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ABSTRACT
In a search for regulatory genes affecting the targeting of the condensin complex to chromatin in
Saccharomyces cerevisiae, we identified a member of the adenovirus protease family, SMT4. SMT4 overexpres-
sion suppresses the temperature-sensitive conditional lethal phenotype of smc2-6, but not smc2-8 or smc4-1.
A disruption allele of SM74 has a prominent chromosome phenotype: impaired targeting of Smc4p-GFP
to rDNA chromatin. Site-specific mutagenesis of the predicted protease active site cysteine and histidine
residues of Smt4p abolishes the SMT4 function in vivo. The previously uncharacterized SIZ1 (SAP and
Miz) gene, which encodes a protein containing a predicted DNA-binding SAP module and a Miz finger,
is identified as a bypass suppressor of the growth defect associated with the SMT4 disruption. The SIZI
gene disruption is synthetically lethal with the SIZ2 deletion. We propose that SMT4, SIZ1, and SIZ2 are

involved in a novel pathway of chromosome maintenance.

HE condensin complex plays an essential role in

chromosome condensation in all eukaryotes stud-
ied so far (KiMmura and HiranNo 1997; SuTant el al.
1999; FREEMAN et al. 2000). The activity of the purified
condensin complex from Xenopus laevis embryos has
been recently characterized in vitro (KIMURA et al. 1999).
The complex introduces a positive writhe in DNA in
an ATP-dependent fashion, an activity believed to be
central to its chromosome condensation function in
vivo. In the yeasts Saccharomyces cerevisiae and Schizosac-
charomyces pombe condensin is crucial for mitotic chromo-
some condensation and segregation. The S. cerevisiae
condensin subunits are encoded by five genes, SMC2,
SMC4, BRN1, YCS4, and YCS5/YCGI (FREEMAN et al.
2000; LAvork et al. 2000; OUSPENSKI et al. 2000).

The SMC components of condensin belong to the
SMC family of ABC-class ATPases, a group of proteins
that is nearly ubiquitous and highly conserved in evolu-
tion (HiraNoO 1999). In S. cerevisiae, the Smc2 and Smc4
proteins are bound to chromosomes throughout the
cell cycle, with unique binding characteristics coincid-
ing with the G2/M phase of the cell cycle (FREEMAN et
al. 2000). Mutations in these genes impair chromosome
condensation and lead to incorrect chromosome trans-
mission in anaphase. Chromosomes containing rRNA
genes (rDNA) are especially sensitive to condensation
defects (FREEMAN et al. 2000).

In contrast to the apparent high degree of conserva-
tion of the mechanism of condensin activity throughout
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Eukaryota, the regulation of condensin is not as con-
served. In X. laevis embryonic extracts, mitosis-specific
activity of condensin is triggered by the cdc2-dependent
phosphorylation of three non-SMC condensin subunits,
XCAP-H, XCAP-D2, and XCAP-G (KiMURA et al. 1998).
Mitosis-specific targeting of condensin to chromatin
sites is one possible regulatory mechanism of chromo-
some condensation. Targeting of condensin to chromo-
somes in human cells is mediated by a kinase-anchoring
protein AKAP95 (CoLrvras et al. 1999). In S. pombe, mito-
sis-specific phosphorylation of cut3, the Smc4p or-
tholog, is required for condensin activity and proper
targeting in vivo (SUTANI et al. 1999). In S. cerevisiae, the
phosphorylation sites identified in X. laevis and in S.
pombe are not conserved, and phosphorylation of con-
densin subunits has not yet been demonstrated. Thus
the mechanism of condensin regulation, particularly
targeting to chromatin in mitosis in S. cerevisiae, remains
unknown.

We used a genetic approach to identify the potential
regulatory factors that affect condensin activity and
chromatin targeting in S. cerevisiae. A gene dosage sup-
pressor screen was used to isolate the genes that, when
overexpressed, suppress mutations in the genes encod-
ing the SMC proteins, the core condensin subunits. The
isolated suppressor of the smc2-6 allele, SMT4, encodes
amember of the adenovirus protease (AVP) family (STE-
PHENS el al. 1998). We show that predicted catalytic
residues of this protease are required for the smc2-6
suppressor activity. The only paralog of Smt4p in S.
cerevisiae, Ulplp, is an isopeptidase involved in removal
of small ubiquitin-like protein (SUMO; SArTOH et al.
1997; KreTz-REMY and TanNcuay 1999), encoded by
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the SMT3 gene (MELUH and KOSHLAND 1995; JOHNSON
et al. 1997), from SUMO-conjugated intracellular pro-
teins (L1 and HOCHSTRASSER 1999). Smt4p also has a
SUMO-cleaving activity in vitro (L1 and HOCHSTRASSER
2000) and possibly in vivo, which raises the possibility
of SUMO-mediated regulation of condensin or other
proteins required for the condensin function in S. cere-
visiae. The requirement for SMT4 is bypassed when a
previously uncharacterized gene SIZI, which encodes a
predicted DNA-binding protein, is overexpressed, sug-
gesting a possible mechanism integrating higher order
chromatin structure and SM74 function.

MATERIALS AND METHODS

Cloning, DNA sequencing, and sequence analysis: The
SMT4 and SIZ1 genes were isolated as dosage-suppressors es-
sentially as described previously (Guaccr et al. 1997). The
strain 3aAS283 (MATo ade2 his3 leu2 lys2 wra3 smc2-6) was
transformed with a multicopy genomic library containing ei-
ther LEU2 or URA3 markers (gifts of P. Hieter and |]. Boeke)
and transformants growing at 36° were selected. Two indepen-
dent overlapping clones contained the SMT4 gene (pAS322
and pAS323) and one contained the SSDI/SRKI gene
(pAS321). Cloning of SIZI was done with the strain 4aAS320
(Table 1) using the same approach. Two independent clones
were isolated, one containing the SM74 gene, and the other
one encompassing three open reading frames (ORFs),
YDR409w, ADES, and truncated YDR407c¢ (pAS358). A series
of deletions confirmed that YDR409w encodes a bypass sup-
pressor of the smt4-A2allele. The DNA sequence of SMT+4 was
determined by partial clone sequencing (ABI Prism 377 dye-
terminator method; Applied Biosystems, Foster City, CA) and
from the Yeast Genome Project (GALIBERT et al. 1996; JonN-
STON el al. 1997).

Protein sequence database searches were performed using
the gapped BLAST program or the position-specific iterating
BLAST (PSI-BLAST) program (ALTSCHUL et al. 1997). Multi-
ple alignments of protein sequences were constructed using
the Clustal_X (THOMPSON e¢f al. 1997) or MacVector (Oxford
Molecular) programs. Structural models were constructed us-
ing the ProMod program (Perrscu 1996) and visualized using
the MolScript program (Krauwris 1991).

Strains, plasmids, and genetic techniques: Genotypes of
yeast strains are shown in Table 1. To disrupt the chromosomal
copy of the SMT+4 gene, AS260 (STRUNNIKOV et al. 1995b) was
transformed with the Sphl-Nhel fragment of pAS334 containing
the ADE2 marker inserted between the BamHI sites of SMT4.
The resulting diploid AS320 (Table 1) was subjected to genetic
analysis yielding 2:2 segregation of the slow growth and tem-
perature-sensitive (ts) phenotypes, cosegregating with Ade™.
The SIZ1 ORF was replaced by HIS3 (BamHI-BamHI) in plas-
mid pAS358 digested with BamHI and Bglll. A Xhol-EcoRI frag-
ment of the resulting plasmid was transformed into AS260,
giving AS417. Haploid sizI-A1::HIS3 strains were isolated as
meiotic progeny. Alternative deletion of SIZ1, sizI-A0::kanMX,
and SIZI deletion sizI-A0::kanMX were generated by the sys-
tematic ORF deletion project (WINZELER et al. 1999) and ob-
tained from Research Genetics. Strains 14245 and 2412 were
crossed to form the AS399 diploid (Table 1).

SMT+4 was tagged with HA and MYC epitopes using the
following approach. Plasmid pAS337 containing the full-
length SMT4 was digested with Bglll and the 6MYC BamHI
fragment or 3HA Bgll fragment was inserted to generate
PAS337/1 and pAS356, respectively.

SMT+4 mutagenesis was performed with two sets of over-
lapping mutagenic primers: AACATAAGTTACGCGTGGTT
TAGTTGCATTATAACAAAC/GCAACTAAACCACGCGTA
ACTTATGTTAATTGGTATAAC (smt4-H531A, Mlul marker
site) and AATATGAGCGATATCGGTGTTCATGTTATTTTGA
ATATT/AACATGAACACCGATATCGCTCATATTAGGTT
GTTGTGG (smt4-C6241, EcoRV marker site) using PCR with
Pfu polymerase. For each mutation two overlapping PCR prod-

TABLE 1

Yeast strains

Strain Genotype

Source

3aAS283

MATo ade2-101 his3-A200 leu2-A1 lys2-801 ura3-52 smc2-6

STRUNNIKOV et al. (1995a)

AS260 MATa/o ade2-101 his3-A200 leu2-A1 lys2-801 trpI-A63/ TRP1 ura3-52 Guaccr et al. (1997)
AS320 MATa/a ade2-101 his3-A200 leu2-A1 lys2-801 trpl-A63/ TRPI ura3-52 This work
SMT4/ smt4-A2::ADE2
4aAS320 MATa ade2-101 his3-A200 leu2-A1 lys2-801 wra3-52 smi4-A2::ADE2 This work
4aAS320b MATa ade2-101 his3-A200 leu2-A1 lys2-801 ura3-52 smt4-A2::ADE2 This work
barl-A::hisG
YPH499b MATa ade2-101 his3-A200 leu2-A1 lys2-801 trpI-A63 ura3-52 barl-A::hisG FREEMAN et al. (2000)
YPH499bp MATa ade2-101 his3-A200 leu2-A1 lys2-801 trpl-A63 ura3-52 barl-A::hisG FREEMAN et al. (2000)
pep#-A::HIS3
AS417 MATa/o ade2-101 his3-A200 leu2-A1 lys2-801 trpl-A63/ TRP1 This work
ura3-52 SIZ1/ siz1-A1::HIS3
14245 MATo his3-A1 leu2-A0 lys2-A0 ura3-A0 sizI-AO::kanMX Research Genetics
2412 MATa his3-A1 leu2-A0 met15-A0 ura3-A0 siz2-A0::kanMX Research Genetics
AS399 MATa/o his3-A1 leu2-A0O LYS2/ lys2-A0 MET15/ met15-A0 ura3-A0 This work
SIZ1/ sizI-AO::kanMX SIZ2/ siz2-A0::kanMX
BY4733bp4 MATa his3-A200 leu2-A0 met15-A0 trpl-A63 ura3-A0 barl-A::LEU2 FREEMAN et al. (2000)

pepd::HIS3 YCS4:12His:6HA::URA3
MATa ade2-101 his3-A200 leu2-A1 lys2-801 ura3-52 smt4-A2::ADE2 barl-A

1-4aAS320b/pAS622
SIR2:GFP::HIS3 SIR4-42::URA3

This work
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ucts were joined in the second-round PCR and cloned into
Eagl and Agel sites of a SMT4-HA plasmid (pAS356), resulting
in pA637 (smt4-H531A) and pAS637/1 (smt4-C6241I).

Yeast cultures were maintained following standard tech-
niques (Rosk et al. 1990). Cell-cycle experiments were con-
ducted as described previously (STRUNNIKOV el al. 1995a;
Guacclr et al. 1997). Due to high lethality of the smt4-A cells,
full synchronization was not achievable. Chromosome and
minichromosome loss rates were measured as described pre-
viously (STRUNNIKOV et al. 1993).

Antibodies and microscopy: All commercial antibodies were
used according to manufacturer recommendations. Chroma-
tin-binding assays were performed according to LiaNG and
STILLMAN (1997), except cells were disrupted at 4° with five
2-min rounds of glass-bead beating due to extreme instability
of Smt4p in the course of proteolytic removal of the cell
wall at 23°. Immunoprecipitations and immunofluorescent
staining were performed as described (FREEMAN et al. 2000).
Chromatin immunoprecipitation was done with an asynchro-
nous cell population (grown at 23°) exactly as in FREEMAN ¢t
al. (2000), with one modification: PCR products from the
input DNA were quantified and the chromatin immunoprecipi-
tation (ChIP) results were expressed as ratios between immmu-
noprecipitated and total (input) DNA. This approach allows
direct comparison of ChIP results obtained for different pro-
teins. The strains 4aAS320bp/pAS337 (without an HA tag)
and BY4733bp4 (Ycs4p-HA) were used as the negative and
positive controls, respectively, in every ChIP experiment with
4aAS320bp/pAS356 (Smtdp-HA).

To stain cells with a double deletion of SIZI and SIZ2
(bdAS399) cells were collected from the surface of agar and
resuspended in 200 pl YPD. After 1-day incubation at 23° they
were fixed with 3.7% formaldehyde, washed three times with
PBS, concentrated, and mounted for microscopy with 4’,6-
diamidino-2-phenylindole (DAPI)-containing mounting me-
dia. Microscopy was done with a Zeiss AxioVert 135M micro-
scope with epifluorescence. The images were collected at
X100 or X250 magnification using a MicroMax cooled CCD
camera (Princeton Instruments), Z-axis motor assembly
(Ludl), and IP Lab software (Scanalytics). Ten 0.3-um optical
sections for each field were converted into a stacked image
with IP-Lab software (Scanalytics).

RESULTS

Isolation of SMT4: We undertook a dosage suppressor
screen for genes potentially interacting with ts muta-
tions in the SMC2 and SMC4 genes, which encode sub-
units of S. cerevisiae condensin (FREEMAN et al. 2000),
using two multicopy vector libraries. Of the three alleles
used, smc2-6, smc2-8, and smc4-1, only smc2-6, with the
weakest phenotype, was suppressed by genes other than
corresponding wild-type genes. Two genes were isolated
as dosage suppressors of the smc2-6 allele (Figure 1A).
These genes, however, showed no suppressor activity
toward the smc2-8 or smc4-1 mutants. The first gene,
SSD1/SRK1, was previously isolated as a suppressor of
multiple ts alleles in several unrelated genes (SutTON
et al. 1991; WILSON ef al. 1991). This gene, albeit impor-
tant for chromosome stability (UESONO et al. 1994), was
not analyzed further in this study. The second gene,
SMTH4, was independently isolated as a high-copy sup-
pressor of the mif2-1 mutation (MELUH and KOSHLAND
1995; StruNNIKOV 1998) and, hence, given its name

(Suppressor of Mif Two). The SMT4 gene is predicted to
encode a 117-kD protein. The protein of the corre-
sponding size was detected by Western blot analysis (not
shown) when an epitope-tagged SMT4 (Figure 1B; MaA-
TERIALS AND METHODS) was introduced into yeast cells
on a multicopy plasmid. Expression of a single copy of
tagged SMT4under its own promoter was not detectable
by Western blot, indicating that Smt4p is not an abun-
dant protein. We used the 2 plasmid vector with a
tagged SMT4 to localize the Smt4-HA protein inside the
yeast cell by indirect immunofluorescence (Figure 2A).
In all cells where staining was detected, the signal was
predominantly nuclear, with some additional cyto-
plasmic staining.

Disruption of SMT+4 with the ADE2 marker (Figure
1B) was engineered using a standard approach (see
MATERIALS AND METHODS). The meiotic progeny of the
diploid heterozygous for SMT+4 disruption was viable,
but spores containing the smt4A2::ADE2 allele germi-
nated much later and grew slower than SM7+¥ spores.
The estimated doubling time of the smt4A2::ADE2 pop-
ulation was 5 hr at 23° vs. 2 hr for the Smt4" strains.
This slow growth is likely attributed to high lethality of
smt4-A cells. The smi4-A2::ADE2 cells were also tempera-
ture sensitive and thus unable to grow at 37°, with 100%
of the smt4-A2 cells losing viability after a 6-hr incubation
at 37°. Analysis of cell morphology in a mitotically grow-
ing population of smi4-A2 cells revealed profound ab-
normalities in nuclear DNA transmission (Figure 2C),
suggesting that mitotic chromosome segregation is im-
paired even at 23°. Up to 10% of anucleate cells were
detected in the population after 4 hr of incubation at
37° (Figure 2D). Thus SMT4 function is important for
proper progression through mitosis in S. cerevisiae.

Loss of SMT#4 affects chromosome structure: The
smi4-A2 strains display a variety of morphological and
genetic defects, including abnormal mitotic spindle struc-
ture and benomyl hypersensitivity (data not shown). The
strains carrying the sm¢4-A 2 allele also displayed severely
diminished minichromosome stability (<1%) and chro-
mosome III segregation fidelity (loss rate 1.9 X 107%
see MATERIALS AND METHODS). This phenotype of the
smi4-A 2 mutant cell may be a result of improper centro-
mere attachment to the mitotic spindle. Indeed, investi-
gation of mitotic spindles visualized in smt4A 2 cells with
Tub3p-green fluorescent protein (GFP) and segrega-
tion of pericentromeric regions labeled with lacO/Lacl-
GFP tags (STRAIGHT el al. 1996) demonstrated that at
least one quarter of smt4A2 cells have a morphology of
spindle collapse (A. STRUNNIKOV, unpublished data).
However, analysis of the sm{4-A 2 strain for the synthetic
acentric phenotype (STRUNNIKOV et al. 1995b) did not
reveal any specific interaction between the sm¢4 deletion
and cis centromere mutations in CDEI, CDEII, and
CDEIII (data not shown). The broad-peak DNA content
determined by FACS analysis of the asynchronous
smi4-A2 population at 37° (Figure 2B) suggests that
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Smt4p could function in chromatin assembly or matura-
tion, which in turn might affect chromosome condensa-
tion. Smt4p itself is associated with chromatin (Figure
2E), as shown by the chromatin-binding assay (LiaNG
and STILLMAN 1997). Moreover, Smt4p is detectable by
ChIP analysis in rDNA chromatin, a preferred chromo-
somal site of yeast condensin (FREEMAN ef al. 2000; Fig-
ure 2F). There is six to eight times less Smt4p than
Ycs4p (a condensin subunit) in rDNA chromatin, yet
the binding profile across the 9-kb repeat is similar.
Considering that Smt4p binding to the chromosomal
sites was not mapped yet at a genome-wide scale there is
a distinct possibility that some other chromatin domains
with a higher concentration of Smt4p can be found.
The SMT4 gene is required for mitosis-specific tar-
geting of condensin to the rDNA locus: As an excess of
Smt4p suppresses the mutation in the Smc2 protein,
a condensin subunit, and Smt4p itself is a chromatin
component, we assessed the consequences of SM7+4 dis-
ruption on condensin targeting in yeast cells. In a recent
study (FREEMAN et al. 2000), we showed that chromo-
some condensation in S. cerevisiae can be monitored in
live cells using the mitosis-specific intranuclear redistri-
bution of condensin visualized with Smc4p-GFP. We
applied this assay to smt4-A2 strains because high lethal-
ity of these cells prevents their synchronization and thus
precludes a traditional assessment of chromosome con-
densation by fluorescent in situ hybridization (FISH;
Figure 3A). At 23°, the smt4-A2 strain displayed residual
subnuclear concentration of Smc4p-GFP that reached
neither full size nor the characteristic crescent shape
of nucleolar chromatin in an isogenic wild-type strain

(Figure 3B). Most of the Smc4p-GFP was diffusely dis-
tributed throughout the nucleus. We also monitored
GFP signal in 600 budded smi4-A2 cells incubated at 37°
for 6 hr (Figure 3B). In all cases, no specific nucleolar
staining was observed even in >50 cells displaying the
clear morphology of anaphase cells, which in the wild-
type strain manifest the most characteristic rDNA stain-
ing (Figure 3B, inset). All GFP signal was nuclear with-
outany reproducible subnuclear concentration, indicat-
ing that targeting of condensin to rDNA and probably
chromosome condensation did not occur. To test
whether this smi4-A 2 phenotype is specific for condensin
mitotic targeting we tested localization of another abun-
dant nucleolar chromatin protein, Sir2p, in the smt4A2
strain. Sir2p-GFP (FREEMAN et al. 2000) was still effec-
tively targeted to the nucleolus in the smt4A2 cells (Fig-
ure 3C). Thus SMTH4 is the first yeast gene that affects
mitosis-specific targeting of condensin to rDNA and
thus might be a regulator of condensin function in S.
cerevisiae.

SMT+4 encodes a protease of the adenovirus protease
family: Deletion analysis of the SMT4 gene (Figure 1B)
showed that a central part of the protein is essential for
its function. As was shown previously, this domain of
Smt4p belongs to the family of experimentally charac-
terized and predicted proteases whose structural proto-
type is the adenovirus protease (hereinafter adenovirus
protease, or AVP, family; STEPHENS el al. 1998). An itera-
tive database search using the PSI-BLAST program (cut
oft for inclusion of sequences in the profile ¢ = 0.01)
with the central region of Smt4p as the query showed
statistically significant similarity to a number of eukaryo-
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tic proteins from fungi, animals, and plants as well as
limited similarity to adenovirus proteases and predicted
proteases of poxviruses. It was, however, difficult to as-
certain orthologous relationships between Smt4p and
other eukaryotic proteins, beyond its counterpart in S.
pombe, due to the limited sequence conservation in the
predicted protease domain (20% identity with the most
similar homologs in ~200-amino-acid alignment) and
differences of the overall domain architectures. The
regions of Smt4p located upstream and downstream
of the protease domain contain long stretches of low-
complexity sequence that are predicted to adapt a non-
globular structure, but no recognizable globular do-
mains (Figure 4).
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three conserved motifs (labeled motifs I-III in Figure 4)
corresponding to the catalytic triad (histidine, aspartate,
and cysteine) that can be identified from the crystal
structure of the adenovirus endoprotease (PDB:lavp).
Thiol proteases adapt at least two widespread structural
scaffolds, the caspase/hemoglobinase and the papain/
transglutaminase/UB-hydrolase folds (RawLINGs and
BARrRETT 2000). While the linear arrangement of the
catalytic histidine and cysteine in the AVP family resem-
bles that of the caspase/hemoglobinase fold, the two
folds share no structural similarity. Identification of the
conserved sequence elements of the AVPs (Figure 4)
and mapping of these onto the crystal structure of the
adenoviral endoprotease (Figure 5A) show that they
correspond to a core of three strands of a central B-sheet
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FIGURE 3.—SMT+4 deletion abolishes mitotic targeting of
condensin to rDNA chromatin. (A) FACS analysis of 4aAS320b
showing failure to form uniform arrest-specific peaks at 23°.
Cells were treated with a-factor (o-f), hydroxyurea (HU), and
nocodazole (NZ) for 7 hr. (B) Strains YPH499bp/pLF640
(SMT4) and 4aAS320b/pLF640 (smi4-A) expressing Smcdp-
GFP at 23° and 37°. YPH499bp/pLF640 cells were presynchro-
nized with a-factor to increase the proportion of mitotic cells.
In the smi4-A strain the Smc4p-GFP fusion fails to properly
localize to rDNA in a cell-cycle-specific manner. (C) The cells
of 1-4aAS320b/pAS622 (smt4-A) expressing Sir2p-GFP at 23°
and 37°.

and a C-terminal o-helix. This suggests that the AVPs
could represent a circular permutation of the papain/
transglutaminase/UB-hydrolase-like thiol protease fold
wherein the helix encompassing the catalytic cysteine
has moved to the C terminus. This predicts the typical
papain-like catalytic mechanism for the AVPs within a
similar structural framework, which is compatible with
the spatial proximity of the residues that form the cata-
Iytic triad (Figure 4). A notable feature of the AVPs is
the presence of a conserved aromatic residue (almost
always tryptophan) in the position immediately C-termi-
nal to the catalytic histidine. This residue, while not
directly involved in the reaction, is likely to perform a
critical steric role in properly orienting the ring of the
catalytic histidine for catalysis.

To verify the importance of the predicted catalytic
residues, histidine 531 and cysteine 624, for the Smt4p

function, we constructed two substitution mutants,
Hb531A and C6241. Both mutant alleles have lost the
ability to complement sm(4A2 (Figure 5B), and their
phenotypes were indistinguishable from the phenotype
of the deletion allele. Thus, the predicted catalytic resi-
dues of the AVP protease domain of Smt4p are essential
for the Smt4p function.

It was recently shown that Ulplp, a Smt4p paralog,
is the isopeptidase for the SUMO conjugates in S. cerevis-
tae (L1 and HOCHSTRASSER 1999). In addition, the SMT3
gene, encoding SUMO in budding yeast, was isolated
in the same genetic screen as SM7T4 (MELUH and KosH-
LAND 1995). In a concurrent study, Smt4p has been
shown to possess a protease activity with the SUMO
substrate in vitro (L1 and HocHSTRASSER 2000). It is not
clear, however, what is the in vivo specificity of Smt4p,
as SMT+ disruption results in both increased and de-
creased Smt3p modification of cellular proteins (L1 and
HocHsTrASSER 2000). We obtained similar results when
an epitope-tagged Smt3p (FLAG-Smt3p; JOHNSON et al.
1997) was introduced into in Smt4" and Smt4~ strains
(data not shown). This suggests that the SMT4 loss de-
fect has a pleiotropic effect on SUMO modification and
thus it is difficult to identify the specific in vivo target
of Smt4p as a SUMO hydrolase biochemically. The fact
that SMT4 and ULPI are not redundant in vivo and
localize to different cellular compartments (L1 and
HocHSTRASSER 2000) also suggests that the substrates
of these two peptidases are distinct. The components
of the condensin complex were tested as candidates for
modification by Smt3p in vivo, but SUMO modification
was not detectable on any condensin subunit in the
anti-HA tag immunoprecipitates prepared from extracts
expressing both Smp3p-FLAG and Ycsbp-HA (data not
shown). This may suggest that involvement of SMT4
and SMT3 in the condensation pathway is mediated
by some other proteins, possibly chromatin proteins
involved in condensin targeting. Thus, we applied a
genetic screen to identify the SMT4 target in vivo.

Requirement for SMT4 function can be bypassed by
overexpression of YDR409w/ SIZI: The finding that loss
of SMT4 function is not lethal, but leads to severe cell-
cycle defects, may suggest that another gene with an
overlapping function is responsible for the survival of
smi4-A 2 cells. One candidate for this role could be ULPI
(L1 and HocHSTRASSER 1999). However, the fact that
ULPI is essential for viability and distinct localization
patterns for the two proteins (L1 and HOCHSTRASSER
2000) argue against the possibility that ULPI and SMT4
functions are redundant. Such a protein could be also
a hypothetical primary substrate of Smt4p proteolytic
activity. If Smt4p is indeed a hydrolase involved in the
removal of SUMO moieties from a distinct protein, over-
expression of this target protein, presumably in the un-
modified form, could mimic the SM74 activity. Thus,
we performed a genetic screen for bypass dosage sup-
pressors to uncover genes that could compensate for
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FIGURE 5.—SMT4 mutagenesis and suppressor analysis. (A)
Mapping of the conserved motifs of the AVP family protease
fold onto the structure of the adenoviral endoprotease. The
three predicted catalytic residues and the conserved trypto-
phan residue adjacent to the predicted catalytic histidine are
shown as ball-and-stick models. (B) Inability of H531A and
C6241 mutants to complement smt4-A2 and SIZI1 suppressor
phenotype. The strain 4aAS320 was transformed with pAS356
(SMT4), pAS637 (H531A), pAS637/1 (C624I), pAS358/1
(smt4-A/SIZI), and pAS672 (vector). All plasmids are 2 based.
Threefold serial dilutions were plated and analyzed at 23° and
37° after 3 days.

the loss of SMT4. We used direct selection for increased
growth rate of the smt4A strain to identify potential
suppressing clones. As a result of this screen for overex-
pression bypass suppressors, we isolated a clone with
three ORFs, one of which, YDR409w, carried the ability
to completely suppress growth defects of smt4A2 (Fig-
ure 5B).

The YDR409w gene encodes a predicted 100-kD pro-
tein that contains two distinct structural modules,
namely the so-called Miz Zn-finger (Wu et al. 1997; Fig-
ure 6A) and the recently described predicted DNA-bind-
ing motif designated SAP, after SAF-A/B, Acinus, and
PIAS (Figure 6A; ARAVIND and KoonIn 2000). There-
fore we designated this gene SIZI after SAP and Miz.
The Sizlp sequence showed extended similarity to a
yeast paralog, YORI56¢, its ortholog from S. pombe, and
animal protein inhibitors of activated STAT (PIAS) pro-
teins. The sole unpublished observation that the protein
encoded by this gene interacts with Cdcl2p in a two-

hybrid assay (S. cerevisiae genome database) has never
been verified by alternative means. Thus we designated
the uncharacterized YORI56¢ gene SIZ2. All proteins
with a similar arrangement of the SAP and Miz modules
also have the moderately conserved sequence between
them, but without any known functional motifs. Sizlp
additionally contains along C-terminal extension, which
is enriched in low-complexity segments (including a
poly-asparagine tract) and probably forms a nonglobu-
lar structure. The SAP module is likely to mediate se-
quence-specific DNA binding whereas the Miz finger
could be involved in DNA binding or protein-protein
interactions. The mouse Mizl is a DNA-binding protein
(Wu et al. 1997). If Sizlp is indeed a target of Smtdp
activity, the phenotype of SIZ1 disruption should mimic
the phenotype of smi4-A. To test this we initiated genetic
analysis of the SIZI gene.

SIZI and SIZ2 deletions display synthetic lethality: To
investigate the null phenotype of SIZI, we constructed
the disruption allele sizI-A::HIS3 (see MATERIALS AND
METHODS). Analysis of meiotic progeny of the heterozy-
gous SIZ1/siz1-A::HIS3 diploid, however, did not reveal
any detectable phenotypes associated with SIZI dele-
tion. We addressed the possibility that the functions of
SI71 and its paralog, SIZ2, are redundant, which could
have led to our failure to detect any sizI-A 1::HIS3 pheno-
type. Two strains containing the complete ORF deletion
of SIZ1 and SIZ2 marked with kanMX were crossed and
meiotic progeny were analyzed. Germination of spores
was 100% (30 tetrads were analyzed). Two-thirds of the
tetrads gave rise to four normally growing spores and
one spore that formed a microcolony of ~10* cells.
These tetrads in all cases contained only two G418-resis-
tant colonies among the healthy spore progeny, sug-
gesting that a spore with inhibited growth could contain
both disruption alleles. This was confirmed by PCR an-
alysis (MATERIALS AND METHODS) of all normal-sized
G418-resistant colonies, which showed that all colonies
contained only one of the two disruption alleles. Surpris-
ingly, when the sizI-A0 siz2-A0 microcolonies were pas-
saged to fresh media, they failed to grow further, show-
ing zero viability by a plating assay. These findings
demonstrate that siz-AOand siz2-A0 are synthetic lethal
mutations. The unusual delay of lethality in sizI-A0
siz2A0 cells may suggest either that these cells are
loaded meiotically with the corresponding proteins or
that lethality is due to aging or some other cumulative
accumulation of cell damage. The severity of the double
deletion phenotype is stronger than that of SMT4 dis-
ruption, but does mimic to some extent the low viability
of smt4-A cells. This opens a possibility that Sizlp and
possibly Siz2p could be the authentic in vivo targets of
Smt4p activity. Analysis of a viable conditional mutant
in the SIZI gene is required to address the questions
of to what degree Smt4~ and Siz~ phenotypes are re-
lated and what mechanism may be responsible for by-
pass of Smt4p function by Sizlp overexpression.
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Siz1p_Sc K
Siz2p_Sc K
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FIGURE 6.—Characterization of SIZI. (A) Alignment of the Miz fingers of Sizlp and Siz2p with homologous sequences from
PIAS, Mizl, and Zimp proteins. Conserved residues are shown by reverse shading. (B) A sample of AS399 tetrad analysis. sizI-A0
5iz2-A0 colonies composed of dead cells are indicated by arrowheads. Two examples of PCR analysis of genomic DNA are shown.
The longer product corresponds to sizI-A0, and the shorter products to siz2-A0. (C) Cells of inviable sizI-A0 siz2-A0 segregant
(5dAS399). Double deletion cells (Siz™) and wild-type cells (YPH499, Siz™) were stained as described in MATERIALS AND METHODS.
Representative samples of four putative stages of cell cycle identified by bud and nuclear DNA morphology are shown.
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We analyzed the distribution of nuclear DNA mass
and cell morphology in the sizI-A0 siz2-A0 inviable mi-
crocolonies compared to an isogenic Sizt population
(Figure 6C). Distribution of cell types in the sizI-A0
siz2-A 0 cell sample was 64% large-budded cells and 36%
unbudded, compared to only 19% large-budded cells
in the Siz* population. sizI-A0 siz2-A 0 inviable microcol-
onies completely lacked cells with small buds, suggesting
that lethality is associated with a post-G, event. A charac-
teristic feature of the double-mutant cells was apparently
very small nuclear DNA mass (Figure 6C). This suggests
that the chromatin structure and or content in the
sizI-A 0 siz2-A 0 strain is significantly altered, possibly hy-
percondensed or underrepresented. It remains to be
investigated whether SIZI and SIZ2 functions are re-
quired for proper chromosome structure or for progres-
sion through the cell cycle.

DISCUSSION

The role of SMT4 in chromosome structure mainte-
nance: Isolation of SMT4 as a dosage suppressor of the
smc2 ts allele and the demonstration that Smt4p is a
protease (STEPHENS et al. 1998; L1 and HOCHSTRASSER
1999, 2000) expands the list of proteases involved in
chromosome metabolism. The most commonly acknowl-
edged protease activities involved in chromosome segre-
gation are the SCF (WILLEMS et al. 1999) and anaphase-
promoting complex (APC; FANG et al. 1999) systems of
ubiquitin-dependent protein degradation. These pro-
teosome-dependent pathways are involved in cell-cycle-
dependent destruction of a variety of regulatory mole-
cules, only a few of which are chromosomal proteins
(KAPLAN ef al. 1997; WEINREICH and STILLMAN 1999;
Honba et al. 2000; MEIMOUN et al. 2000). It appears
likely that a specialized set of proteases is involved in
chromatin dynamics. One important proteolytic activity
that is crucial for chromosome segregation was de-
scribed recently. The Espl protein is involved in cleav-
age of the Mcd1/Sccl protein (UHLMANN e al. 1999),
one of the key components of cohesin, a complex of
four proteins including the Smclp/Smc3p heterodimer
(LosADA et al. 1998; ToTH et al. 1999).

The finding that Smt4p is a part of chromatin may
indicate the existence of a distinct, chromatin-associated
proteolytic system that targets SUMO-modified pro-
teins, in contrast to the ubiquitin-dependent activity of
SCF and APC. The enzymatic machinery involved in
SUMO modification and maturation has been found
to parallel in many aspects the ubiquitination system.
However, the biological significance of mono-ubiquiti-
nation and mono-SUMO modification in S. cerevisiae
remains unknown, in part due to the transient nature
of these modifications and instability of these moieties
in protein extracts.

We utilized a genetic approach to investigate the biol-
ogy of Smt4p in S. cerevisiae. The high-copy suppressor

activity of SMT+4 toward the smc2 mutation suggested a
link to chromosome condensation (STRUNNIKOV 1998).
Indeed, we demonstrated that the mitotic-specific tar-
geting of the condensin complex to chromatin, in par-
ticular rtDNA chromatin, is impaired in sm¢4 mutant
strains. Smt4p, however, is not a stoichiometric part of
the condensin complex (A. STRUNNIKOV, unpublished
data). This suggests that SM74 loss of function either
affects the regulation of condensin targeting or impairs
the underlying basic chromatin structure, making con-
densation impossible. There is some evidence in sup-
port of the latter model, namely the unusual, intermedi-
ate DNA content of Smt4~ cells, which may indicate
SMT+4 involvement in DNA replication and/or chroma-
tin maturation. The inability of a significant portion
of kinetochores to attach to the mitotic spindle and
suppression of mif2 alleles by SM7T4 increased dosage
(MeLUH and KosHLAND 1995) suggest a role of SMT4
in centromeric chromatin assembly. High chromosome
and minichromosome loss (this study; L1 and Hoch-
STRASSER 2000) and obvious signs of segregation defects
in the morphology of smt4-A cells also suggest that some
aspects of chromosome organization are severely im-
paired. Finally, the phenotype of smt4-A is reminiscent
of some mutants affecting chromatin structure in yeast.
One of them is pdsI-A (YAMAMOTO et al. 1996), which
is characterized by slow growth, ts lethality, and segrega-
tion defects. Other examples include deletions of ASFI,
a gene for histone chaperone (TYLER et al. 1999; MuUNA-
KATA et al. 2000), and CACI, a gene encoding chromatin
assembly factor subunit (KAUFMAN et al. 1997), which are
also characterized by extremely slow growth, ts lethality,
and FACS profiles similar to those of smi4-A. Chromatin
association of Smt4p and presence of the DNA-binding
SAP module in Sizlp, a bypass suppressor of SM7+4 dele-
tion, also point to abnormal chromatin structure as the
primary consequence of Smt4p depletion. It remains to
be determined whether other chromosome processes,
in addition to chromosome segregation and condensa-
tion, are affected by SMT4 loss, including transcription,
DNA repair, and meiotic recombination.

Smt4p functions as an AVP protease: In eukaryotic
cells a variety of proteins are shown to be covalently
modified by ubiquitin. The S. cerevisiae genome encodes
a complex network of enzymes involved in this process
(HOCHSTRASSER et al. 1999). Remarkably, at least a
dozen predicted proteases are involved in removal of
ubiquitin from these conjugates (CHUNG and BAEK
1999). The recently discovered small ubiquitin-like
modifier, SUMO, appears to be a part of an equally
complex regulatory and enzymatic network. SMT3, the
yeast SUMO-encoding gene, is essential for cell viability
(JoHNSON et al. 1997). In higher eukaryotes, there are
several prominent examples of SUMO modification
(KrRETZ-REMY and TANGUAY 1999). It has been recently
shown thatin S. cerevisiae, the SUMO moiety is removed
from modified proteins by Ulplp, an essential protein
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that has isopeptidase activity in vivo and in vitro (L1 and
HocHSTRASSER 1999). Ulplp and Smt4p are members
of the AVP family of cysteine proteases (STEPHENS el al.
1998). The AVP family is present only in eukaryotes
(with the exception of two bacterial species, Escherichia
coli and Chlamydia trachomatis) and eukaryotic DNA vi-
ruses and transposons (Figure 1). The nonviral eukary-
otic enzymes of the AVP family, including Ulplp and
Smt4p, show a high level of sequence conservation in
the protease domain, which suggests critical, conserved
cellular functions. Here we report that the catalytic resi-
dues of the AVP protease domain of another yeast mem-
ber of the family, Smt4, are essential for its in vivo func-
tion.

Smt4 is likely to be involved in SUMO metabolism in
vivo as it has been shown to possess a SUMO-cleavage
activity in vitro with a number of substrates (L1 and
HocHsTrRASSER 2000). If Smt4p acts as a SUMO pepti-
dase in vivo as well as in vitro (L1 and HOCHSTRASSER
2000), what determines its in vivo specificity? The fact
that multiple proteins are SUMO modified suggests that
a defect in the SUMO-modification pathway may have
a catastrophic effect on a variety of cellular processes.
SMT+ disruption has a severe phenotype with a variety of
lesions, affecting cell-cycle control, spindle morphology,
and chromosome structure (this study; L1 and Hoch-
STRASSER 2000), which is reminiscent of the phenotypes
of the mutants of SM73and genes encoding the SUMO-
conjugating machinery components (JOHNSON and
BLOBEL 1997; JoHNSON et al. 1997). Indeed, in S. cerevis-
iae disruption of SM73 is a lethal event.

The specific mechanism of SM74 involvement in the
control of these processes still remains elusive. Particu-
larly puzzling are the apparent antagonistic roles of
Smt4p and Ulplp in S. cerevisiae (L1 and HOCHSTRASSER
2000). A key to this antagonism may be provided by the
observation that Smt4p and Ulplp are compartmental-
ized—as we showed here, Smt4p is a chromatin protein,
whereas Ulplp is concentrated at the nuclear envelope
(L1 and HocHsTRrASSER 2000). Thus, there is a distinct
possibility that Ulplp is preferentially involved in nu-
clear transport while Smt4p is a chromatin SUMO hy-
drolase. Suppression of smc2 and mif2 mutants by SM7T4
overexpression provides an additional genetic argu-
ment in favor of this hypothesis. The finding that some
yeast proteins are modified by Smt3p in a SM7T4depen-
dent manner (L1 and HOCHSTRASSER 2000) may suggest
that Smt4p is a highly specialized SUMO protease that
triggers a chain of cell-cycle events resulting in a com-
plex pattern of SUMO modification. This makes identi-
fication of the primary substrates of Smt4p a high pri-
ority.

Is Sizlp a bridge between chromosome condensation
and Smt4p activity? Sizlp has the same organization
of conserved domains as PIAS proteins, inhibitors of
STATs, which are transcription factors involved in a
variety of cellular processes (STARR and HiLToN 1999).

The study of Zimp in Drosophila demonstrated that
Pelement insertion into the 5’-noncoding region and
some excision alleles results in lethality of homozygous
embryos but does not affect embryo patterning (MOHR
and BoswrLL 1999). It is not, however, clear whether
any of the P-element excision alleles are null alleles. It
was also reported that mouse Mizl activates transcrip-
tion and binds DNA in vitro (WU et al. 1997). Yet, biologi-
cal functions of Zimp and Mizl are not understood. The
functional link of Sizlp-like proteins to transcription is
not characterized in sufficient detail, raising the possibil-
ity that their interaction with the transcription machin-
ery is fortuitous. Given the presence of the DNA-binding
SAP module and the involvement of Miz fingers in pro-
tein-protein interactions, it appears likely that all these
proteins function by sequence-specific DNA-binding
coupled to interaction with other chromatin compo-
nents.

An attractive hypothesis is that Sizlp, and possibly
Siz2p, are targets of the Smt4p activity in vivo. It remains
to be investigated biochemically whether these proteins
are modified by SUMO (Smt3p) in vivo in an SMT4-
dependent fashion. These experiments might also an-
swer the question of whether the suppression of sm4A2
by SIZ1 is due to Sizlp being one of the key substrates
of Smt4p or is an indirect effect mediated by the excess
of Sizlp at the level of its chromatin-associated function.

Indeed, as a DNA-binding protein Sizlp may be a
bona fide player in condensin targeting to chromatin
and SUMO-mediated regulation may provide a mitosis-
specific control of this activity. Thus Sizlp may serve as
a functional link between the Smt4p-specific branch of
SUMO-modification machinery and higher order chro-
matin structure machinery, represented by condensin.
The apparent chromatin hypercondensation and/or
diminution phenotype of the SIZ1/SIZ2double deletion
supports existence of such a link that involves the con-
densin as well as SMTH4, SIZ1, and SIZ2 genes. Additional
screening for bypass suppressors of the double deletion
of SIZ1 and SIZ2 and investigation of SIZI and/or SIZ2
mutants may allow identification of other components
of this complex pathway.

Special thanks to D. Koshland for his support of the initial stages
of this work, M. Dasso and Y. Azuma for advice, S. Elledge and P.
Meluh for communicating results prior to publication, L. Freeman

and V. Yong-Gonzalez for their comments on the manuscript, and A.
Geisendorfer for technical help.

LITERATURE CITED

ALTSCHUL, S. F., T. L. MADDEN, A. A. SCHAFFER, J. ZHANG, Z. ZHANG
et al., 1997 Gapped BLAST and PSI-BLAST: a new generation
of protein database search programs. Nucleic Acids Res. 25: 3389—
3402.

ARAVIND, L., and E. V. KoonNIN, 2000  SAP—a putative DNA-binding
motif involved in chromosomal organization. Trends Biochem.
Sci. 25: 112-114.

CHuNG, C. H., and S. H. BaEk, 1999 Deubiquitinating enzymes:



106 A. V. Strunnikov, L. Aravind and E. V. Koonin

their diversity and emerging roles. Biochem. Biophys. Res. Com-
mun. 266: 633-640.

Corras, P., K. LE GUELLEC and K. TaskeN, 1999 The A-kinase-
anchoring protein AKAP95 is a multivalent protein with a key
role in chromatin condensation at mitosis. J. Cell Biol. 147: 1167—
1180.

Fang, G., H. Yu and M. W. KiRSCHNER, 1999 Control of mitotic
transitions by the anaphase-promoting complex. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 354: 1583-1590.

FrEEMAN, L., L. ARAGON-ALCAIDE and A. STRUNNIKOV, 2000 The
condensin complex governs chromosome condensation and mi-
totic transmission of rDNA. J. Cell Biol. 149: 811-824.

GALIBERT, F., D. ALEXANDRAKI, A. BAUR, E. BoLES, N. CHALWATZIS
et al., 1996 Complete nucleotide sequence of Saccharomyces cere-
visiae chromosome X. EMBO ]J. 15: 2031-2049.

Guaccr, V., D. KosHLAND and A. STRUNNIKOV, 1997 A direct link
between sister chromatid cohesion and chromosome condensa-
tion revealed through the analysis of MCDI in S. cerevisiae. Cell
91: 47-57.

Hirano, T., 1999 SMC-mediated chromosome mechanics: a con-
served scheme from bacteria to vertebrates? Genes Dev. 13: 11-19.

HocHSTRASSER, M., P. R. Jounson, C. S. ARENDT, A. AMERIK, S.
SWAMINATHAN et al., 1999  The Saccharomyces cerevisiae ubiquitin-
proteasome system. Philos. Trans. R. Soc. Lond. B Biol. Sci. 354:
1513-1522.

Honbpa, K., H. M1HARA, Y. KaTO, A. YAMAGUCHI, H. TANAKA ¢f al.,
2000 Degradation of human aurora2 protein kinase by the ana-
phase-promoting complex-ubiquitin-proteasome pathway. Onco-
gene 19: 2812-2819.

Jonnson, E. S., and G. BLoBEL, 1997 Ubc9p is the conjugating
enzyme for the ubiquitin-like protein Smt3p. J. Biol. Chem. 272:
26799-26802.

Jonnson, E. S., I. SCHWIENHORST, R. J. DonMEN and G. BLOBEL,
1997 The ubiquitin-like protein Smt3p is activated for conjuga-
tion to other proteins by an Aoslp/Uba2p heterodimer. EMBO
J. 16: 5509-5519.

JonnsToN, M., L. HILLIER, L. RILES, K. ALBERMANN, B. ANDRE ¢t al.,
1997 The nucleotide sequence of Saccharomyces cerevisiae chro-
mosome XII. Nature 387: 87-90.

KarrLaN, K. B., A. A. Hyman and P. K. SORGER, 1997 Regulating
the yeast kinetochore by ubiquitin-dependent degradation and
Skplp-mediated phosphorylation. Cell 91: 491-500.

KaurMAN, P. D., R. KoBayasHr and B. StiLLMAN, 1997 Ultraviolet
radiation sensitivity and reduction of telomeric silencing in Sac-
charomyces cerevisiae cells lacking chromatin assembly factor-I.
Genes Dev. 11: 345-357.

Kimura, K., and T. HiraNoO, 1997  ATP-dependent positive supercoil-
ing of DNA by 13S condensin: a biochemical implication for
chromosome condensation. Cell 90: 625-634.

Kimura, K., M. HIrANO, R. KoBayvasHI and T. HIRANO, 1998 Phos-
phorylation and activation of 13S condensin by Cdc2 in vitro.
Science 282: 487-490.

Kimura, K., V. V. RyBENKOV, N. J. CrisoNa, T. HIraNO and N. R.
CozzARELLI, 1999  13S condensin actively reconfigures DNA by
introducing global positive writhe: implications for chromosome
condensation. Cell 98: 239-248.

Krauwrs, P., 1991 A program to produce both detailed and sche-
matic plots of proteins. J. Appl. Crystallography 24: 946-950.

KrETZ-REMY, C., and R. M. TANGUAY, 1999 SUMO/sentrin: protein
modifiers regulating important cellular functions. Biochem. Cell
Biol. 77: 299-309.

Lavorg, B. D., K. M. Turro, S. OH, D. KosHLaAND and C. HoLwMm,
2000 Mitotic chromosome condensation requires Brnlp, the
yeast homologue of barren. Mol. Biol. Cell 11: 1293-1304.

L1, S. J., and M. HOCHSTRASSER, 1999 A new protease required for
cell-cycle progression in yeast. Nature 398: 246-251.

Ly S.J., and M. HOCHSTRASSER, 2000 The yeast ULP2 (SMT4) gene
encodes a novel protease specific for the ubiquitin-like Smt3
protein. Mol. Cell. Biol. 20: 2367-2377.

LiaNG, C., and B. STILLMAN, 1997  Persistent initiation of DNA repli-
cation and chromatin-bound MCM proteins during the cell cycle
in cdc6 mutants. Genes Dev. 11: 3375-3386.

Losapa, A., M. Hirano and T. HIrANO, 1998  Identification of Xeno-
pus SMC protein complexes required for sister chromatid cohe-
sion. Genes Dev. 12: 1986-1997.

MeimmouN, A., T. HorrzmaN, Z. WEissMAN, H. ]J. McBribg, D. J.

STILLMAN et al., 2000 Degradation of the transcription factor
Gen4 requires the kinase Pho85 and the SCF(CDC4) ubiquitin-
ligase complex. Mol. Biol. Cell 11: 915-927.

MeLun, P. B., and D. KosHLAND, 1995  Evidence that the MIF2 gene
of Saccharomyces cerevisiae encodes a centromere protein with ho-
mology to the mammalian centromere protein CENP-C. Mol.
Biol. Cell 6: 793-807.

MOoHR, S. E., and R. E. BoswrgLL, 1999 Zimp encodes a homologue
of mouse Mizl and PIAS3 and is an essential gene in Drosophila
melanogaster. Gene 229: 109-116.

MunakaTA, T., N. ApacHI, N. YOKOYAMA, T. KuzUuHARA and M. HoRrI-
kosHI, 2000 A human homologue of yeast anti-silencing factor
has histone chaperone activity. Genes Cells 5: 221-233.

OusPENSKI, L. 1., O. A. CABELLO and B. R. BRINKLEY, 2000 Chromo-
some condensation factor Brnlpis required for chromatid separa-
tion in mitosis. Mol. Biol. Cell 11: 1305-1313.

PerrscH, M. C,, 1996 ProMod and Swiss-Model: internet-based tools
for automated comparative protein modelling. Biochem. Soc.
Trans. 24: 274-279.

RawLINGs, N. D, and A. J. BARRETT, 2000 MEROPS: the peptidase
database. Nucleic Acids Res. 28: 323-325.

Rosk, M. D., F. WinsToN and P. HIETER, 1990  Methods in Yeast Genet-
ics, a Laboratory Course Manual. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY.

Sarron, H., R. T. Pu and M. Dasso, 1997 SUMO-1: wrestling with
a new ubiquitin-related modifier. Trends Biochem. Sci. 22: 374—
376.

STARR, R., and D. J. HiLTON, 1999 Negative regulation of the JAK/
STAT pathway. Bioessays 21: 47-52.

STEPHENS, R. S., S. KALMAN, C. LAMMEL, |. FAN, R. MARATHE et al.,
1998 Genome sequence of an obligate intracellular pathogen
of humans: Chlamydia trachomatis. Science 282: 754-759.

STrAIGHT, A. F., A. S. BELMONT, C. C. ROBINETT and A. W. MURRAY,
1996 GFP tagging of budding yeast chromosomes reveals that
protein-protein interactions can mediate sister chromatid cohe-
sion. Curr. Biol. 6: 1599-1608.

STRUNNIKOV, A. V., 1998  SMC proteins and chromosome structure.
Trends Cell Biol. 8: 454-459.

STRUNNIKOV, A. V., V. L. LAR1oNOV and D. KosHLAND, 1993 SMCI:
an essential yeast gene encoding a putative head-rod-tail protein
is required for nuclear division and defines a new ubiquitous
protein family. J. Cell Biol. 123: 1635-1648.

STrRUNNIKOV, A. V., E. HocaN and D. KosHLAND, 1995a SMC2, a
Saccharomyces cerevisiae gene essential for chromosome segrega-
tion and condensation defines a subgroup within the SMC-family.
Genes Dev. 9: 587-599.

STRUNNIKOV, A. V., J. KINGSBURY and D. KosHLAND, 1995b  CEP3
encodes a centromere protein of Saccharomyces cerevisiae. J. Cell
Biol. 128: 749-760.

Sutani, T., T. Yuasa, T. TomoNaGA, N. DouMAE, K. TAk1O et al.,
1999 Fission yeast condensin complex: essential roles of non-
SMC subunits for condensation and Cdc2 phosphorylation of
Cut3/SMC4. Genes Dev. 13: 2271-2283.

SutToN, A, D. IMMANUEL and K. T. ARNDT, 1991 The SIT4 protein
phosphatase functions in late G1 for progression into S phase.
Mol. Cell. Biol. 11: 2133-2148.

Traowmpson, . D, T. J. GissoN, F. PLEWNIAK, F. JeANMoOUGIN and D. G.
Hicgins, 1997 The CLUSTAL_X windows interface: flexible
strategies for multiple sequence alignment aided by quality analy-
sis tools. Nucleic Acids Res. 25: 4876-4882.

TotH, A., R. Ciosk, F. UHLMANN, M. GALOVA, A. SCHLEIFFER ¢l al.,
1999  Yeast cohesin complex requires a conserved protein,
Ecolp(Ctf7), to establish cohesion between sister chromatids
during DNA replication. Genes Dev. 13: 320-333.

TYLER, J. K., C. R. ApaMms, S. R. CHEN, R. KoBayasHI, R. T. KAMAKAKA
et al., 1999 The RCAF complex mediates chromatin assembly
during DNA replication and repair. Nature 402: 555-560.

Ugesono, Y., A. Fujita, A. Ton-E and Y. KikucHi, 1994 The MCS1/
SSD1/SRK1/SSLI gene is involved in stable maintenance of the
chromosome in yeast. Gene 143: 135-138.

UnrManN, F., F. LortspEicH and K. NasmyTH, 1999  Sister-chroma-
tid separation at anaphase onset is promoted by cleavage of the
cohesin subunit Sccl. Nature 400: 37-42.

WEINREICH, M., and B. STILLMAN, 1999 Cdc7p-Dbf4p kinase binds
to chromatin during S phase and is regulated by both the APC
and the RAD53 checkpoint pathway. EMBO ]J. 18: 5334-5346.



SMT4 and Condensin 107

WiLLEMS, A. R., T. GoH, L. TAYLOR, I. CHERNUSHEVICH, A. SHEV-
CHENKO et al., 1999  SCF ubiquitin protein ligases and phosphor-
ylation-dependent proteolysis. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 354: 1533-1550.

WiLsoN, R. B., A. A. BRENNER, T. B. WHITE, M. J. ENGLER, J. P.
GAUGHRAN et al., 1991 The Saccharomyces cerevisiae SRK1 gene,
asuppressor of beyl and insl, may be involved in protein phospha-
tase function. Mol. Cell. Biol. 11: 3369-3373.

WINZELER, E. A., D. D. SHOEMAKER, A. ASTROMOFF, H. LianG, K.
ANDERSON ¢/ al., 1999 Functional characterization of the S. cere-

visiae genome by gene deletion and parallel analysis. Science 285:
901-906.

Wu, L., H. Wu, L. Ma, F. SANGIORGI, N. WU ¢t al., 1997 Mizl, a
novel zinc finger transcription factor that interacts with Msx2
and enhances its affinity for DNA. Mech. Dev. 65: 3-17.

Yamamoto, A., V. Guacci and D. KosHLAND, 1996 Pdslp, an inhibi-
tor of anaphase in budding yeast, plays a critical role in the APC
and checkpoint pathway(s). J. Cell Biol. 133: 99-110.

Communicating editor: S. HENIKOFF



