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Abstract. The smcl-1 mutant was identified initially as 
a mutant of Saccharomyces cerevisiae that had an 
elevated rate of minichromosome nondisjunction. We 
have cloned the wild-type SMC1 gene. The sequence 
of the SMC1 gene predicts that its product (Smclp) is 
a 141-kD protein, and antibodies against Smcl protein 
detect a protein with mobility of 165 kD. Analysis of 
the primary and putative secondary structure of Smclp 
suggests that it contains two central coiled-coil regions 
flanked by an amino-terminal nucleoside triphosphate 
(NTP)-binding head and a conserved carboxy-terminal 
tail. These analyses also indicate that Smclp is an 
evolutionary conserved protein and is a member of a 
new family of proteins ubiquitous among prokaryotes 
and eukaryotes. The SMC1 gene is essential for viabil- 
ity. Several phenotypic characteristics of the mutant 

alleles of smcl gene indicate that its product is in- 
volved in some aspects of nuclear metabolism, most 
likely in chromosome segregation. The smcl-1 and 
smcl-2 mutants have a dramatic increase in mitotic 
loss of a chromosome fragment and chromosome III, 
respectively, but have no increase in mitotic recombi- 
nation. Depletion of SMC1 function in the ts mutant, 
smcl-2, causes a dramatic mitosis-related lethality. 
Smclp-depleted cells have a defect in nuclear division 
as evidenced by the absence of anaphase cells. This 
phenotype of the smcl-2 mutant is not RAD9 depen- 
dent. Based upon the facts that Smclp is a member of 
a ubiquitous family, and it is essential for yeast nu- 
clear division, we propose that Smclp and Smclp-like 
proteins function in a fundamental aspect of prokary- 
otic and eukaryotic cell division. 

T 
HE proper segregation of replicated chromosomes 
(sister chromatids) during mitosis in yeast requires a 
series of complex events, including specific metabo- 

lism of chromosomes and assembly and function of two com- 
plex molecular machines, the centromere and the spindle. 
By the beginning of mitosis, sister chromatids are paired and 
condensed. Trans-acting factors are assembled at specific 
centromeric DNA sequences on each chromosome to form 
the centromere while other factors are assembled with 
microtubules to form the mitotic spindle. The complex of 
centromeres bound to spindle microtubules mediates various 
mitotic chromosome movements, including the migration of 
sister chromatids away from each other and towards the spin- 
dle poles during anaphase A (not detected in budding yeast). 
Separation of sister chromatids is increased further by elon- 
gation of the spindle (anaphase B). Chromosomes decon- 
dense, and the spindle disassembles. An important goal of 
researchers in the field has been to identify the different com- 

ponents responsible for each of these mitotic events and elu- 
cidate their molecular function. 

In the budding yeast Saccharomyces cerevisiae, simple 
genetic assays were developed to monitor the fidelity of 
transmission of genetically marked natural and artificial 
chromosomes during cell division (e.g., Spencer et al., 
1988). These assays exploit availability of yeast strains in 
which loss of a natural or artificial chromosome is not delete- 
rious to the cell. Construction of artificial chromosomes has 
been feasible due to the identification of cis-acting yeast 
DNA sequences, including autonomous replication se- 
quences (ARS) ~ that nucleate the assembly of origins of 
replication (Stinchcomb et al., 1979), telomere sequences 
(TEL) that allow replication of the ends of linear chromo- 
somes (Murray and Szostak, 1983a), and centromere se- 
quences (CEN) that nucleate assembly of functional centro- 
meres (Clarke and Carbon, 1980). Addition of CEN and 
ARS sequences to recombinant DNA vectors has generated 
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small circular minichromosomes that are replicated and seg- 
regated with a fidelity as high as 99% per cell division (Mur- 
ray and Szostak, 1983b; Hieter et al., 1985). CEN, ARS, 
and TEL sequences have also been combined with segments 
from yeast chromosome arms to generate chromosome frag- 
ments (CFs) (Vollrath et al., 1988). In general, short CFs 
(50-90 kb) are transmitted with a fidelity like circular mini- 
chromosomes, while long CFs exhibit a fidelity 50- to 100- 
fold greater (Murray et al., 1986; Palmer et al., 1990). 

The assays for monitoring transmission of natural or 
artificial chromosomes have been used to isolate yeast mu- 
tants that lose natural or artificial chromosomes at an in- 
creased rate (Maine et al., 1984; Larionov et al., 1987, 
1989; Spencer et al., 1988; McGrew et al., 1989; Hoyt et 
al., 1990). Since chromosome loss can occur either by im- 
proper chromosome replication or segregation, mutants 
loosing chromosomes at an increased rate could be defective 
in components required for either of these processes. How- 
ever, frequent nondisjunction (2:0 segregation) of chromo- 
somes in mitosis is a specific characteristic of a segregation 
defect, which could be used to discriminate between the two 
options mentioned. In previous studies we monitored non- 
disjunction levels in cell-division cycle (ode) mutants (Palmer 
et al., 1990) and chromosome loss mutants (Larionov and 
Strunnikov, 1987; Kouprina et al., 1988) using sensitive as- 
says following copy number of CFs or minichromosomes 
with dose-dependent markers. Among the many dozens of 
mutants screened, only a handful had an increased frequency 
of minichromosome nondisjunction (Kouprina et al., 1988; 
Palmer et al., 1990; Strunnikov, unpublished). The muta- 
tions in these few strains might correspond to genes encod- 
ing important segregation components. 

One mutant from this subset, smcl-1 (stability of mini- 
chromosomes) (Larionov et al., 1985), had a rate of mini- 
chromosome nondisjunction at least 10 times greater than 
wild-type strains. Interestingly, however, this recessive mu- 
tation had no detectable effect on the transmission of chro- 
mosome III or on cell viability, indicating that it was proba- 
bly a hypomorph. Given that the severe nondisjunction 
phenotype exemplified by the smcl-1 mutant was suggestive 
of a specific defect in the segregation mechanism, we de- 
cided to investigate further the SMC1 gene and its product. 
Here we report the cloning of the SMC1 gene, the structural 
analysis of the SMC1 gene product, and the analysis of chro- 
mosome loss, cell viability, spindle morphology, and DNA 
distribution in Smcl- and Smcl + cells. These studies reveal 
that the SMC1 gene encodes a 165-kD protein that is es- 
sential for completion of chromosome segregation in yeast. 
Similarities between Smclp and putative proteins from other 
organisms indicate that the Smcl protein has structural and 
perhaps functional homologs in both prokaryotic cells and 
the cells of higher eukaryotes. 

Materials and Methods 

Strains 
The Saccharomyces cerevisiae strains used in this work are listed in Table 
I. All strains are congenic with the $288C background except the CF- 
containing strains. The original smcl-1 mutation was isolated in the strain 
GRF18 (ATCC 64667; American Type Culture Collection, RockviUe, 
MD). The mutant strain r2-GRF18 (ATCC 64666) (Larionov et al., 1985) 
was used as the parent for all smcl-1 strains in this work. Isogenic pairs of 

Table L 

Strain Genotype Source 

MAY589 MATa his3 leu2 ade2 ura3 A. Hoyt 
MAY591 MATct his3 leu2 lys2 ura3 A. Hoyt 
YPH102 MATc~ ade2 his3 leu2 lys2 ura3 Ph. Hieter 
AS153 MATa/MATc~ ade2/ADE2 his3 leu2 This study 

lys2/LYS2 Gal + 
AS203 MATa/MATc~ ADE2/ade2 his3 LEU2/leu2 This study 

ura3 trpl/TRP1 
5dAS98 MATa ade2 his3 leu2 trpl ura3 smcl-1 This study 
l aASl l2  MATc~ ade2 leu2 ura3 smcl-1 This study 
l cAS l l2  MATa ade2 teu2 ura3 smcl-1 This study 
lbAS148 MATa ade2 ade3 leu2 ura3 [CF110: LEU2 This study 

ADE3] smcl-1 
lbAS154 MATa ade2 leu2 lys2 smcl-A2 ura3 This study 
2bAS154 MATa leu2 smcl-A2 smcl-2 This study 
AS248 MATa/MATct leu2 ura3 smcl-A2 This study 
lbAS172 MATa leu2 smcl-A2 smcl-2 This study 
laAS172 MATc~ ade2 leu2 lys2 smcl-A2 smcl-2 This study 
AS175 MATa/MATu ade2/ADE2 leu2 smcl-A2 This study 

smc l-2 
AS195 MATa/MATc~ ADE2/ade2 LEU2/leu2 This study 

smcl-A2 smcl-2 
AS241 MATa/MATc~ ade2/ade2 LEU2/leu2 This study 

smcl-A2 smcl-2 
3cASt96 MATc~ trpl radg::LEU2 smcl-A2 smcl-2 This study 
4bAS196 MATa rad9::LEU2 smcl-A2 smcl-2 This study 
3dAS196 MATc~ leu2 trpl RAD9 smcl-A2 smcl-2 This study 
4aAS196 MATer leu2 RAD9 smclA2 smcl-2 This study 

haploid strains (smcl-1 and SMC1 ) were constructed by integrative transfor- 
mation of the strain IcAS112 with plasmids pAS135 (LEU2 and SMC1 ) and 
pAS136 (LEU2) targeted into unique ApaI site downstream of smcl locus. 
The CFll0 chromosomal fragment was introduced into smcl-1 strains by 
standard crosses with SMC1 strains carrying corresponding chromosomal 
fragments (Palmer et al., 1990). 

To construct congenic smcl ts strains, a SMCI diploid strain, AS153, was 
transformed with the SacI-SpeI fragment from plasmid pAS160 (see be- 
low). The resulting diploid AS154 became heterozygous for the smcl-A2 de- 
letion. This diploid was transformed with integrative plasmid pAS167 har- 
boring the smcl-2 allele. The plasmid had been cut at the StuI site in URA3 
to target its integration to the URA3 locus. The AS154 transformants (AS172 
and AS173) were sporulated, and haploid progeny were recovered that con- 
tained a deletion of the endogenous SMC1 gene and the insertion of smcl-2 
into the ura3 locus. These haploid strains were used to produce homozy- 
gous smct-2 diploids AS175 and AS195. hart derivatives of the smcl-2 
strains and the SMC1 strain MAY589 were obtained via insertion of LEU2 
gene into the chromosomal BARI locus, using a barl::LEU2 plasmid (Mac- 
Kay et al., 1988) digested with XbaI. All the stud-A2 strains (lbAS154, 
2bAS154, and AS248) were produced and maintained as the SMCI plasmid- 
bearing strains. 

Plasmid Construction 
The vectors used in this study were the pRS shuttle vectors (Sikorski and 
Hieter, 1989; Christianson et ai., 1992) YCplaclll (Gietz and Sugino, 
1988) and pTI15 (Icho and Wickner, 1988) and pUC19 and pBLUE- 
SCRIPT(ks-) (Stratagene, La Jolla, CA). The genomic DNA library used 
to isolate SMCI gene was the pSB32 library (LEU2 and CEN) constructed 
by F. Spencer (Spencer et al., 1988). The YCpG1 plasmid (Srienc et al., 
1985) was used as a source of the hybrid GAIdO-CYC1 promoter. 

Two SMC]-bearing plasmids were obtained that complemented the smd-I 
mutation. They both contained 9.0-kb inserts with an identical pattern of 
restriction sites. One of these plasmids was chosen for further use and desig- 
nated as pAS99. The integrative SMC1 plasmid, pAS127, was made by in- 
serting a 5.5-kb SpeI-BamHI fragment of pAS99 into the corresponding 
sites of pRS306. The SMC1 CEN plasmid, pAS128, was constructed by in- 
serting the 5-kb SpeI-SacI fragment of pAS127 into the corresponding poly- 
linker sites ofpRS415. The SMCI CEN plasmids, pASI40 and pAS141, were 
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constructed by inserting the SacI fragment of pAS127 into plasmids pTI15 
and YCplaclll, respectively. The integrative SMC1 plasmid pAS135 was 
made by cloning the 4.5-kb MluI-BssHII fragment of pAS128 between 
BssHII sites of pRS405, and its Smcl- derivative, pAS136, was made by 
deleting the DNA sequence between SpeI sites of pASI35. 

Plasmids for disruption of the genomic copy of SMC1 were made first 
by insertion of the HIS3 BamI-II-EagI fragment into the corresponding sites 
of the SMC1 gene. The resulting plasmid pAS125 (pUC19 backbone) can 
be cut with SacI and SpeI to give a linear fragment used in the transforma- 
tion for one-step gene replacement, pAS125 was modified further to delete 
the coding region of SMC1 completely. For this purpose DNA sequences 
between MluI and BamHI sites were removed to give pASI60. 

Plasmids containing temperature-sensitive stud alleles were generated 
by hydroxylarnine mutagenesis and plasmid shuffling essentially as de- 
scribed by (Sikorski and Boeke, 1991). After pASI28 DNA was treated with 
hydroxylamine, it was transformed into E. coli cells, and more than 105 
transformants were collected and pooled. Plasmid DNA isolated from the 
pool was then used to transform the smc/-A2 strain lbAS154 carrying the 
URA3-marked plasmid pAS140. Transformants that had lost pAS140 were 
selected by replica plating to plates containing 5-fluoroorotic acid. Result- 
ing Ura- papillae were analyzed for temperature-sensitive growth on 
YEPD plates, pAS128ts plasmid DNA was isolated from the clones that ac- 
quired a ts phenotype, and then amplified in E. coli. The integrative plasmid 
pAS167 harboring smcl-2 allele was made via cloning the XhoI-NheI frag- 
ment of pAS128ts into the pRS406 XhoI and XbaI sites. 

A plasmid containing the original smcl-1 mutation was obtained via res- 
cuing of the marked smcl-I allele from the genomic locus. The pAS233 plas- 
mid (pRS406 containing the 3' to SMC1 EagI-SacI fragment) was integrated 
into the NheI site downstream of smcl chromosomal locus (strain lcAS112). 
Total genomic DNA was then prepared from transformed yeast cells, 
digested with KpnI, and ligated. After transformation of the E. coli cells, 
a plasmid carrying mutant smcl-I gene (pAS242) was recovered. The plas- 
mid complemented a deletion of the SMCI gene but not the smcl-I mutation. 
Detailed description of a similar technique was published (Rothstein, 1991). 

Plasmid pAS182 containing the SMCI gene driven by the galactose- 
inducible promoter was constructed in several steps. The backbone plas- 
mid pAS78 was constructed by introducing GALIO-CYCI promoter (the 
HindlH-BamHI piece of YCpG1) into pUC19. Then most of the SMC1 cod- 
ing sequence (the amHI-BamI-II fragment) was deleted from pAS127. The 
resulting plasmid pAS166 had only 918 bp from SMC1 gene spanning the 
5' untranslated region and the beginning of the gene (upstream of BamHI 
site). An oligonucleotide (5AGGATCCGCAATGGGACGTCTAG') con- 
taining a BamHI site preceding the Smclp initiation codon was synthesized 
and PCR amplification of the pAS166 fragment was made using the standard 
T3 primer as the second PCR primer. Resulting mixture of the reaction 
products was digested with BamHI and a 0.6-kb piece was cloned into 
pBLUESCRIPT(ks-) to give pASI76. After the sequence analysis the frag- 
ment was used to assemble plasmid pAS182; both 0.6-kb BamHI fragment 
of pAS176 and 4.2-kb BamHI-SacI fragment of pAS127 were subsequently 
introduced into pAS78 opened with BamHI and Sad. All the junctions be- 
tween the fragments were verified by sequencing. The plasmid pAS182 has 
both CTC1 and SMC1 start codons, separated by four codons. 

A derivative of the SMC1 gene encoding an epitope tagged Smclp under 
the control of GALIO-CYC1 promoter was constructed by cloning the 
XbaI-XbaI fragment of the plnsmid pAS90 into a unique Xbal site of the 
pAS182, giving pAS197, pAS90 (Strunnikov, A., unpublished observation) 
has six repeats of the myc tag (Roth and Gall, 1989) flanked by XbaI sites 
located in frame to each other. An NcoI-NsiI fragment of pAS197 that con- 
tained the myc tag was used to replace the NcoI-NsiI fragment of pASI28. 
The resulting plasmid, pAS211, expressed the Smcl-myc protein under the 
SMC1 promoter. 

Construction of the plasmids for bacterial expression of different SMC1- 
derived polypeptides was made using a 6 x His expression vector pRSETa 
(Invitrogen, San Diego, CA). To express the carboxy-terminal part of 
Smclp, the pAS185 plasmid was constructed by cloning the SpeI-NheI re- 
gion ofpAS128 into the NheI site of pRSETa. TO express the amino-terminal 
part of Smclp, a pAS182 fragment from the ATG-proximal BamHI site to 
EcoRI site of SMCI was purified. This fragment was inserted into the corre- 
sponding site of pRSE'Ih to yield pAS198. Plasmids pAS185 and pASI98 
together represent a whole SMC1 coding region without a gap or an overlap. 

Genetic Techniques 
Standard methods for yeast genetics were performed as described previ- 
ously (Sherman et al., 1986). The mitotic stability ofa plasmid was defined 
as the fraction of cells in a culture that retain the plasmid when the cells 

are grown under selective conditions. As this parameter correlates well with 
the efficiency of plasmid transmission per cell division (Hieter et al., 1985), 
it was used as a routine estimate for the efficiency of minichromosome t~ans- 
mission. Half-sector analysis (Koshland and I-lieter, 1987) was used to esti- 
mate the loss rate of chromosomal fragments. The loss rate of yeast chromo- 
some HI was measured in the diploid strains by fluctuation tests (Hartwell 
and Smith, 1985) using the method of the median (Lea and Coulson, 1949). 
Leucine auxotrophs were identified by replica plating and then scored for 
their ability to mate with MATa cells. Cells that were Leu2- and mating com- 
petent were assumed to be the products of chromosome HI loss, while those 
that were Leu2- and mating incompetent were the products of a recombina- 
tion event between LEU2 locus and CEN3. 

DNA Sequencing 

DNA sequences were determined by the ddNTP termination method using 
an automated procedure involving differential fluorescent label. All se- 
quencing reactions and running of the sequencing gels were performed in 
accordance with the ABI manual for automated sequencing on a 370A DNA 
sequencer (Applied Biosystems, Inc., Foster City, CA). To determine the 
primary nuclcotide sequence of the SMC1 gene, a series of nested deletions 
(Henikoff, 1984) of plasmid pAS128 were constructed using Exol/I and 
Mung bean nucleases. Both strands of the SMC1 DNA were sequenced. Any 
ambiguity in the sequence was resolved utilizing 18-base primers com- 
plementary to the sequences adjacent to the region of ambiguity. To deter- 
mine the sequence of the mutant genes, smd-1 and smcl-2, primers com- 
plementary to the sense strand were made at 300-400-bp intervals along 
the open reading frame (ORF). 

Production and Purification of Recombinant Proteins 

To produce polypeptides coded by SMC1 gene, a T7 expression system was 
used as recommended by Novagen for pET expression. Plasmids pAS185 
and pAS198 were introduced into strain BL21(DE3) (Novagan, Inc., Madi- 
son, WI). Expression of the recombinant gene product was induced by 1 
mM isopropylthio-~-v-galactoside (IPTG). After 4 h of induction at 300C, 
cells were centrifuged, and the cell pellets were frozen at -70°C. After 
thawing on ice pellets, the cells were resuspended in TN buffer (10 mM Tris 
[pH 8.0], 0.2 M NaCI) containing lysozyme (0.2 mg/ml) and protease inhib- 
itor cocktail and incubated at 4"C for 1 h. Then nine volumes of 8 M urea 
were added and the cell suspension was stirred at room temperature for 1 h. 
The lysate was cleared by spinning at 19K (JA-20 rotor; Beckman Instrs. 
Carlsbad, CA) for 20 min at 230C, and loaded onto an affinity column pre- 
equilibrated with the identical buffer. As all the constructs were based on 
the vector pRSETa (Invitrogen) containing the NH2-terminal stretch of six 
histidine residues, one-step affinity purification of the fusion polypeptides 
was done. Affinity column was prepared from Ni-agarose (Quiagen Inc., 
Chatsworth, CA) and handled as recommended by Quiagen. All affinity 
chromatography steps were done at 40C. All elutiun buffers contained 8 M 
urea and ~-mereaptoethanol and were adjusted to pH 8.0, 6.4, 5.8, and 4.7. 
Protein was bound to the column at pH 8.0; the colunm was washed with 
lObed volumes of corresponding buffer, then bound proteins were eluted 
with step pH gradient (10-bed volumes/step). At pH 5.8 maximal elution 
of the recombinant proteins was detected, so for this step a minimal volume 
of the elution buffer was used. All fractions were analyzed by PAGE, blotted 
onto nylon membrane, and probed with polyclonal antibodies (Novagen, 
Inc.) to the T7-tag encoded by the pRSETa vector (upstream of the fusion 
site). Aliquots that contained the maximal concentration of recombinant 
protein were pooled and subjected to dialysis at 4*C against 150 mM NaCI, 
40 mM potassium phosphate (pH 8.0), 1 mM DMSO, and 0.1% SDS. Under 
these conditions proteins expressed from pASI85 and pAS198 (PEPI85 and 
PEP198) precipitated. The precipitates were separated from the copurified 
proteins by centrifugation at 40,000 g, and washed twice with dialysis 
buffer. After the completion of this step, the average yield for PEP185 and 
PEPI98 was 7 and 1 mg/liter of cniture, respectively. No significant expres- 
sion was obtained for pAS208 that contained the entire coding sequence of 
SMC1. The authenticity of PEP185 as a product of SMC1 was confirmed by 
the NH2-terminal peptide sequencing. 

Generation of Smclp Specific Antibodies 
and Immunodetection 

Polypeptide PEP185 was used as an immunogen to generate Smclp COOH 
terminus-specific polyclonal antibodies. PEP185 antigen purified from bac- 
teria cells was prepared in two different ways. One rabbit was injected with 
PEP185 purified by elution from a polyacrylamide gel, another with the Ni- 
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agarose-bound PEP185. Corresponding antisera C180 and C181 had close 
specificity and anti-Smclp antibodies titer. For immunofluorescent staining 
C180 and C181 antisera were affinity-purified on CNBr agarose column 
(Pharmacia Diagnostics, Inc., Fairfield, NJ) with the coupled gel-purified 
PEP185. Detection of Smclp and Smcl-mycp on the membrane after West- 
ern blotting was done using anti-rabbit and anti-mouse Vecstaln-Peroxidase 
kit (Vector Labs., Inc.). Total yeast protein for western analysis was ex- 
tracted according to a published procedure (Ohashi et al., 1982). 

Cytological Methods 

Yeast nuclear DNA was visualized by DAPI staining of the formaldehyde- 
fixed cells. Indirect immunofluorescence of cells was performed essentially 
as described (Kilmartin and Adams, 1984). Micmtubule structures were de- 
tected with the mouse monoclonal antibody YOL1/34 (1:200) (Kilmartin et 
al., 1982), and goat anti-mouse antibodies conjugated to rhodamine (Cap- 
pel Labs., Cochranville, PA). The Smcl-myc protein was detected with the 
mouse monoclonal anti-myc antibody 9El0 (Evan et al., 1985) and the goat 
anti-mouse antibodies conjugated to rhodamine. The Smclp was monitored 
with the afffinity-purified anti-Smclp rabbit antibodies and the goat anti- 
rabbit rhodarnine-conjugated antibodies (Cappel Labs.). 

Results 

Cloning of SMCI Gene by Complementation 
of the smcl-1 Mutation 

A measure of the mitotic stability of a chromosome is the 
percentage of cells in a culture that retain that chromosome 
under selection. Consistent with a previous report (Larionov 
et al., 1985), we observed that the mitotic stability of circu- 
lar minichromosomes was dramatically reduced by the smcl-1 
mutation. For example, in the smcl-1 mutant strain (leAS112), 
the stability of CEN plasmids YCp41 and pSB32 was 62 + 
5% and55 + 6%, respectively, compared with 93 + 2% and 
89 + 3 % in the isogenic SMC1 strain (YPH102). 

The instability of CEN plasmids like pSB32 in smcl-1 cells 
results in a marked reduction in the growth rate ofsmcl-1 col- 
onies under selective conditions. This phenotype of smcl-1 
was chosen as a basis for screening for DNA clones that 
complemented the mutation. Approximately 30,000 trans- 
formants of the smcl-1 haploid strain (5dAS98) were selected 
after transformation with a CEN-vector based library (Spen- 
cer et ai., 1988). Most of the transformants grew slowly 
because their plasmids were mitotically unstable in the pres- 
ence of the smcl-1 mutation. However, more than 500 trans- 
formants gave colonies at least twice the average size after 
3 d incubation at 30°C. These fast-growing transformants 
may have arisen because they contained plasmids with greater 
mitotic stability, in particular plasmids harboring genes that 
suppress or complement the smcl-1 mutation. In subsequent 
quantitative analyses, the plasmids in only two transformants 
reproducibly showed a mitotic stability of greater than 95 %. 
When plasmid DNA was rescued from these transformants 
into E. coli, it became apparent that the transformants con- 
tained an identical plasmid (pAS99, Fig. 1) with a 9-kb in- 
sert. When pAS99 was reintroduced into the smcl-1 strain it 
showed high mitotic stability. Furthermore, the mitotic sta- 
bility of other CEN-based plasmids in smcl-1 cells reached 
wild-type levels in the presence of pAS99 (data not shown). 
These results demonstrated that pAS99 contained a DNA se- 
quence that could complement in trans the instability of 
CEN-based plasmids in smcl cells. 

To show that we cloned the SMC1 gene and not an extra- 
genic suppressor, the plasmid pAS103 was used for integra- 

tive transformation of Smcl ÷ haploid strain YPH102. This 
transformation targeted the URA3 marker to the chromo- 
some locus corresponding to the genomic DNA fragment in 
pAS99. The transformants were crossed to a smcl-I strain 
(5dAS98) and the resulting diploids were subjected to the 
tetrad analysis. In 10 tetrads analyzed, each contained two 
SMC1 URA3 spores and two smcl-1 ura3 spores, indicating 
tight genetic linkage of the cloned sequence to the SMC1 lo- 
cus. The cloned DNA was hybridized to the pulsed field-gel 
blots of yeast chromosomes and to the lambda phage clones 
(from ATCC) with contiguous inserts of yeast genomic 
DNA. The results mapped the DNA fragment from pAS99 
to the left arm of chromosome VI, tightly linked to CDC4, 
consistent with the previous genetic mapping of smcl-1 
(Mortimer et al., 1989). Taken together these data demon- 
strated that the SMC1 gene indeed was cloned. 

SMC1 Is an Essential Gene 

Analysis of the pAS99 subclones established that the com- 
plementing activity was contained within a 4.2-kb MluI- 
NheI restriction fragment (Fig. 1). Convenient restriction 
sites were used to construct the smcl-A2 allele in which the 
SMC1 gene was replaced with HIS3 (Fig. 1). This disrup- 
tion was introduced in a diploid strain (AS153) by transfor- 
mation selecting for His +. 40 meiotic tetrads from four in- 
dependent transformants were dissected. All the tetrads 
segregated two viable and two inviable spores. All viable 
spores were His-, as expected if HIS3 marker disrupted an 
essential gene. The inviable spores did not have a defect in 
germination as they all germinated to form microcolonies of 
three to four cell bodies. When a strain (AS154) heterozy- 
gous for the disruption was first transformed with a plasmid 
pAS128 carrying SMC1 and then subjected to meiotic analy- 
sis, the His + segregants bearing plasmid marker LEU2 were 
observed. Mitotic stability of the pAS128 in these strains was 
100% even under conditions nonselective for the plasmid 
marker. This plasmid could be replaced with other CEN 
plasmids only if they contained the SMC1 gene. The smcl-A2 
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Figure 1. Subcloning and disruption of the SMC1 gene. The top bar 
presents a schematic representation of the insert in pAS99 capable 
of complementing the smcl-1 mutation. Subclones were derived 
from pAS99 by making intraplasmid deletions of the insert or by 
moving pieces of the insert into YCplaclll and pRS415. The sub- 
clones were tested for whether they could (+) or could not ( - )  
complement the smcl-1 mutation. The arrow shows location of 
SMC1 ORE Only unique restriction sites or ones used for cloning 
are shown: A, ApaI; B, BamHI; E, EagI; K, KpnI; M, MluI; N, 
NcoI; Nh, NheI; S, SpeI; Sa, SacI; Sp, SphI; X, XbaI. CDC4 gene 
is located upstream of SMC1 in the same orientation. 
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Figure 2. smcl-I effect on different plasmid segregation systems. 
Isogenic strains laAS112/pAS135 (SMC1) and laASI12/pAS135 
(srnd-1) (Table I) were transformed to Ura + with the plasmid indi- 
cated. The mitotic stability of each plasmid (the percentage of cells 
with the plasmid under selective growth) was determined in at least 
four independent transformants (see Materials and Methods). 

deletion was shown by DNA sequencing to remove the entire 
SMC1 coding region. Taken together, all of the above results 
indicated that SMC1 function is essential for mitotic cell di- 
visions. Another deletion (smcl-Al) that encoded only the 
first 200 amino acids of SMC1 protein was also a recessive 
lethal, indicating that the amino terminal part of Smclp was 
not capable of providing the essential SMC1 function. 

Loss of  Artificial and Natural Chromosomes 
in smcl Mutants 

Since the SMC1 gene is essential for viability, it was possible 
to construct conditional lethal alleles. The plasmid pAS128 
was mutagenized with hydroxylamine, and three tempera- 
ture-sensitive smcl mutations (smcl-2, smcl-3, and smcl-4) 
were identified using the method of plasmid shuffling (see 
Materials and Methods). Because all mutations exhibited 
similar phenotypes (data not shown) and we could not guar- 
antee their independence, further study was focused on just 
smcl-2. This allele was introduced into the genome to obtain 
stable ts strains (Materials and Methods). It was recessive 
to SMC1 for growth at the nonpermissive temperature. Using 
the stud-2 allele and the original smcl-1 allele, we re- 
investigated the role of the SMC1 gene product in the trans- 
mission of both artificial and natural chromosomes. 

First, we asked whether the loss of circular minichromo- 
somes induced by smcl-I was specific for circular minichro- 
mosomes with centromeres. Yeast have at least two se- 
quences other than CEN DNA that promote an ordered 
segregation of circular plasmids during mitotic cell division: 
REP3 sequences from 2# DNA (Murray and Szostak, 
1983b) and telomere repeat sequences (TRS) (Longtine et al., 
1992). Isogenic smcd-1 (laASl12/pAS136) and SMC1 
(laASl12/pAS135) strains were transformed with a set of 
plasmids marked with URA3 and bearing CEN, REP3, or 
TRS. The stud-1 mutation had no effect on the mitotic stabil- 
ity of any plasmid other than the CEN plasmid (Fig. 2). This 
observation suggests that smcl-1 either specifically affects 
CEN-based segregation, or that the effect is detectable only 
when the plasmid is present in low copy number per cell, as 
in case of the CEN plasmids. 

Next we examined whether smcl-1 affected linear chro- 
mosomes. The previous study (Larionov et al., 1985) had 
shown that this mutation did not cause detectable loss of 
chromosome III. Similarly, we observed only marginal in- 

crease in the rate of nondisjunction of chromosome VIII 
when we compared the smcld strain with the completely iso- 
genic SMC1 strain (data not shown). However, this mutation 
did affect the mitotic stability of an artificial linear chromo- 
some. Strains were constructed (lbAS148, 5aAS194, and 
5dAS194) that had identical genotype and contained the 
smcl-1 allele and the 90-kb chromosome fragment, CFll0 
(Palmer et al., 1990) were constructed. The mitotic stability 
of the chromosome fragment was determined by half-sector 
analysis (Koshland and Hieter, 1987). In these strains, the 
CFll0 had a loss rate of 22 + 2% per cell division, which 
is more than three times higher than the value obtained for 
congenic wild-type strains (6 :t: 2%). Hence, smcl-1 was 
able to induce loss of short artificial linear chromosomes to 
a level similar to what we observe with circular minichromo- 
somes. 

Chromosome transmission in smcl-2 was also analyzed at 
30°C. The mitotic stability of the circular minichromosome 
YCp41 in the smcl-2 strain was 85 :t: 3% (94 :t: 3% for iso- 
genic SMC1 strains), compared to only 62 % in smcl-l. Thus, 
CEN plasmids were more stable in smcl-2 cells than in 
smcl-1 cells. When we made a homozygous smcl-2 diploid, 
we observed that this diploid could mate with haploid cells 
of either mating type at a much greater frequency than homo- 
zygous SMC! or smcl-1 diploids. This phenotype indicated 
that information at the MAT locus was being lost in the 
smcl-2 diploids. To investigate further the loss of chro- 
mosomal information in smcl-2 cells, we made congenic 
SMC! (AS203) and smcl-2 (AS241) diploids that were het- 
erozygous at the loci on the left (LEU2/leu2) and right (MATa/ 
MATa) arms of chromosome 11I. We used these strains to 
measure the rate of chromosome III loss and the rate of re- 
combination in the LEU2-CEN3 interval (see Materials and 
Methods). We did not detect any recombination between 
the CEN3 and LEU2 in diploid smcl-2 (<10 -5) or in SMC1 
(<6 × l0 -~) cells. In contrast, chromosome lII loss in smcl-2 
cells (2 × l0  -3) was happening at least 50 times the rate in 
SMC1. Therefore, the smcl-2 mutation differed from the 
smcl-! mutation in two respects; it had little effect on the loss 
rate of circular minichromosomes but dramatically in- 
creased the loss rate of chromosome III. Taken together 
these studies of smcl mutants indicate that the Smcl protein 
is required for transmission of both natural and artificial 
chromosomes. 

Requirement of SMC1 Fhnction at a Discrete 
Stage of the Cell Cycle 

We used the smcl-2 mutants to examine a consequence of the 
Smclp inactivation on cell viability and cell morphology. Af- 
ter 2-3 h exposure to the nonpermissive temperature (36°C), 
both haploid and diploid smcl-2 cells stop dividing (Fig. 3). 
The viability of mutant cells decreased significantly with 
time spent under nonpermissive conditions such that after 
4 h at the nonpermissive temperature, only 3 % of the cells 
were viable (Fig. 4). No significant differences between the 
kinetics and absolute level of the lethal effect were observed 
in the haploid and diploid smcl-2 strains. As the doubling 
time of yeast cells at 36°C is ~,1.5-2 h, the lethal event in 
most of the smcl-2 cells apparently occurred during either 
the first or the second cell division at the nonpermissive tem- 
perature. 
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Figure 3. Growth of smcl-2 cultures under permissive and restrictive 
temperatures. Logarithmic cultures of a smcl-2 haploid (laASI72) 
and homozygous smcl-2 diploid (AS175) strains were grown at 
23°C and then a portion of these cultures were shifted to 36°C. Ali- 
quots were removed from the 23 and 36°C cultures immediately af- 
ter the shift (0 h) and at 2-h intervals. The cell number in the cul- 
tures was determined with a hemocytometer. Error bars indicate 
the standard deviation in cell number measurements. 
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Figure 4. Temperature dependent lethality of smcl-2. Logarithmic 
cultures of smcl-2 haploid (lbAS172) and diploid (AS175) strains 
were shifted from 23 to 36°C. Aliquots were removed immediately 
after the temperature shift and at 1-h intervals and then subjected 
to mild sonication. For each aliquot, the total number of cells was 
determined and cell viability was estimated by colony formation on 
plates. The percentage of viable cells (viable cells/total cell num- 
ber) was plotted as function of time after temperature shift. 
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The parameters of cell shape, DNA distribution, and spin- 
dle structure in smcl-2 and SMC1 cells were monitored 
microscopically (Figs. 5 and 6). After 3 h at the nonpermis- 
sive temperature (36°C) neither haploid or diploid smcl-2 
cells were uniform for any of these parameters, indicating 
that smcl-2 mutation does not confer a uniform cdc-like 
phenotype. However, there were two distinct differences be- 
tween the appearance of smcl-2 and SMC1 cells at 36°C. In 
SMC1 cultures about 30% of the cells were large budded; the 
vast majority of these had two segregated DNA masses at the 
end of elongated spindles. This cell type was dramatically re- 
duced in smcl-2 cultures. Instead, the majority of large bud- 
ded cells had a single DNA mass at the bud neck. The DNA 
mass was either undivided or pinched in appearance and the 
corresponding spindles were short or predominantly inter- 
mediate in length, with some of them broken in appearance 
(Fig. 5, B and C). FACS analysis at 36°C showed that a cul- 
ture of smcl-2 diploids had a greater fraction of cells with 
a G2 DNA content than was observed in the SMC1 culture 
(data not shown). These observations suggest that at the non- 
permissive temperature smcl-2 cells are defective in a nu- 
clear division step. Consistent with this, germination of the 
smcl-A2 (deletion) spores gave rise to 3--4 cell bodies with 
a single nucleus (data not shown). No obvious defects in 
morphology or number of cellular organelles in smcl-2 were 
detected by electron microscopy. 

The fact that smcl-2 cells undergo rapid cell death allowed 
us to address whether the Smclp performs an essential func- 
tion at one or more stages of the cell cycle. To do this we 
asked whether smcl-2 cells remained viable after a transient 
inactivation of Smclp at different points of the cell cycle (see 
legend to Fig. 7). Several congenic smcl-2 haploids were 
arrested in GO (starvation), G1 (alpha factor), S (hydroxy- 
urea), or G2-M (nocodazole). While arrested, these strains 
were exposed to the nonpermissive temperature in order to 
deplete Smclp activity. Cells were released from an arrest at 
the permissive temperature, and the percent of viable cells 
was determined. When Smclp activity was depleted in G2-M, 
>80% ofsmcl-2 cells died (Fig. 7). In contrast, when Smclp 
activity was depleted in GO, G1, or in S, anywhere between 
four- to sevenfold fewer cells died; the residual cell death 
in some cultures could be explained by inability to achieve 
complete cell cycle arrest with these reagents (Fig. 7). These 
results suggest that SMC1 function is essential for cell viabil- 
ity during M but not GO, G1, or S phases of the cell cycle. 

DNA lesions due to damage or incomplete replication in- 
duce a cell cycle checkpoint that transiently arrests ceils with 
a large bud, undivided nucleus, and a G2 content of DNA. 
This arrest apparently requires the RAD9 protein, as it does 
not occur in rad9 mutants (Weinert and Hartwell, 1988). To 
address whether any of the smcl-2 cell types observed at the 

Figure 5. Micrograph of smcl-2 cells and SMC1 cells. (A) Two parallel logarithmic cultures (YEPD medium) of smcl-2 diploid strain were 
set up. One culture was shifted from 23 to 36°C. Aliquots of both cultures were fixed in 3 h after the shift. Fixed cells were stained with 
DAPI to visualize DNA (DAPI) and also were examined with Nomarski optics (Nom.). SMC1 cells grown at 23°C were similar to SMC1 
cells grown at 36°C and to smcl-2 ceils grown at 23°C (data not shown). (B) Fixed cells from SMC1 (AS153) and stud-2 (AS195) diploid 
cultures (36°C, 3 h) were stained to visualize DNA (DAPI) and microtubules (Tubulin). Arrows point at the cells with elongated spindles 
and segregated nuclear masses (anaphase) in SMC1 culture and at the cells with cut nuclei and corresponding short or broken spindles 
in smcl-2 cells. (C) Enlargements of arrested (36°C, 3 h) smcl-2 diploid cells (AS195) showing a nuclear DNA and spindle aberrations, 
presumably representing different stages of the abortive cytokinesis (see Discussion). Bar, 10 #m. 
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Figure 6. Distribution of cell types for smcl-2 ts mutants. (A) Loga- 
rithmic cultures of SMC1 (MAY589) and smcl-2 (lbAS172) haploids 
were shifted from 23°C to 36°C. Aliquots of ceils were fixed be- 
fore the temperature shift and 3 h after the shift. Fixed ceils were 
stained with DAPI to visualize DNA. Cells were divided into 
classes (shown schematically) based on the size of the bud and on 
position and distribution of nuclear DNA. For comparison, the dis- 
tribution of cell types in mutant population under permissive condi- 
tions is shown as well. The distributions observed for SMC1 cells 
grown at 23°C and 36°C were indistinguishable (data not shown). 
(1) Strain AS153 (SMC1), 3 h, 36.50C; (2) AS195 (smcl-2), 230C; 
(3) AS195 (smcl-2), 3 h, 36.5°C. (B) Distribution of cell types were 
determined for rad9 smcl-2 (3cAs196 and 4bAS196) and RAD9 
smcl-2 (3dAS196, 4aAS196) strains grown at 36°C. 

nonpermissive temperature appeared as a consequence of  
DNA damage, we first asked whether cell type distribution 
in smcl-2 cells was altered in a rad9 background. In fact, cell 
type distribution in smcl-2 strains and smcl-2 tad9 strains 
were indistinguishable; in particular, the fraction of  cells 
with a large bud and single nucleus did not change. There- 
fore, the accumulation of G2-M cells in smcl-2 was not de- 
pendent upon the RAD9 checkpoint. 

In addition, we monitored the state of nuclear DNA mole- 
cules isolated from SMC1 and smcl-2 at 36°C. Different 
forms of circular plasmids (nicked, closed, and topologi- 
cally intertwined) can be separated by gel electrophoresis. 
When plasmid DNA was recovered from smcl-2 and SMC1 
cells, the distribution of plasmid DNA molecules among the 
different forms was indistinguishable (data not shown). This 
result contrasts with ligase and topoisomerase-II mutants 
where dramatic changes in distribution of plasmid forms are 
evident (Koshland and Hartwell, 1987). Migration of  chro- 
mosomal DNA in a pulse-field gel is a very sensitive mea- 
sure of DNA structure as aberrant DNA forms such as repli- 
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Figure 7. Relative ability of different arresting points in cell cycle 
to spare smcl-2 cells from death at high temperature. Log-phase 
ceils were either untreated ( - )  or exposed to alpha factor (u-f.) 
(200 nM), hydroxyurea (HU) (0.1 M) or nocodazole (Nz) (20 
/~g/ml) for 2 h at 23°C and then shifted for 3 h to 36.5°C in the 
presence of an arresting reagent. Cells were rapidly washed to re- 
move the pheromone or drugs and then cell viability was deter- 
mined (see legend to Fig. 4). Alternatively, to generate starving 
culture, late log phase cells were washed, resuspended in 2% 
casamino acid solution, and then incubated for 48 h at 23°C. These 
cells (starved for the major carbon source, vitamins, and adenine) 
were exposed to 360C for 3 h in the same medium, and then cell 
viability was determined. MATa bar1 derivatives of smcl-2 and 
SMC1 strains were used for the experiments involving treatment 
with alpha-factor. No significant difference in cell viability was ob- 
served between haploids and diploids (data not shown); therefore, 
the data for four haploid and one diploid srad-2 strain as well as 
for two (haploid and diploid) SMC1 strains were averaged to give 
the mean values presented in the histogram. The interstrain vari- 
ance is shown by error bars. Quality of arrest shows a minimal 
proportion of ceils (just prior to temperature shift) with bud mor- 
phology and DNA position characteristic of the arresting condi- 
tions (starvation: unbudded cells with a single DNA mass; alpha 
factor: shmoos; hydroxyurea: large budded ceils with a DNA mass 
at the bud neck; and nocodazole: large budded cells with a DNA 
mass positioned randomly within a cell). No significant differences 
between viability of mutant and wild type strains were observed at 
230C; therefore, only data for; nonpermissive temperature are 
shown. 

cation intermediates fail to enter the gel (Hennessy et al., 
1991), Chromosomal DNA from smcl-2 mutants exhibited 
normal mobility in a pulse-field gel (data not shown). There- 
fore, by these genetic and molecular assays, the defect in nu- 
clear division in smcl-2 cells was not apparently a conse- 
quence of  DNA damage or incomplete DNA replication. 

Sequence Analysis o f  the SMC1 Gene 

To learn more about possible function of SMC1 gene prod- 
uct, the primary DNA sequence of the gene was determined. 
A single open reading frame was identified, capable of  cod- 
ing for a 1225-amino acid residue protein with predicted 
molecular mass of 141 kD (Fig. 8). The sequence of the 
Smclp was analyzed using GCG package (version 7; Genet- 
ics Computer Group, Inc., Madison, WI). Residues 33-39 
(GPNGSGK) and 79-83 (DNEG) matched two of the con- 
sensus sequences found in most NTP-binding proteins (De- 
ver et al., 1987). No match was found to a third element con- 
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Figure 8. Sequence analysis of SMC1 gene. Primary DNA sequence of SMC1 gene and putative translation product are shown, starting 
150 bp downstream of the first SpeI site (Fig. 1). Matches to the NTP-binding site consensus (GPNGSGK) and the nuclear localization 
signal (KKKRK) are shown in italics and underlined. Unique recognition sites for MluI, BamHI, XbaI, EagI, and NheI are shown. The 
sequence data are available from EMBL/GenBank under accession number I_,00602. 

served only in GTP-binding proteins. A potential nuclear 
targeting signal (KKKRK) was found as well as multiple 
putative sites for posttranslational modification (Bairoch, 
1992) (Fig. 8). Visual examination of  the polypeptide se- 
quence suggested that a significant portion of  it could form 
a coiled-coil  structure. The NewCoi l  program (Lupas et al., 
1991) was used to make a quantitative estimate of  the capa- 
bility of  Smclp to form a coiled-coil  structure. Two regions 
of  the protein, together comprising >50% of  its length, are 
predicted to form coiled-coil  with a probability close to 1 
(Fig. 9). The sequence of  the smcl-1 mutant allele revealed 
an A to G transition, changing asparagine to aspartate at the 
position 458 while the smcl-2 allele showed a single C to T 

transition, changing serine to leucine at the position 173. 
Therefore, both mutations affected residues in the first puta- 
tive coiled-coil region. 

The sequence of  the Smclp from position 287-301 matched 
the consensus for active center of  eukaryotic topoisomerases 
I ([DE]-x(6)-[GS]-x-S-K-x(2)-Y-[LIVM]) (Bairoch, 1992), 
with the exception of  one residue in the eighth position. In 
several topoisomerases,  the tyrosine residue in this con- 
sensus has been shown to be essential for topoisomerase 
function. This tyrosine is responsible for covalent linkage of  
the topoisomerase to D N A ,  and its substitution by phenyl- 
alanine abolishes topoisomerase activity (Lynn et al., 1989). 
The corresponding Tyr ~ residue of  Smclp was altered to 
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Figure 9. Prediction for coiled-coil structure for Smclp and 
Mycll5p. Probability (%) of coiled-coil formation in Smclp and 
Mycll5p was generated by NewCoil program (Lupas et al., 1991) 
using the maximal window width (24 residues). 

phenylalanine by site-directed mutagenesis. The resulting 
mutant gene was able to complement minichromosome loss 
in smcl-1, temperature sensitivity of smcl-2, and inviability 
of smcl-~2. These results demonstrate that Tyr 3°° is not es- 
sential for Smclp function and that similarity between re- 
gion 287-301 and the topoisomerase consensus may be 
fortuitous. 

SMCI  Is an Evolutionary Conserved Gene 

We carried out comparison of the Smclp amino acid se- 
quence to amino acid sequences of other proteins with 
BLASTP and TBLASTN programs (Altschul et al., 1990). 
Related sequences were found not only in yeast, but in 
mycoplasma, purple nonsulfur bacteria, and mouse as well 
(Fig. 10). The sequence from Mycoplasma hyorhinis was a 

full-length gene encoding a ll5-kD protein of unknown 
function (Notarnicola et al., 1991). This protein shared with 
Smclp a common type of organization: two putative central 
coiled-coiled regions flanked by putative globular regions at 
the amino and carboxy termini (Fig. 9). Further indication 
of this common organization was that a putative NTP- 
binding pocket was located at the same position in these two 
proteins, and a high level of identity was found around the 
NTP-binding region and throughout the COOH-terminal do- 
main (Fig. 10). The major difference between the two pro- 
teins was that the Smclp is longer by 250 residues. These ad- 
ditional' residues appear to be equally distributed in the two 
coiled-coil regions. The similar structural organization and 
the amino acid identity in the globular domains indicates that 
the Smclp and Myc115p have a common evolutionary origin. 

In addition, a 57-residue incomplete ORF from mouse 
(Varnum et al., 1991) showed extensive identity with the 
putative NTP-binding regions of Smclp and Mycll5p. The 
degree of similarity of these sequences to each other is 
significantly greater than the similarity to NTP-binding re- 
gions of other proteins suggesting that a mammalian homo- 
logue of Smclp may exist. 

The COOH-terminal regions of Smclp and Mycll5p 
showed significant similarity to polypeptides that were con- 
ceptual products of incomplete open reading frames from 
budding yeast and purple bacteria (Fig. 10). The high level 
of identity between the Smclp peptide (residues 1129-1165) 
and the corresponding regions from the other three polypep- 
tides suggests that these proteins could be considered an 
evolutionary related group, and the peptide can be used as 
a signature for this family. We named this peptide a "DA-box" 
after the highly conserved aspartate (D) and alanine (A) 
residues present in it (Fig. 10). The analysis of the COOH- 
terminal region of Smclp by several algorithms for predicting 
secondary structure (Chou and Fasman, 1978; Gamier et 
al., 1978; Rost and Sander, 1993) suggested that it contained 
a putative helix-loop-helix structure. The first helix and loop 
(Fig. 10) was comprised of the residues in the DA-box. The 
second helix was comprised of a dozen residues immediately 
following the DA-box. This helix-loop-helix structure was 
common to all of the homologues analyzed. 

Smclp 

M.h.ll5p 

Mouse URF 

1 
MGRLVGL~LSNFKSYRGVTKVGFGESNFTSIIGPNGSGKSN~AISF~L~VRSNHLRSNILKDLIY... 

M +L+ +~+ FKS+ + F S I+GPNGgGKgN+ ~AI ~rL~ +S 

MLKLIKI~IEGFKSFADPISINFDGS-WGIVGPNGSGKSNIN~AIRW~EQS..- 45% 

N'~Y G VG F+ IIGPNGSGKSN++~++ F ~  R+ ÷RS L LI+ 

..N~YAGEKLVGPFHKRFSC~IGPNGSGKSNVI~SMLF~F~YRAQKIRSKKLSVLIH... 52% 

Helix I Loop Helix I I  
1093 ************ .................... ************* 

Smclp . ~AGGN~SLTIEDEDEPFNA-~IKYHATppLKRFKDMEYLSGGEKTVA~LFAINSYQ~SPFFv/~d~A~IT~VQRIAAYIRR • - - 

+GG+A + D ++ N+G+ A Pp K K++ SGGEK++ A+÷LLFAI +p p +LDEV+~A~ +NV R +++ 

M. h. 115p.. C~K~E IHFTDKNDILNSGVEI SAQ~GKTIKNLRLFSGGEKAI IAISLLFAILKARPI PLC I LDEVE~ESNVIRYVEFLK -. - 41% 

+GG A LT+ + D+P +AG+ A+PP KR + LSC43E +++A A~LFA+ p+p VLDEVDA+LD +NV+R A +R 

Rh.r.URF GC~Rd~HLTL I ES DD PLEA.~LE IMAS p PGKRLQS LGLLSGGEQALTATA~LFAVFLTNPA~ I CVLDEVDAPLDDANVDRFCAMLR... 48% 

LSC-G++++ ~L+L+ A+ ++~+p ++LDEVD~A~+++ Q I+ I+ 

S.c. ARS . .LSGGQRSLIALSLIM~LLQFRPApMYILDEVD~A~LSHTQNIGHLIK... 45% 

< .................... DA-box ................... > 

Figure 10. Alignment of amino- 
and carboxy- termini of Smclp to 
potentially homologous polypep- 
tides. Alignment of the most con- 
servative parts of Smclp is shown 
to: M.h. 115p, Mycoplasma hyor- 
hinis 115 kD protein (Notamicola 
et al., 1991); mouse UP&,, partial 
ORF (-1 frame) from mouse 
eDNA clone (Varnum et al., 
1991); Rh. r. URF,, Rhodospiril- 
lum rubrum partial ORF (+3 
frame) located upstream of F(0) 
gene cluster (Falk and Walker, 
1988); S.c. ARS, yeast partial 

ORF (-1 frame) from ARS-containing clone of chromosome VI (Shirahige et al., 1993). Blocks of alignment are presented as appeared 
in BLAST report, with consensus sequences generated from pairvise comparison of Smclp to putative homologues. Percent identity is 
shown only for the sequences displayed. Boundaries between the helices and the loop are shown according to prediction (Rost and Sander, 
1993) made for Smclp. Region designated "DA-box" is marked with arrows. 
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Figure 11. Immunodetection of Smclp in total yeast cell extract. 100 
#g of total yeast protein were loaded per lane of 10% PAG and 
resolved by electrophoresis (1,200 V x h). Lane 1, extract of 
MAY591 (SMCI) grown in YEPD to late log phase; lane 2, 
AS153/pAS182 (SMC1/GAL:SMCI) extract after induction with 2 % 
galactose added 10 h prior to cell harvest; lane 3, 2bAS154/pAS211 
(smcl-A2/SMCl::myc) extract (YEPD); lane 4, AS153/pAS197 
(SMC1/GAL:SMCI::myc) induced with galactose for 10 h. Lanes 1 
and 2 were probed by anti-pSmcl rabbit antibodies (1:100 dilution) 
and lanes 3 and 4 with anti-myc monoclonal antibodies (1:2 dilu- 
tion). Position of molecular weight standards and the bands corre- 
sponding to Smclp or Smcl-mycp are shown. 

Antibodies Specific for Smclp Recognize 
a 165-kD Protein 

To characterize the SMC1 gene product, polyclonal rabbit 
antibodies were raised against the E. coil-produced PEP185 
(residues 794-1225 of Smclp). In addition, we introduced 
the myc-epitope tag (Roth and Gall, 1989) in frame into one 
of the putative coiled-coil regions of the Smclp (predicted 
molecular mass 151 kD). The SMCl::myc gene on the CEN 
plasmid pAS211 was able to complement stud-A2 and smcl-2 
alleles, indicating that the fusion protein was functional in 
vivo. Affinity-purified rabbit anti-Smclp antibodies as well 
as monoclonal anti-myc antibodies recognized bands of 165 
and 178 kD, respectively, in total cell extracts (Fig. 11). The 
apparent molecular weight of the proteins in these bands 
were close to the predicted molecular weights of Smclp and 
Smcl-mycp, respectively. SMC1 and SMCl::myc were put 
under GAL/0,~-controlled promoter and integrated into the 
chromosome of SMC1 diploid AS153. These cells grew at 
normal rates in the presence of galactose (data not shown). 
When extracts were prepared from these induced cells, in- 
tensity of the 165- and 178-kD bands increased (Fig. 11). 
These data strongly suggest that the 165- and 178-kD pro- 
teins recognized by the antibodies were indeed the product 
of the SMC1 and SMCl::myc genes, respectively, and that 
overproduction of Smclp apparently was not toxic to cells. 
Finally, using these antibodies we analyzed the amount of 
Smclp in protein extracts made from a panel of cdc-mutants 
arrested at specific points of the cell cycle. No differences 
were observed (data not shown) suggesting that the amount 
of Smclp does not vary during the cell cycle. 

We have used these antibodies in an attempt to localize the 
Smclp in the cells by indirect immunofluorescence (Fig. 12 
A). When Smclp was expressed from its own promoter we 
observed weak nuclear staining and some diffuse cytoplas- 

Figure 12. Immunofluorescent staining of yeast cells with antibod- 
ies directed against Smclp and Smcl-mycp. Cells of AS153 strain 
where subjected to indirect immunofluorescent staining with affin- 
ity-purified anti-Smclp rabbit antibodies (A). Alternatively anti- 
myc antibodies were used to stain cells expressing Smcl-mycp 
(AS248/pAS211) (B), or isogenic cells lacking the myc tag (AS248/ 
pAS128) (C). 

mic staining in most cells. Some small bright dots that usu- 
ally colocalized with the nuclear DNA were also observed. 
As the SMC1 gene is essential, we were unable to stain the 
cells with the gene deleted to address whether the observed 
staining pattern was specific for Smclp. As an alternative, we 
constructed strains that were deleted for the chromosomal 
SMC1 gene and contained either the SMC1 gene or the 
SMC::myc gene on a centromere-based plasmid. These 
strains were subjected to indirect immunofluorescence using 
anti-myc antibodies. In cells expressing the Smcl-mycp, the 
anti-myc antibodies gave nuclear and cytoplasmic staining 
that was very similar to the pattern observed for cells stained 
with the polyclonal anti-Smclp antibodies (Fig. 12 B). In the 
same cells that did not contain the Smcl-myc protein, the 
anti-myc antibodies failed to give any staining (Fig. 12 C), 
demonstrating that the staining observed with the anti-myc 
antibodies was specific for the Smcl-mycp. We did not ob- 
serve the bright nuclear dots when the cells expressing Smcl- 
mycp were stained with the anti-myc antibodies (Fig. 12 B). 
Therefore, relevance of the dots for Smclp is unclear. Taking 
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all the immunolocalization results together, we suggest that 
the Smcl protein is concentrated in the nucleus but also pres- 
ent in the cytoplasm. 

Discussion 

Smcl Protein Has an Essential Activity Required 
for Chromosome Segregation 

Here we demonstrate that the SMC1 gene encodes a 141-kD 
protein whose function is essential for mitotic cell divisions 
in S. cerevisiae. We show that a new allele, smcl-2, causes 
improper transmission of natural chromosomes while the 
smcl-1 mutation interferes with accurate transmission of cir- 
cular minichromosomes and linear chromosome fragments 
(this study; Larionov et al., 1985). Hence, Smclp is required 
for the mitotic transmission of artificial and natural chromo- 
somes. 

The original observation that smcl-1 mutants undergo 
frequent minichromosome nondisjunction (Larionov and 
Strunnikov, 1987) indicated that Smclp might be required for 
chromosome segregation. Four additional observations in 
this study support this conclusion. First, previous analysis 
of a large number of yeast mutants has indicated that defects 
in replication factors such as DNA-polymerase and DNA- 
ligase increase both chromosome recombination and loss 
(Hartwell and Smith, 1985; Palmer et al., 1990). In con- 
trast, defects in segregation components, such as the major 
protein of mitotic spindle, tubulin, dramatically elevate 
chromosome loss but not recombination (Huffaker et al., 
1988). As smcl mutants exhibited increased rates of chromo- 
some loss but no detectable increase in mitotic recombina- 
tion (this study), they behave most like other mutants defec- 
tive in chromosome segregation. Second, when yeast cells 
are depleted for SMC1 function, almost half of the cells in 
the population acquire a cell morphology and DNA content 
indicative of a delay or an arrest in the G2-M portion of the 
cell cycle. This delay occurs in the absence of RAD9 func- 
tion. RAD9-independent G2-M delays are characteristic of 
mutants defective in segregation but not in DNA replication 
or repair components (Weinert and Hartwell, 1988). Third, 
smcl-1 induces loss of minichromosomes that use centromere- 
based segregation but not those that use 2/~ plasmid or telo- 
mere-mediated segregation. This specificity is also consis- 
tent with Smclp functioning in some aspect of centro- 
mere-based segregation. Fourth, temporary loss of SMC1 
activity in asynchronously dividing cells leads to their death. 
More importantly, cell death is also observed when SMC1 
function is transiently inactivated in cells arrested in G2-M. 
However, far fewer cells die when SMC1 activity is tran- 
siently disrupted in cells synchronized in GO, G1, or S. These 
results suggest that the essential function of Smclp occurs at 
the time of mitosis. While individually each of these four 
observations has alternative interpretations, taken together 
they strongly suggest that Smclp has an essential function in 
yeast nuclear division and/or chromosome segregation. 

Mutations that perturb segregation components often 
cause cells to arrest uniformly in the cell cycle with a 2C con- 
tent of DNA, a large bud, an undivided nucleus, and a short 
spindle. While a significant fraction of smcl-2 cells acquire 
this classical G2-M arrest, many cells appear to have a par- 
tially elongated or broken spindle with the nucleus pinched 

into two masses connected by a thin thread of DNA. In addi- 
tion, a significant fraction of unbudded and small budded G1- 
like cells are also observed. The failure to observe a uniform 
arrest in smcl-2 mutants has several explanations. It is possi- 
ble that residual SMC1 function persists at the nonpermissive 
temperature; eventually the cell accumulates enough of this 
residual function to proceed through an anaphase. However, 
this model does not explain why, at the nonpermissive tem- 
perature, smcl-2 cells die rapidly and fail to exhibit the 
telophase morphology expected for the successful comple- 
tion of a normal anaphase (two DNA masses at the end of 
a spindle that traverses the length of the cell). As an alterna- 
tive model, smcl-2 cells may never complete anaphase before 
they undergo cytokinesis. The cells with the pinched nuclei 
would be in the middle of such precocious cytokinesis while 
the Gl-like cells would be the lethal products of such abortive 
cytokinesis. A similar cut phenotype was reported in seg- 
regation mutants of Schizosaccharomyces pombe mutants 
(Samejima et al., 1993), in topoisomerase II (Holm et al., 
1989), and a centromere protein mutant (Doheny et al., 
1993) in budding yeast. 

Smclp Represents a New Family of Proteins 

Comparison of the predicted amino acid sequence of Smclp 
with other proteins in databases indicates that this protein, 
as a whole, is not a homologue of any protein with known 
biochemical function. However, analysis of primary and sec- 
ondary structure within the predicted Smclp amino acid se- 
quence, suggests that Smclp is a member of a new family of 
structurally similar proteins. Based upon the comparison of 
two members of the family (Smclp and Mycll5p), a typical 
member of the family apparently consists of two large central 
domains capable of forming coiled coil. This central re- 
gion is flanked by NH2-terminal NTP-binding region and a 
COOH-terminal domain containing a novel, highly con- 
served 35-residue peptide, or DA-box. From this compari- 
son we conclude that members of this family exist at least 
in both prokaryotes and lower eukaryotes. While no other 
full-length homologue was found in databases, the putative 
NH:- and COOH-terminal globular regions of SMC1 were 
highly similar to polypeptides that were the putative prod- 
ucts of incomplete open reading frames from mouse, bud- 
ding yeast, and purple bacteria. Furthermore, another full- 
length homologue has been discovered recently in C. elegans 
(P. Chuang and B. Meyer, personal communication). There- 
fore, it seems likely that the members of the DA-box family 
are ubiquitous. 

Potential Functions of SMC1 

The primary molecular function of the Smclp remains ob- 
scure. However, certain models for its function could be sug- 
gested based upon its proposed structure. The juxtaposition 
of a putative NTP-binding domain with an extensive coiled- 
coil region in Smclp is highly reminiscent of NTP-dependent 
motor proteins kinesin and myosin. Indeed, putative protein 
motors have been implicated in chromosome segregation 
(Hagan and Yanagida, 1990; Saunders and Hoyt, 1992; Yen 
et al., 1992). However, Smclp shares no homology with any 
known mechanochemical domain. Therefore, if Smclp is a 
force generating protein, it represents a new class. Interest- 
ingly, the RAD50 product of yeast (Alani et al., 1989) and 
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the E. coli protein mukB (Niki et al., 1992) share a similar 
organization with these motors and Smclp. While no motor 
activity has been identified for Rad50 and mukB proteins, 
these proteins are known to be important in yeast meiosis 
and in E. coli nucleoid segregation, respectively. 

Alternatively, models for Smclp function could be derived 
from the phenotype of smcl mutants and the high degree of 
sequence conservation between Smclp and several proteins 
from evolutionary distant organisms. As SMC1 function is 
required for proper segregation of nuclear DNA in yeast, and 
Smclp has a bacterial homologue, Smclp may perform a 
segregation function that is common to both prokaryotes and 
eukaryotes. Clearly, a substrate common to chromosome 
segregation in all cellular organisms is a chromosome itself. 
Thus, Smclp-like proteins would be involved in some ubiqui- 
tous process facilitating chromosome segregation, such as 
restructuring a nucleoskeleton (cytoskeleton in bacteria), 
assembly of partition locus (centromeres in yeast), organiza- 
tion of chromosome structure (condensation or decondensa- 
tion), or association of sister chromatids. The idea that 
Smclp acts at the chromosomal level is supported by its nu- 
clear localization and the general structural similarity of 
Smclp to Rad50p, a molecule known to be involved in chro- 
mosome metabolism in meiotic cells (Alani et al., 1990). 
Moreover, we have recently identified a high copy suppres- 
sor of the temperature-related lethality of smcl-2. DNA se- 
quencing of the suppressor gene revealed an open reading 
frame with a HMG1 motif common for nonhistone chro- 
mosomal proteins (Kolodrubetz, 1990). While these obser- 
vations and the conserved structure of DNA would make 
chromosomes a likely target for Smclp, we can not rule out 
the possibility that components of the segregation machinery 
other than chromosomal DNA are actually conserved be- 
tween eukaryotes and prokaryotes. We anticipate that valid- 
ity of the hypothetical models presented will be resolved by 
ongoing biochemical analysis of Smclp function in yeast, as 
well as by studies on potential Smclp homologues in other 
organisms. Regardless of the particular function of Smclp, 
the prospect of a novel, yet highly conserved function in cell 
division cycle is very interesting. 
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