family of calcium-binding pro- 
teins (Baum et al., 1986) and shares greatest homology to 
the protein caltractin]centrin from Chlamydomonas rein- 
hardtii (Huang et al., 1988b; Salisbury et al., 1988). Cal- 
tractin was identified as a major caicium-binding protein in 
the basal body (Huang et al., 1988a) which serves as the 
microtubule organizing center in Chlamydomonas. Because 
mutations in centrin/caltractin are defective for basal body 
localization and/or segregation (Taillon et al.,' 1992), it is 
likely that this centrosomal component has a conserved func- 
tion among diverse organisms. A human homologue of 
caltractin that localizes to the centrosome was identified 
(Lee and Huang, 1993), providing further support for the 
fundamental role of this protein. Based on its homology to 
caltractin and its mutant phenotype, Cdc3 lp was predicted 
to be a SPB component. This was recently confirmed by im- 
munoelectron microscopy, which determined that Cdc31p is 
a component of the half-bridge of the SPB (Spang et al., 
1993). 

The MPSl and MPS2 genes were identified by screening 
temperature sensitive mutants for monopolar spindle forma- 
tion (Winey et al., 1991). The raps1-1 mutation blocks SPB 
duplication before satellite formation with an enlarged half- 
bridge structure that is lacking in karl and cdc3I mutants. 
Order of function experiments have led to the suggestion that 
MPS1 acts downstream of CDC31. The raps2-1 mutation 
does not block SPB duplication but produces a defective SPB 
that lacks the inner plaque. Consequently, raps2 mutants are 
defective for nuclear microtubule attachment. Mutations in 
the NDC1 gene produce a phenotype that is indistinguishable 
by electron microscopy from the raps2 mutation (Thomas 
and Botstein, 1986; Winey et al., 1993). The Ndcl protein 
localizes to the nuclear envelope and may be involved in in- 
serting the new SPB into the envelope (Winey et al, 1993). 
Although the MPS genes are clearly required for SPB func- 
tion, it is not yet known whether they encode SPB compo- 
nents. 

Several SPB components have been identified by a bio- 
chemical approach. A partially purified yeast SPB prepara- 
tion was used to generate a pool of monoclonal antibodies 
(Rout and Kilmartin, 1990). Several of the antibodies 
specifically recognize discrete structures of the SPB. A 90- 
kD protein localiTgs to the inner and outer plaques, and a 
110-kD protein (Spc110p) localizes to the nuclear region of 
the central plaque. SPCllO is identical to NUF1 and has a 
predicted coiled-coil structure (Kilmartin et ai., 1993; Mir- 
zayan et al., 1992). The protein regulates the spacing be- 
tween the central plaque and the ends of microtubules. It was 
recently shown that Spcllop is the essential mitotic target of 
calmodulin, which is also a SPB component, but the function 
of this interaction remains unclear (Geiser et al., 1993). 

Despite the identification of genes and SPB components 

that may be involved in SPB duplication, the details of the 
SPB duplication process remain obscure. In particular, the 
number of SPB components is not known, nor how they 
physically interact to assemble a new SPB. One approach to 
this problem is the use of genetic techniques to identify inter- 
acting gene products. The karlAl7 allele causes a tempera- 
ture-sensitive defect in SPB duplication because of a small 
deletion within the SPB domain (Vailen et al., 1992a). Dom- 
inant CDCM suppressor mutations and high copy wild-type 
CDC31 were isolated as suppressors of karlAl7 0/allen et 
al., 1994), suggesting that CDC31 and KAR/interact. 

All nine spontaneous CDC3] suppressors of karl map to 
a COOH-terminal region of Cdc3 lp, suggesting that this do- 
main is critical to the mechanism of karl suppression. Since 
the strongest CDC31 suppressors suppress a complete dele- 
tion of KAR/, the mechanism of suppression cannot result 
from altered interaction between the two proteins. Some type 
of interaction between the CDC31 suppressors and karl must 
remain during suppression, however, because the stronger 
suppressors become supersensitive to slight increases in 
wild-type KAR/dosage. In the strongest suppressor, even a 
single extra copy of the KAR/gene was found to be toxic. 
We were, therefore, led to test whether Karlp and Cdc31p 
physically interact by direct means. 

In this paper, we show that Cdc31p directly interacts with 
the Karl protein. As predicted by the genetic results, Cdc3 lp 
interacts specifically with the SPB domain of Karlp. In addi- 
tion, we show that Cdc3 lp localizes to the SPB in intact cells 
and that this localization depends on KARL We propose that 
in wild-type cells Karlp localizes Cdc31p to the SPB as an 
essential step leading to SPB duplication. 

Materials and Methods 

Strains, Microbial Techniques, and 
Plasmid Constructions 

All yeast strains used are listed in Table I. Yeast media and microbial tech- 
niques were as described by Rose et al., 1990. All enzymes were obtained 
from New England Biolabs Inc. (Beverly, MA) and were used according 
to the supplier specifications. Linkers were synthesized at Princeton 
University. 

To construct plasmid pMR2298, which contains the fuU-length CDC31 
gene fused to the T7 promoter, an NdeI site was introduced at the initial 
methionine of CDC31. Site-directed mutngenesis was performed on CDC31 
to change the sequence from AGT ATG to CAT A'rG, generating an NdeI 
site. The mutagenesis was performed using the Altered Sites Kit from 
Promega Corp. (Madison, W1) according to the manufacturer's directions. 

The mutagenized gene was digested with SalI and filled in to create a 
blunt site at the 3' end of the CDCM gene. It was then digested with NdeL 
The resulting 1.95-kb NdeI/blunt CDC31 fragment was ligated into the 
pet3a vector (Studier et al., 1990) that had been digested with BamHI, filled 
in, and then digested with NdeI. 

Cdc31p Purification 

To induce Cdc3 lp expression in Eacherichia coli, a saturated overnight cul- 
ture of strain MR2303, which contains full-length CDC31 fused to the T7 
promoter, was grown in Luria broth-ampicillin (25/~g/mi) and diluted 100- 
fold into 1 1 of fresh Luria broth-ampicillin media. After 2 h of growth at 
37 °C, isopropyl/3-n-thiogalactopyranoside (IFrG) was added to a final con- 
cen~ation of 1 raM. The induced culture was grown for an additional 2 h 
at 37°C and then harvested at 4°C in a rotor at 10 krpm for 5 rain (J14; 
Beckman Instruments). The pellet was resuspended in 4 ml of 2X native 
sample buffer (I00 mM Tris-C1, pH 8.8, 0.2% bromphenol blue, and 20% 
glycerol) containing 5 mM CaC12 and a cocktail of protease inhibitors 
(chymostatin, leupeptin, aprotinin, pepstatin A, and 4-(2-aminoethyl)-ben- 
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Table L Strains Used 

Strain Genotype Source 

MS10 MATa ura3-52 leu2-3 leu2-112 ade2-101 * 
MY424 MATa ura3-52 leu2-3 leu2-112 his4-519 adel-100 
MY902 MATa ura3-52 leu2-3 leu2-112 his4-519 adel-100 GALl +, pMR404 * 
MY906 MATa ura3-52 leu2-3 leu2-112 his4-519 adel-100 GALl +, pMR406 * 
MY967 MATa ura3-52 leu2-3 leu2-112 his4-519 ariel-100 GALl +, pMR448 * 
MY1499 MATa ura3-52 leu2-3 leu2-112 his4-519 adel-100 GALl +, pMR792 * 
MY2908 * 
MS2082 § 
MS2623 § 
MS2626 
MS3027 
MS3148 

MATa ura3-52 leu2-3 leu2-112 his4-519 adel-100 GALl +, pMR1850 
MAT~ ura3-52 leu2-3 leu2-112 lys2-801 ade2-101 karlA17 
MATa ura3-52 trpl-A1 lys2-801 ade2-101 CDC31-16 
MATa ura3-52 leu2-3 leu2-112 ade2-1-1 karlA2, pMR2223 
MATa ura3-52 leu2-3 leu2-112 ade2-101, pMR2345 
MATa/MAT~  ura3-52/ura3-52 leu2-3/leu2-3 leu2-112lieu2-112 

ade2-101/ade2-101 karlA17/karlA17 CDC31 +/CDC31-16 

* All strains designated MS are isogenic with strain $288 C. 
Vellen et el. (1992b). 

§ Vellen et el (1992a). 

zenesulfonylfluoride, HCI (AEBSF) at 2/~g/ml each final concentration). 
AEBSF was obtained from Calbiochem Corp. (La Jolla, CA) and all other 
protease inhibitors were obtained from Sigma Immunochemieals (St. 
Louis, MO). The suspension was lysed by five bursts of sonieation for 45 s 
with 45 s on ice between each round. The insoluble material was pelleted 
at 4°C in a rotor at 10 K rpm for 15 min (J20; Beckman Instruments). The 
supernatant was run on a 12% nondenaturing polyacrylamide gel at 175 V. 

Cdc31p was purified by electroelution of the protein from the gel. A strip 
of the gel was soaked in 0.19 M Tris, 0.1% SDS for 10 rain followed by stain- 
ing with 0.3 M CuCI2 until the bands could be visualized (,ul0 rnin) as de- 
scril~i by Lee et al., 1987. The strip was aligned with the gel to identify 
Cdc3 lp. The protein band was then excised and eluted from the gel in native 
running buffer (25 mM Tris, 250 mM glycine) for 2 h at 40 mA. The protein 
was collected and concentrated when necessary according to manufacturer's 
directions (Centricon-10; Amicon, Beverly, MA). 

Cdc31p Calcium Binding and Electrophoretic Shifts 
Purified Cdc31p was shown to bind calcium essentially as described by 
Davis et al., (1986). Pure Cdc31p was separated by electrophoresis, trans- 
ferred to Zeta-probe membrane (Bio-Rad Laboratories, Richmond, CA) 
and incubated with 45Ca at 2 tim final concentration. Cdc31p electro- 
phoretic shifts were demonstrated by electrophoresis of bacterial extracts 
and pure Cdc31p in the presence of 10 mM EGTA or 10 mM calcium chlo- 
ride on 15% nondenaturing gels with a 38:2 acrylamide/bisacryalmide ra- 
tio. The bacterial extracts were prepared as described above. 

Cdc31p Labeling with 3sS 
5-10 t~g of puritied Cdc31p was dialyzed against 0.1 M borate buffer, pH 
8.4, overnight at 40C. This protein was labeled according to the specified 
directions with a sulphur labeling kit (Amersham Corp., Arlington Heights, 
IL) that adds 35S to free amino groups. The labeled protein was separated 
from the unincorporated label on a 20 cm × 0.8-cm Sephadex (325 (Sigma 
Immunochemicals) column that had been equilibrated with 0.05 M phos- 
phate buffer (0.05 M phosphate, pH 7.5, 0.1 M NaCl). 

Preparation of Extracts 
Bacterial Karlp extracts were prepared from strain MR1578, which contains 
the KAR/gene (lacking the last 20 amino acids) fused to the "1"7 promotor. 
A midiog culture grown at 37"C was induced with 1 mM IPTG. Extracts 
were prepared by harvesting 1 ml of bacteria before induction or 2 h after 
the addition of IPTG. The pellet was resuspended in 100 ~l of 2X SDS sam- 
ple buffer (100 mM Tris-Cl, pH 6.8, 4 % SDS, 0.2 % bromphenol blue, 20 % 
glycerol, and 13.5%/~-mercaptoethanol) and boiled for 5 rain. 

TrpE-Karl hybrid protein extracts were prepared from parent strain 
MR308 containing plasmids pMR311 (Karlp 60-433), pMR313 (Karlp 116- 
433), pMR315 (Karlp 246-433), or pMR317 (Karlp 190-433). A culture 
of each strain was grown in M9 + eas amino acids media to saturation. 0.5 
ml of this culture was diluted into 5 ml of M9, cas amino acids, ampicillin 
media, and grown at 30*C for 1 h. Indoleacetie acid was added (20 td of 

1 mg/ml in ethanol) and the cultures were grown for an additional 2 h at 
30"C. Ceils were harvested and prepared as described above. 

Yeast Karlp-B-galactosidase amino-terminal and earboxy-terminal hy- 
brid proteins were expressed from plasmids contained in parent strain 
MY424 (see Table I for strain designations). Cultures were grown to satura- 
tion in selective media containing 2% glucose and used to inoculate fresh 
selective media containing 2% raffinose. When cultures were 5 × 106 
ceUs/ml, hybrid protein production was induced by the addition of galaetose 
to 2%. Cultures were induced for 6 h and then harvested. Because the 
NH2-terminal hybrid proteins are expressed at low levels, immunoprecipi- 
tations were performed to concentrate the hybrid proteins. After the 6-h 
galactose induction, 20 ml of culture was used for immunoprecipitation. 
Cells were harvested, resuspended in buffer (50 mM Tris, pH 7.4, 100 mM 
NaC1, 2 mM EDTA, I mM PMSF, 0.1% Triton X-100), and lysed by vortex- 
ing with glass beads for 5 X 1 rain. After eentrifugation to pellet the insolu- 
ble material, the supernatant was diluted with buffer (190 mM NaCI, 6 raM 
EDTA, 60 mM Tris, pH 7.4, 1 mM PMSF, and 0.1% Triton X-100), and 
monoclonal anti-B-galaetosidase antibodies from Promnga Corp. (Madi- 
son, WI) were added at a 1:1,000 dilution. After incubation with the anti- 
bodies overnight at 40C, protein A-Sepharose beads were added for 1 h at 
room temperature. The beads were washed 3X with buffer (150 mM NaC1, 
5 mM EDTA, and 50 mM Tris, pH 7.4). To check the precipitation, Western 
blots were performed using the anti-B-galactosidase antibodies followed by 
anti-mouse horseradish peroxidase conjugate secondary antibody (Amer- 
sham Corp.) used at a 1:3,000 dilution. 

Interaction Experiments 
Extracts were prepared as described above and then electrophoretically 
separated on denaturing polyacrylamide gels. The separated extracts were 
transferred to nitrocellulose membranes (Schleicher & Schuell, Inc., 
Keene, NH) that were subsequently blocked in incubation buffer (50 mM 
Tris-C1, pH 7.4, 1 mM CaCl2, and 150 mM NaC1) containing 5% nonfat 
milk for 1 h at room temperature. After blocking, the membranes were 
probed with a 1:200 dilution of labeled Cdc3 lp in incubation buffer contain- 
ing 1% nonfat milk for 8-16 h at 23°C. The membranes were washed 2 X 
3 min in incubation buffer and then dried for ;~30 rain at room temperature. 
Membranes were autoradiographed at -70°C with an intensifying screen. 
Most of the interaction experiments were performed as described above 
with the exceptions of the competition experiments and the calcium/EGTA 
experiments. The competition experiment included 0.01, 0.1, or 1/~g of un- 
labeled Cdc3 lp, calmodulin (Sigma Immunochemicals) or BSA (Sigma Im- 
munochemicals) during the incubation. For the calcium/EGTA experiments 
to determine if calcium was required for interaction, incubation buffer con- 
taining 1% BSA instead of 1% milk was used with either 10 mM EGTA 
or 10 mM calcium chloride. 

Antibody Production and Purification 
Antibodies against bacterially expressed Cdc3 lp were generated in two New 
Zealand female rabbits. Proteins from l-liter cultures of strain MR2303 ex- 
pressing Cdc31p were prepared and separated on a 12% nondenaturing 
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polyacrylamide gel. The proteins were transferred to nitrocellulose. Cdc3 lp 
was visualized by Poncean S staining and a strip containing Cdc3 lp was ex- 
cised. The nitrocellulose strip was fragmented in 1 mi PBS by sonication 
until the membrane was in suspension. Freund's complete adjuvant (Sigma 
lmmunochemicals) was added in a 1:1 ratio, emulsified by sonication and 
injected subcutaneously. The initial boost was performed 3 wk later and 
subsequent boosts occurred once per month with 50-100/~g of soluble, 
purified Cdc31p (described above) emulsified in Freund's incomplete adju- 
want from Sigma Immunochemicals. 

Antibodies were titered by Western blotting of wild-type yeast strain 
MS10, CDC31 overexpressing yeast strain MS3027, and bacterial Cdc31p 
extracts. Yeast extracts were prepared as described by Ohashi et al. (1982). 

Afl~ulty purification of the anti-Cdc31p antibodies was achieved by the 
use of a Cdc31p-aflinity column. Approximately 2 mg of purified Cdc31p 
was coupled to resin using the Sulfo-link kit (Pierce Chemical Co., Rock- 
ford, IL). The protein coupling and antibody purification were according 
to manufacturer's specifications. 

Immunofluorescence 

Indirect immunofluorescence using formaldehyde fixation of intact cells was 
performed as described by Rose et al. (1990) and indirect immunofluores- 
cence using MeOH, acetone fixation of sphemplasts was performed as de- 
scribed by Rout and Kilmartin (1990). Yeast strains containing pGAL- 
Karlp-/~-galactosidase hybrid proteins (strains MY906, MY967, and 
MY2908) were induced by the addition of galactose to 2% for 6 h. The cells 
were harvested by filtration and formaldehyde was added to 4% at 23°C for 
5, 10, or 15 rain. For temperature shifts of yeast strains (strains MY424, 
MS2082, MS2623, MS2626, and MS3148), the cells were grown to 1 x 
l0 T cells/ml 23°C. The culture was split and half was shifted to 37°C for 
4 h and the other half remained at 23°C. lmmunofluorescence was per- 
formed on these strains by malcln~ spheroplasts that were then grown in 
Wickermann's media (Rout and Kilmartin, 1990). Spheroplasts were fixed 
to slides by submersion in MeOH at -20°C for 5 min followed by acetone 
at 23°C for 30 s. Affinity purified anti-Cdc31p antibodies were used at a 
1:1,000 dilution. Anti-90-kd antibodies and antitubulin antibodies were 
used as SPB markers at a 1:500 dilution and were the generous gift of John 
Kilmartin (MRC, Cambridge, England). Secondary antibodies were used 
at a 1:1,000 dilution (Boehringer Mannheim Biocbemiculs, Indianapolis, 
IN)..Secondary antibodies for detection of Cdc31p were FITC-conjugated 
goat anti-rabbit. Anti-90-kD secondary antibodies were rhoclamine-conju- 
gated goat anti-mouse, and tubulin secondary antibodies were rhodamine- 
conjugated goat anti-rat. All Cdc31p and 90-kD pictures in Fig. 6 were 
taken at the same ~'~xposure and contrast conditions to allow accurate com- 
parisons between strains. 4,6-diamidino-2-phenylindole was obtained from 
Accurate Chemicals and Scientific Corp. (Westbury, NY). 

Results 

Cdc31p Purification and Characterization 

As a first step toward testing for physical interaction between 
Karlp and Cdc31p, both proteins were separately expressed 
in E. coli (Studier et al . ,  1990). In the strain expressing 
Cdc31p, a protein of  the expected molecular  weight of  18 kD 
was present after induction (Fig. 1 A, lane 3) but not in the 
uninduced control (Fig. 1 A, lane 2). To purify Cdc31p, we 
took advantage of  a behavior of  caimodulin that Cdc31p 
shares (Davis et al . ,  1986); Cdc31p enters high percentage 
nondenaturing polyacrylamide gels under native conditions, 
unlike most E. coli proteins. Therefore, Cdc31p extracts 
were separated on 12 % nondenaturing polyacrylamide gels. 
The band containing Cdc31 protein, which was well sepa- 
rated from all other E. coli proteins, was excised from the 
gel and the protein was electrc, eluted. We estimate the pro- 
tein to be >95 % pure by denaturing polyacrylamide gel elec- 
trophoresis (Fig. 1 A, lane 4). 

Like calmodulin,  Cdc31p has four potential calcium bind- 
ing sites called EF hands (Krestinger, 1975; Baum et al . ,  
1986). However, only two of  the EF hands in Cdc31p are 

Figure 1. (A) Purification of Cdc31p. A bacterial extract from strain 
MR2303 was induced for Cdc31p expression and separated on a 
15 % nondenaturing polyacrylamide gel. The Cdc31p band was ex- 
cised and eluted to obtain pure protein. Cdc31p was purified to 
homogeneity as demonstrated by electrophoresis under denaturing 
conditions: (Lane 1) Prestained low molecular weight markers; 
(lane 2) uninduced bacterial extract; (lane 3) bacterial extract in- 
duced for Cdc31p expression, (lane 4) pure Cdc31p. (B) Cdc31p 
binds 45Ca. 1.0, 0.3, and 0.1/tg of pure Cdc31 protein were run on 
a 15% denaturing polyacrylamide gel, transferred to membrane, 
and incubated with 45Ca. The membrane was washed and exposed 
to film at room temperature. Autoradiography shows that Cdc31p 
binds calcium in proportion to the amount of protein present: 1, 0.3, 
and 0.1/zg Cdc31p. (C) Affinity-purified Cdc31p antibodies recog- 
nize yeast Cdc31p exclusively. Polyclonal antibodies against bac- 
terial Cdc3 lp were generated and affinity purified. Western blot on 
total yeast extract (strain MS3027) was performed to show the 
purification of the antibodies. (Lane/) unpurified antibodies, (lane 
2) affinity-purified antibodies. 

predicted to bind calcium. To determine whether the bac- 
terial Cdc31p was active to bind calcium, different amounts 
of  pure Cdc31 protein were immobil ized to a nylon mem- 
brane and incubated with 45Ca under conditions similar to 
those used for yeast calmodnlin (Davis et al . ,  1986). Autora- 
diography of  the membrane (Fig. 1 B)  determined that the 
bacterial  Cdc31p binds calcium in a manner proportional to 
the amount of  protein present. 

Yeast calmedulin displays an electrophoretic shift in the 
presence of  calcium because of  a conformational change that 
occurs upon calcium binding (Davis et al . ,  1986). To deter- 
mine whether the bacterial  Cdc31p was active for this prop- 
erty, pure Cdc31p and Cdc31p bacterial  extracts were sepa- 
rated on nondenamring polyacrylamide gels in the presence 
of  either EGTA or calcium chloride (data n o t  shown). 
Cdc31p displayed calcium-dependent shifts in electropho- 
retic mobili ty both in pure form and in bacterial extracts, 
suggesting that the protein purified from bacteria was in an 
active conformation. 

Cdc31p Physically Interacts with Karlp 

To examine the interaction between Karlp and Cdc31p, pure 
Cdc31p was radiolabeled with 3sS and used to probe a 
membrane containing immobil ized Karlp. The Karlp protein 
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Figure 2. Cdc31p interacts with Karlp. (A) Unin- 
duced ( - )  and induced (+) bacterial extracts ex- 
pressing full-length Karlp were run on a 10% de- 
naturing polyacrylamide gel that was Coomassie 
stained. (Lane 1) Uninduced bacterial extract 
(lane 2) induced Karlp bacterial extract. (B) The 
proteins were transferred to nitrocellulose mem- 
brane and incubated with radiolabeled Cdc31p. 
The membrane was exposed to film at -70°C. The 
autoradiograph shows that Cdc31p binds to Karlp 
induced in bacteria: (lane/) uninduced Karlp bac- 
terial extract; (lane 2) induced Karlp bacterial ex- 
tract. (C) The same experiment was performed 
with TrpE-Karlp hybrids expressed in bacteria. 
Coomassie staining of a 10% denaturing poly- 

acrylamide gel shows the induction of the hybrid proteins. The portion of Karlp present in the hybrid is listed above each lane. (D) Auto- 
radiograph shows that Cdc31p binds to COOH-terminal Karlp hybrids that contain at least amino acids 190-433 (lanes 4, 6, and 10), 
but not to Karlp hybrid that lacks amino acids 190-246 (lane 8). Odd-numbered lanes are uninduced bacterial extracts (-) ,  and even num- 
bered lanes are induced (+) extracts. Hybrid 60-433 is pMR311, 116-433 is pMR313, 246--433 is pMR315, and 190-433 is pMR317. 
The host strain (MR308), which does not contain any Karlp hybrid, is also shown. 

was expressed in E. coli (Studier et al., 1990), and denatur- 
ing polyacrylamide gel electrophoresis demonstrated that a 
protein of 50 kD was induced (Fig. 2 A, lane 2). After trans- 
fer to nitrocellulose, the blot was incubated with 3~S-Cdc31p 
to test for binding. Radiolabeled Cdc31p bound to a single 
band in the induced cultures but no other bacterial protein 
present in the extracts under these conditions (Fig. 2 B, lane 
2). The molecular weight of the labeled band and its presence 
only in induced extracts identified this protein as Karlp. 
Therefore, Cdc31 protein bound to Karlp. 

Given that the method of labeling Cdc31p added sulphur 
groups, it was possible that Karlp bound because of the 
modifications of Cdc31p. Therefore, we used competition 
experiments with unlabeled Cdc31p, BSA, and bovine 
calmodulin to check that unlabeled Cdc3 lp binds Karlp. We 
used BSA because it is unrelated to Cdc31p and calmodulin 
because it is a homologue. Vertebrate calmodulin expressed 
in yeast has been shown to function in place of the yeast 
calmodulin (Davis and Thorner, 1989). Increasing concen- 
trations of unlabeled Cdc31p, BSA, or calmodulin were 
mixed with a fixed amount (0.01 ~g) of radiolabeled Cdc31p 
and used to probe blots containing bacterial Karlp extracts. 
When increasing amounts of unlabeled Cdc31p were in- 
cluded (Fig. 3 A), binding of labeled Cdc31p was signifi- 
cantly decreased. However, increasing quantities of BSA 
(Fig. 3 B) or calmodulin (Fig. 3 C) did not decrease the 
binding of labeled Cdc31p. Therefore, the interaction be- 
tween Cdc3 lp and Karlp is specific and not caused by the sul- 
fation of Cdc3 lp. 

Since Cdc3 lp binds calcium, we tested whether binding 
to Karlp required calcium. Membranes with immobilized 
Karlp were probed with Cdc31p in the presence of either 10 
mM EGTA or 10 mM calcium chloride. Autoradiography of 
the membrane showed that Cdc31p bound Karlp in either 
condition, although there was an increase in background 
binding when EGTA was present during the incubation (data 
not shown). Additionally, when Cdc3 lp is bound to Karlp in 
the presence of calcium, the binding was not competed away 
by washes in buffer containing EGTA (data not shown). 
Therefore, calcium does not appear to be absolutely required 
for Cdc3 lp binding to Karlp. 

Cdc31p Interacts with the SPB Domain o f  Karlp 

It was previously determined that Karlp has at least two sepa- 
rate domains that mediate its karyogamy and mitotic func- 
tions (Vallen et al., 1992a). While the intact Karlp protein 
is 433 residues, residues 118-191 are required for karyo- 
gamy and residues 190-260 are required for SPB duplica- 
tion. Because CDC31 mutations were isolated as suppres- 
sors of a deletion of a portion of the SPB domain of karlA17 
(residues 191-246), we wanted to determine if the SPB do- 
main in Karlp was necessary and/or sufficient for interaction 
with Cdc3 lp. To delineate the domain of Karlp that binds to 
Cdc31p, hybrid proteins containing various amino or car- 
boxyl portions of Karlp were used to test for interaction. 

A series of hybrids containing E. coli TrpE protein fused 
to various portions of the COOH-terminus of Karlp were ex- 

Figure 3. Cdc31p competition experiment. Radiolabeled Cdc31p 
(0.01/~g) was mixed with unlabeled Cdc3 lp (A), BSA (B), or bovine 
calmodnlin (C). The amount of unlabeled Cdc31p, BSA, or 
calmodulin included is listed above each lane. The mixture was 
used to probe bacterial Karlp extracts that were separated on a 10% 
denaturing polyacrylamide gel and transferred to nitrocellulose 
membrane. The resultin~ autoradiographs show that excess unla- 
beled Cdc31p can compete with labeled Cdc31p for binding to 
Kaflp (A). However, BSA (B) and calmodulin (C) cannot compete 
with labeled Cdc3 lp. 
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Figure 4. Mapping of the Cdc31p-interacting domain. Data from NH2- and COOH-terminal fusions are summarized. Karl hybrid pro- 
teins were expressed from the designated plasmids either in yeast (Vallen et al., 1992b) or in E. coli. Electrophoretically separated proteins 
were blotted to membrane and probed with 35S-Cdc31p as described in Fig. 2. Taken together, these data localize the Cdc31p-binding re- 
gion to residues 187-299. Delineation of the karyogamy and SPB domains is described in Vallen et al. (1992b). 

pressed in bacteria (Fig. 2 C) and probed with 35S-Cdc31p 
to map the interacting domain. As shown in Fig. 2 D, hybrids 
that contain Karlp residues 60-433 (lane 4), 116-433 (lane 
6), and 190-433 (lane 10) were competent to bind to 
Cdc31p. However, the TrpE-Karl hybrid that contained 
Karlp residues 246-433 (lane 8) did not bind Cdc31p. The 
same result was obtained when yeast ~-galactosidase-Karlp 
COOH-terminal hybrids containing the same portions of 
Karlp as the TrpE-Karlp hybrids were probed (data not 
shown), demonstrating that no modifications of Karlp are re- 
quired for binding. Additional Cdc3 lp-binding proteins were 
present in the yeast extracts that may be targets of Cdc31p 
function. These data demonstrated that residues between 
190-246 of Karlp are required, although not necessarily 
sufficient, for binding to Cdc31p. Since all of these hybrids 
contain Karlp residues 246-433, they do not allow a determi- 
nation of the COOH terminal requirement for binding. 

To further map the residues required for binding, a series 
of NH2-terminal hybrids containing Karlp fused to ~-galac- 
tosidase were also probed for binding to Cdc31p. These 
hybrids were expressed in yeast from the inducible GAL/ 
promoter. Because the NH2-terminal hybrids rely on KAR/ 
translation initiation sequences, much less protein is made 
from these hybrids than from COOH-terminal hybrids, 

which use GAL/translation initiation sequences. Therefore, 
the hybrids were concentrated by immunoprecipitation with 
anti-/~-galactosidase antibodies. After confirming that the 
hybrids were immunoprecipitated by Western blotting using 
anti-/~-galactosidase antibodies (data not shown), the immu- 
noprecipitated proteins were probed with labeled Cdc31p. 
Autoradiography determined that only the longest NH2- 
terminal Karlp-/3-galactosidase hybrid protein, containing 
Karlp residues 1-299, was able to bind Cdc31p (data not 
shown). Hybrids that contain Karlp residues 1-58, 1-190, 
1-259, and 187-259 did not appear to bind to Cdc31p. There- 
fore, the maximal COOH-terminal requirement for binding 
extends to Karlp residue 299. Taking the NH2-terminal and 
COOH-terminal hybrid data together mapped the Karlp do- 
main required for Cdc31p binding to comprise residues 
190-299 (Fig. 4). The Karlp SPB domain was previously 
shown to consist of residues 190-260. Therefore, the maxi- 
mal domain of Karlp required to interact with Cdc31p in 
vitro corresponds to the SPB domain plus an additional 40 
amino acids. 

Cdc31p Colocalizes with Karlp In Vivo 

Because the in vitro binding experiments and the genetic 
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data detected an interaction between Karlp and Cdc31p, we 
determined whether Karlp and Cdc31p colocalize in vivo. It 
was previously shown by immunofluorescence and electron 
microscopy that Karlp-/~-galactosidase hybrid proteins 
localize to the SPB (Vallen et al., 1992b). Before the results 
of Spang et al. (1993), we had predicted that Cdc31p would 
localize to the SPB because of the interaction with Karlp and 
the homology of Cdc31p to another known centrosomal 
component. 

To localize Cdc31p, rabbit polyclonal antibodies were 
generated against pure bacterial Cdc31p. These antibodies 
recognize Cdc3 lp and many additional proteins in yeast as 
shown by Western blotting (Fig. 1 C, lane/). We confirmed 
that the band of the predicted Cdc3 lp molecular weight rec- 
ognized by the antibodies was Cdc3 lp because the intensity 
increased when Cdc3 lp was overexpressed (data not shown). 
In addition, a band of the same molecular weight was ob- 
served when Cdc31p was expressed in bacteria (data not 
shown). The antibodies were affinity purified on a Cdc31p 
affinity column, and Western blotting confirmed that the 
purified antibodies recognize only Cdc3 lp in a yeast extract 
(Fig. 1 C, lane 2). 

The affinity-purified anti-Cdc31 antibodies were used for 
indirect immunoffuorescence on wild-type intact yeast cells. 
Cells that were fixed with formaldehyde showed only diffuse 
staining of the cytoplasm (Fig. 5 E). We predicted that since 
Cdc31p and Karlp interact, increasing the concentration of 
Karlp at ihe SPB should cause Cdc3 lp to concentrate at the 
SPB. Therefore, indirect immunofluorescence was performed 
on yeast cells overexpressing a Karlp-/~-galactosidase hybrid 
protein that localizes to the SPB. In these cells, Cdc31p 
shows diffuse staining, as well as a bright dot (Fig. 5 B). The 
signal was very sensitive to fixation conditions, and short 
fixation was required to see the Cdc3 lp localization. Under 
these conditions, tubulin staining is very faint because of the 
short fixation times (increasing the fixation time increased 
the tubulin staining, data not shown). Nevertheless, these 
dots were likely to represent the SPB because they colocal- 
ized with the residual tubulin staining (Fig. 5 C) on the edge 
of the nuclear envelope in some nuclei (shown by DAPI in 
Fig. 5 A). Similar results to these were obtained using both 
overexpressed wild-type Karlp, which mislocalizes to a 
perinuclear aggregate (Rose, M. D., unpublished observa- 
tions), and an overexpressed Karlp-/~-galactosidase hybrid 
that contained residues 187-246 (data not shown). In each 
case, Cdc3 lp was observed to be associated with the aggre- 
gate containing Karlp. In contrast, overexpression of a 
Karlp-/3-galactosidase hybrid that did not contain the SPB 
domain did not cause Cdc3 lp to be concentrated at the SPB 
(data not shown). These results suggest that Karlp and 
Cdc31p interact in vivo, since increasing the amount of Karlp 
hybrid protein at the SPB caused Cdc3 lp to concentrate at 
the SPB. In addition, as originally seen for localization of 
Karlp-/3-galactosidase (Vallen et al., 1992b), only one SPB 
was stained in each cell using the anti-Cdc31p antibodies. 

Since detection of Cdc3 lp epitopes might have been sensi- 
tive to formaldehyde, we tried an alternative method using 
methanol acetone fixation of spheroplasts (Rout and Kilmar- 
tin, 1990). When this method was used on wild-type intact 
yeast cells, antibody to Cdc31p stained one or two dots on 
the edge of the nucleus (Fig. 6 B). These dots were shown 
to be the SPB by colocalization with the anti-90-kD staining 
(Fig. 6 A) on the edge of the nucleus (shown by DAPI in Fig. 

Figure 5. Immunofluorescent localization of Cdc31p using formal- 
dehyde fixation. Affinity purified Cdc31p antibodies were used for 
indirect immunofluorescence on intact yeast cells (strain MY424) 
that were formaldehyde fixed for 15 rain. DAPI staining defines the 
nucleus (D) and Cdc31p staining appears diffuse (E). When 
Cdc3 lp staining is performed using a strain overexpressing a Karlp- 
/3-galactosidase hybrid protein (strain MY906), Cdc3 lp localizes to 
the SPB (B) as determined by the vertex of tubulin staining (C) on 
the edge of the nucleus (A). 

6 C). The 90-kD protein is a component of the SPB that was 
identified by a monoclonal antibody generated against par- 
tially purified SPBs (Rout and Kilmartin, 1990). The dots 
seen by Cdc3 lp staining did not result from bleed-through 
of the anti-90-kD signal (Fig. 6 D) or cross-reaction of the 
secondary antibodies because there was no staining if the 
Cdc31p primary antibody was not added (Fig. 6 E). There- 
fore, Cdc31p is localized to the SPB in intact wild-type cells, 
but was not detected by our antibodies if formaldehyde fixa- 
tion was used. Our results localizing Cdc31p to the SPB in 
intact yeast cells are consistent with the results of Spang et 
al. (1993), which showed Cdc31p localization on isolated 
nuclei. 

Because Cdc31p interacts with the SPB domain of Karlp, 
we determined whether Cdc3 lp was properly localized to the 
SPB in karl mutants. The karlAl7 allele is a temperature- 
sensitive mutation within the SPB region that certain CDC31 
alleles suppress (Vallen et al., 1994). Therefore, the localiza- 
tion of Cdc3 lp was determined by indirect immunofluores- 
cence in karl~17 at the permissive (23°C) and nonpermis- 
sive (37"C) temperatures. The SPB is defined in all of the 
following experiments as the dot of anti-90-kD staining (first 
column of Fig. 6) on the edge of the nucleus (shown by DAPI 
in the last column of Fig. 6). At the permissive temperature, 
Cdc31p localized to the SPB, although there seemed to be 
increased cytoplasmic staining (data not shown). At the non- 
permissive temperature, Cdc31p was not localized to the 
SPB; instead, there was diffuse and punctate cytoplasmic 
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staining of Cdc3 lp (Fig. 6 H). The mislocaiization was not 
an effect of the higher temperature because Cdc31p still 
localized to the SPB in wild-type ceils at 37°C (data not 
shown). Therefore, the mutation in the Karlp SPB domain 
affected the localization of Cdc31p, confirming an interac- 
tion between these two proteins in vivo and in vitro. 

Since wild-type Cdc31p did not localize to the SPB at the 
nonpermissive temperature in karlAl 7, we tested whether a 
CDC31 suppressor mutation restored localization to the SPB 
at the nonpermissive temperature. Accordingly, immunoflu- 
orescence microscopy was performed on a karlAlT, CDC31- 
16 suppressor strain at 37°C. Strikingly, Cdc31-16p was. 
localized to the SPB in the suppressor strain (Fig. 6 K). In 
addition, Cdc31-16p was also localized to the SPB in a strain 
containing a complete deletion of the KAR/gene (karl-A2) 
(Fig. 6 N). Therefore, at least one of the CDC31 suppressor 
proteins was localized to the SPB independently of KAR/ 
function. Since the CDC31-16 mutation causes temperature- 
sensitive growth in a KAR/+ background (Vallen et ai., 
1994), we also determined the localization of Cdc31p in this 
strain at the nonpermissive temperature. Again, Cdc3 lp was 
able to localize to the SPB (Fig. 6 Q). Therefore, the specific 
temperature-sensitive defect of CDC31-16 is different from 
that conferred by karl&l 7, which does not localize Cdc3 lp, 
although both lead to a block in SPB duplication. 

Discussion 

K A R l  and CDC31 Physically Interact  

We present evidence that Cdc31p physically interacts with 
Karlp in agreement with previous genetic data (Vallen et al., 
1994). Cdc31p was expressed and purified from E. coli and 
the bacterial Cdc31p was shown to be an active protein by 
its ability to bind 45Ca and undergo calciura-dependent 
shifts in electrophoretic mobifity. Cdc3 lp was found to bind 
to Karlp in a gel blot overlay system in which soluble 35S- 
Cdc31p was allowed to bind to immobilized Karlp. The in- 
teraction between Cdc31p and Karlp was observed between 
both proteins when Karlp was expressed in bacteria or in 
yeast. Therefore, posttranslational modifications that might 
occur in yeast were not required to detect binding in vitro, 
although they may play an important role in vivo. The inter- 

Figure 6. Immunofluorescent localization of Cdc31p in wild-type 
and mutant cells. Affinity-purified Cdc31p antibodies were used for 
indirect immunofluorescence on spheroplasts that were MeOH, 
acetone fixed. Cdc3 lp localizes to the SPB (B) in a wild-type strain 
(strain MY424) as defined by anti-90-kD staining (,4) on the edge 
of the nucleus (DAPI, C). Cdc31p staining is not caused by bleed- 
through of the anti-90-kD staining (D) because there is no Cdc31p 
staining when Cdc31p primary antibody is not added (E). In a 
karlAl7mutant at 37°C, Cdc31p is no longer localized to the SPB 
(H). Cdc31p is relocalized to the SPB in karlA17 at 37°C when 
the CDC31-16 suppressor is present (K). Cdc31p also localizes to 
the SPB when CDC31-16 is present in a complete karl deletion 
strum (31) as well as in a KARl + background (Q). A, D, G, J, M, 
and P define the SPBs by anti-90-kD staining of the edge of the nu- 
cleus as shown by DAPI staining in C, F, I, L, 0, and R. Cdc31p 
staining is shown in panels B, E, H, K, AT, and Q. G--I are strain 
MS2082, J-L are strain MS3148, M-O are strain MS2626, and 
panels P-R are strain MS2623. 
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action is specific because binding can be competed by in- 
creasing amounts of unlabeled Cdc3 lp but not by BSA. In 
addition, the interaction is more specific for Cdc31p than 
other calmodulin homologues because bovine calmodulin 
did not compete away binding at the concentrations tested. 
No major bacterial proteins were seen to bind Cdc3 lp, but 
there are additional Cdc31p-binding proteins in yeast that 
may be potential Cdc31p targets. Although the interaction 
between Cdc31p and Karlp did not appear to absolutely re- 
quire calcium, we cannot exclude the possibility that labeling 
of Cdc3 lp caused the protein to adopt a conformation similar 
to the calcium-bound state or that the binding constant for 
Karlp or calcium is significantly altered. 

We have shown that the interaction of Cdc31p with Karlp 
requires the previously identified SPB domain of Karlp. Al- 
though Cdc3 lp shares homology with calmodulin, the Karlp 
SPB domain is not similar to any known calmodulin-binding 
domain. The SPB domain of Karlp is essential for the mitotic 
function of KAR/(Vallen et al., 1992a), as well as being both 
necessary and sufficient for the localization of Karlp-/3- 
galactosidase hybrids to the SPB (Vallen et al., 1992b). By 
these in vivo criteria, the SPB domain was defined as being 
composed of residues 190-260. In contrast, gel blot overlay 
assays on Karlp hybrids determined that residues 190-299 
are required in vitro for Cdc3 lp binding, and similar results 
were obtained for equivalent hybrids expressed in yeast or 
E. coli. However, we also showed that overexpression of 
a Karlp-/5-galactosidase hybrid containing only residues 
18%246 was sufficient to concentrate Cdc31p at the SPB in 
vivo. It is likely the requirement for a slightly larger region 
for binding in vitro reflects either the requirement for refold- 
ing of Karlp in vitro or the stabilization of a Karlp-Cdc31p 
complex in vivo by other protein interactions. 

Although wild-type Cdc31p could not be detected at the 
SPB by indirect immunofluorescence if formaldehyde fixa- 
tion was used, overexpression of Karlp-/3-galactosidase 
hybrids that localize to the SPB likewise caused Cdc31p to 
be concentrated at the SPB. Under these conditions, the detec- 
tion of Cdc31p at the SPB was dependent on the overexpres- 
sion of Karlp hybrids containing the SPB domain. Further- 
more, earlier experiments demonstrated that the localization 
of Karlp-/3-galactosidase hybrids to the SPB was dependent 
on Cdc31p (Vallen et al., 1992b). It seems likely that the ad- 
ditional Cdc31p observed at the SPB when Karlp hybrids 
were overexpressed was derived from the diffusely staining 
cytoplasmic material. However, we cannot exclude the pos- 
sibility that the presence of the hybrid has simply made 
the Cdc31p at the SPB more accessible to the antibody. 
Nevertheless, these data show that an interaction between 
Karlp and Cdc31p occurs in vivo via the SPB domain of 
Karlp. In addition, we detected Cde31p localization to the 
SPB in wild-type whole yeast cells if spheroplasts were fixed 
with methanol acetone instead of formaldehyde. Under these 
conditions, much of the cytoplasm is extracted and little of 
the cytoplasmic staining of Cdc31p is observed. It is likely 
that these fixation conditions make Cde3 lp in the SPB more 
accessible to the antibody. While this manuscript was in 
preparation, Cdc31p localization to the SPB on isolated 
nuclei was reported using indirect immunofluorescence and 
immunoelectron microscopy (Spang et al., 1993). Their 
data suggested that Cdc3 lp localizes to the half-bridge, con- 
sistent with data showing a morphological change or loss of 

the half-bridge in cdc31 and kar/mutants (Byers, 1981; Rose 
and Fink, 1987). Spang et al. (1993) suggested that Cdc31p 
and Karlp could not physically interact because of subtle 
differences in ultrastructural localization between Cdc31p 
and the protein aggregate including a Karlp-tS-galactosidase 
hybrid protein. However, we have shown that Cdc31p and 
Karlp do interact and propose that the localization of the 
overexpressed Karlp-fl-galactosidase protein may not reflect 
the exact localization of wild-type Karlp. Furthermore, we 
found that Cde3 lp was no longer localized to the SPB in a 
karl mutant that had a portion of the SPB domain deleted. 
This is additional in vivo evidence for an interaction between 
Karlp and Cdc3 lp, and it provides a suggestion for the nor- 
real in vivo function of Karlp. 

Models for Karlp and Cdc31p Interaction 

The SPB domain of Karlp was previously shown to be essen- 
tial for SPB duplication. Because this domain interacts with 
Cdc31p and suppressors of a mutation in this region map to 
CDC31, we believe that the function for Karlp in the SPB 
duplication pathway is to bind Cdc3 lp. We propose that the 
temperature sensitivity of karlAl7 is caused by a decreased 
interaction with Cdc31p at the nonpermissive temperature. 
This idea is supported by immunofluorescence experiments 
that showed that Cdc31p was mislocalized in the karlAl7 
mutant. When a dominant CDC31 suppressor allele was 
present, Cdc31p was relocalized to the SPB in karlAlZ 
Cdc31-16p was also localized to the SPB in a strain contain- 
ing a complete deletion of KARL Therefore, it seems likely 
that Cdc3 lp needs to be localized to the SPB to carry out 
its essential function in SPB duplication. We propose that 
Karlp localizes Cdc31p to the SPB in wild-type cells, and 
the decreased interaction with Cdc31p in karlAl7 caused 
Cdc31p to be mislocalized. The mechanism of CDC31 sup- 
pression appears to involve the relocalization of Cde31p to 
the SPB in the karl mutants. Given that the CDC31-16, 
karlA2 strain grows normally, it would seem that KARl's 
only role in mitosis is to localize Cdc31p. 

To explain the relocalization of the Cdc3 lp suppressors to 
the SPB, we propose that they have an increased affinity for 
another SPB component, since all the mutants have wild- 
type levels of Cdc31 protein (data not shown). The stronger 
CDC31 suppressors that suppress a complete KAR/deletion 
(Vallen et al., 1994) would have a sufficiently increased in- 
teraction with another SPB component so that they no longer 
require Karlp to localize them to the SPB. In these strains, 
increased doses of wild-type KAR/may be toxic (Vallen et 
al., 1994) because excess Cdc31p is localized to the SPB, 
which could alter subunit stoichiometry enough to interfere 
with SPB assembly. Weaker CDC31 suppressors that do not 
suppress a complete deletion of KAM might still require 
KAR/function, as well as increased interaction with another 
SPB component to localize Cdc31p to the SPB. This idea is 
supported by the observation that increased levels of wild- 
type Cdc31p suppress karlAl7(Vallen et al., 1994), possibly 
by stabilizing the interaction between the mutant Karlp and 
Cdc31p. However, it remains possible that the weaker sup- 
pressors act via an altered interaction with the mutant 
karlA17 protein. 

Our data and the results of Spang et al. (1993) have shown 
that Cdc31p localizes to both SPBs in wild-type cells. How- 
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ever, previous data showed that Karlp-/~-galactosidase hy- 
brids localize exclusively to the newly assembled SPB 
(Vallen et al., 1992b). Although this seems paradoxical, it 
is likely that the hybrid protein does not reflect the exact lo- 
calization of wild-type Karlp because it forms an aggregate 
containing Cdc31p and other proteins. Possibly, the Karlp 
hybrid aggregate can only be detected at the new SPB be- 
cause it is accessible to antibodies in a new SPB but not in 
an old SPB. Alternatively, the Karlp hybrid aggregate may 
be lost from the old SPB because of cell cycle-regulated 
changes in interactions that reflect wild-type functions of 
Karlp. For example, Karlp might be required for the initia- 
tion of assembly of the Cdc3 lp-containing structure but not 
required for its maintenance. Therefore, the localization of 
the hybrid protein would reflect a regulated affinity of Karlp 
for another protein, possibly Cdc31p, during assembly of a 
new SPB. After cell division, the hybrid proteins would be 
lost from the SPB because of cell cycle regulation of the in- 
teraction. It will not be possible to distinguish between these 
possibilities until wild-type Karlp is localized. 

KARl and CDC31 Act in a Common SPB 
Duplication Pathway 

We believe that KAR/and CDC31 act in a common pathway 
to mediate SPB duplication because the proteins physically 
interact and because of the similarity of their mutant pheno- 
types. It seems likely that the dominant gain of function 
CDC31 suppressors arise from a higher affinity for another 
SPB component. Since all of the dominant suppressor muta- 
tions mapped within the COOH terminal lobe of Cdc3 lp 
(Vallen et al., 1994), we propose that it is the COOH termi- 
nus of Cdc3 lp that interacts with one or more additional SPB 
component(s). Identification of the downstream components 
will be critical to understanding the role of CDC31 in SPB 
duplication. Potential Cdc31p-interacting proteins include 
other karlAl7 suppressors, such as DSK2-1 (Vallen et al., 
1994). We have recently cloned the dsk2 + gene, and we are 
currently determining its function in the SPB duplication 
pathway. 
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