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ABSTRACT

The NPS1/STH1 gene encodes a nuclear protein
essential for the progression of G2/M phase in
Saccharomyces cerevisiae . Npslp shares homology
to Snf2/Swi2p, a subunit of a protein complex known
as the SNF/SWI complex. Recently, Nps1p was found
to be a component of a protein complextermed RSC( 3)
essential for mitotic growth, whereas its function is
unknown. We isolated a temperature-sensitive mutant
allele of NPS1, nps1-105, and found that the mutation
increases the sensitivity to thiabendazole (TBZ). At the
restrictive temperature, nps1-105 arrested at the G2/M
phase in MADI-dependent manner and missegregated
the mini-chromosome with higher frequency than the
wild type cells. The nuclease digestion of the chromatin

of the mutant cells revealed that the mutation causes
the alteration of the chromatin structure around
centromeres at the restrictive temperature. The results
suggested that, in the nps1-105 mutant, impaired
chromatin structure surrounding centromeres may
lead to an impairment of kinetochore function and the
cells arrest at G2/M phase through the spindle-assembly
checkpoint system.

INTRODUCTION

interactions in reconstituted nucleosomes in an ATP-dependent
manner. The SNF/SWI complex is highly conserved through
evolution: homologs of several Snf/Swi proteins have been
identified in eukaryotes, and SNF/SWI complexes with related
biochemical functions have been purified from human cells
(13-16) andDrosophila melanogastef 7—19).

The Snf2/Swi2 subunit of the SNF/SWI complex contains a
domain found in several DNA and RNA helicases and has been
shown to harbor DNA-dependent ATPase activitg).( This
protein is likely to play a key role in the chromatin remodeling
activity of the complex. IrBaccharomyces cerevisjae novel
SNF/SWI-like complex termed RSC (remodel the structure of
chromatin) was recently purified and characterizgdXSC is an
M Mda complex that contains at least 15 polypeptides. The
largest subunit of RSC that corresponds to Snf2/Swi2p of the
SNF/SWI complex was proved to be the produdi®S1/STH1
previously isolated by us and others2}. In addition to
Nps1p/Sthlp, RSC contains at least three of which are related to
components of the SNF/SWI complex: Rsc6p (related to Swp73p),
Rsc8p (related to Swi3p) and Sfhilp (related to SnfHp)). Like
the SNF/SWI complex, RSC showed a DNA-stimulated ATPase
activity and was able to alter histone—-DNA interactions in
reconstituted mononucleosomes in an ATP-dependent manner
(3). Despite the fact that the constituents of the SNF/SWI
complex are encoded by non-essential genes, Npslp/Sthlp,
Rsc6p, Rsc8p and Sfhlp are encoded by genes essential for
mitotic growth. Moreover, a LexA-Sthlp fusion protein did not

The DNA of eukaryotic genome is packed into chromatiractivate transcription under conditions where an analogous
basically consists dfiL50 base pair (bp) DNA wrapped aroundLexA-Snf2 protein functions as a transcriptional activa®r (
an octamer of four histone proteins (H2A, H2B, H3 and H4). Thimdicating that the RSC complex may play a wider role than the
nucleoprotein structure contributes to store huge DNA molecul&NF/SWI complex. However, neither the physiological function
within a nucleus but, at the same time, it confers a barrier for DNi#or the downstream targets of RSC have yet been identified. As
metabolism, i.e., transcription, replication, repair or recombinationve have previously reported, depletion of Npslp arrests the cells at
Current studies on the regulation of eukaryotic gene expressitre G2/M phase 1§. In addition, the recent finding that the
revealed the presence of a protein complex, a SNF/SWI compléamperature-sensitive sfhl-1 mutation also causes accumulation of
which antagonizes chromatin-mediated repression of transcriptiaglls with 2C-DNA content at restrictive temperature, indicates the
(reviewed id—-8). Purified yeast SNF/SWI complex contained atrequirement of RSC for the progression through G2/M pldse (
least 11 proteins9¢12). Biochemical analysis of the purified To explore the function of Npslp, we isolated a temperature-
SNF/SWI complex revealed that this complex possesses sansitivenpslmutant allelenps1-105In this report we describe
DNA-stimulated ATPase activity and can destabilize histone—DNAhe characterization of this mutant. We found thatibel-105
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mutation causes the alteration of the chromatin structure on tRéw cytometry

centromeric DNA at the restrictive temperature. Our results

provide a first clue in understanding the essential role of NpsJow cytometry analysis was performed on a Coulter Epics Elite

and RSC in the cell division cycle. ESP. Cells were prepared as described previoljslgdch FACS
scan was performed on10* cells.

MATERIALS AND METHODS

Media, yeast strains and manipulation Digestion of chromatin with nucleases and Southern blot

Both rich (YPD) and minimal (SD) media and basic yeasfells of W303D &/a) and WTH-1D &/a nps1-105/nps1Q3n
manipulations were as describ&d) YP-galactose medium was Mmid-log phase were rapidly shifted from 27 to°G8by the
prepared as for YPD, except that glucose (2%) was replaced @cédmon of an equal volume of medium pre-warmed toCG45
D-galactose (2%). After 3 h incubation, cells were harvested and converted to
Experiments were performed in the yeast W3P3 6train  Sphearoplasts as described by Szent-Gyorgyi and Iseritggrg (
backgroundgde2-1 leu2-3112 his3-1115 trp1-1 ura3-L with the following modifications. Sodium azide and phenylmethyl-
sulfonyl fluoride (PMSF) were added to 20 and 0.5 mM,
respectively, immediately prior to harvesting the cells. Zymolyase
Generation of temperature-sensitiveNPS1alleles 100T (Seikagaku Kogyo, §@/ml) was used instead of lyticase.

. . Sphearoplasting was carried out for 30 min at 34 8€38r the
Hydroxylamine mutagenesis of pOS#S1 (NPS1 LEUZ g5 without or with the heat treatment, respectively. Sphearoplast
CEN3 ARS) was carried out according to Raeal (22). We g gpensions were then diluted with 4 vol of buffer A (1.4 M
selected 6« 10° transformants in WET-1Dafa npsIAHIS3/  orhitol 40 mM N-2-hydroxyethylpiperazine-®t ethanesulfomic
nps]A::HISS YCp5MNPS) on SC-_Ieucme plates and tran_sferred toacid/KOH, pH 7.5, 0.5 mM MgG) 20 mM NaN, 0.5 mM
SC-leucine+5FOA plates. Colonies formed on SC-leucine+SFOB\1SF) and sphearoplast concentration was estimated by measuring
plates were screened for temperature sensitivity at 37 &€l 38,6 opiical density of the suspension at 260 nm after the lysis in
by replica plating onto YPD plates. Plasmids were recovered v, sodium dodecy! sulfate. Sphearoplasts corresponding to
Escherichia coland retransformed into WET-1D to confirm the ODygo value of 150-250 were harvested by centrifugation,

temperature-sensitive phenotype. One plasmid pTH10Syashed once with buffer B [1 M sorbitol, 10 mM piperazine-N,
(nps1-10% which showed temperature sensitivity atG8vas N _pis 2-ethanesulfonic acid (PIPES), pH 7.5, 0.2 mM gaCl

sequenced to identify the mutation.. , 20 mM NaN, 0.5 mM PMSF] and resuspended in 2 ml of MNase
The 5.8 kbXbd fragment containingips1-105was excised digestion buffer (10 mM PIPES, pH 7.5, 0.2 mM GaClmM
from pTH105-1 and transformed to WET-d iipsIA:HIS3  ppmsE 20 mM NaNy) orDral digestion buffer (10 mM Tris—HCI,
YCp5NPS) to replace the genom|NP81d|srupt|o_n allele pH 7.5, 10 mM MgGl, 50 mM NaCl, 1 mM dithioerythritol, 1 mM
(nps1A:HIS3) with thenps1-10&mutant allele. Colonies grown p SF, 20 mM Nah) (25). The suspension was prewarmed at
on a SC+5FOA plate were checked for histidine auxotrophy angrec for 2 min. and MNase (50 U/ml, Boehringer Mannheim)
temperature sensitivity. Three candidate clones ofifls&-105 55 added. Samples were withdrawn at various time points and
mutant were transformed with pOS&S1to check for the epTA was added to 25 mM to stop reaction. Bral digestion,
suppression of temperature sensitivity and crossed to wild tYR&rious amounts obDral were added to each sphearoplast
strain to check for the segregation pf the temperature-sensitiy, spension (30l) and the reaction was carried out at G7or
phenotype. The temperature-sensitive growth phenotype of @y min, After the digestion, DNA was deproteinized and purified
three clones was suppressed by the introduction of PRI 55 gescribed by Lingt al (26). For the experiments with naked
and the temperature-sensitive phenotype was segregated 2:5)(a  sphearoplasts were prepared exactly as described for
the progenies brought fror.n. all the crosses after sporulation. Opgromatin digests, but immediately before nuclease cleavage,
of the temperature-sensitive progeny of these crosses W3RiA was deproteinized and purified. Southern blot analysis was
selected and named WTH+ip61-10% done by using fluorescein-labeled probes and Gene Images
labeling and detection kit (Amersham). Probes used for detecting
Plasmids, primers, plasmid constructions and strain CEN3andCEN4 are the 592 biNhd-BanHI fragment from
constructions pOS31 that contain€EN3 DNA sequence and the 1018 bp
Spé-Std fragment from YCp50 that containSEN4 DNA

TheMAD1 gene was cloned by PCR using primers A (ttttttagcgsequence, respectively.

gatccaagggtttac) and B (tagatcaatgttaaggtcgacccgt) with the

genomic DNA as a template. The resulted fragment was cut with

BanHI and Sal, and cloned into pUC119 (pWIAD1). The Analysis of DNA topoisomers

madlA::TRP1 allele was created by replacing the internal

Bglll-SnaI fragment oMMAD1in pUOMAD1 coding for amino  The topoisomer distribution of the yeasué circle plasmid
acids 28-580 with thBanH|-Stu fragment of YRp7 containing DNA was assayed as described previougly).(Topoisomers
theTRP1gene (pUGnadA:: TRPY). Plasmid pUCGnadlA:: TRP1  were separated by electrophoresis in 1% agarose gels containing
was digested witBma andSal and introduced to W303-1Aand 2.5 pug/ml of chloroquine and detected by Southern blot as
WTH-1 to effect a one-step gene replacement of the chromdescribed in the above section. H@RI-Snal fragment from
somalMADL locus. The resultant strains were termed W-DM1YEp24 that contains thel#n DNA sequence was used to probe
and WTH-DM1, respectively. endogenous @m plasmids.
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Figure 1. Phenotypes ofips1-105.Wild type andnps1-105were grown to
mid-log phase and spotted on YPD plates or YPD plates containing&0D nps1-105
of TBZ and incubated at the indicated temperatures for 3 days.
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Mini-chromosome missegregation assay ®

L i L ::' 60 nps1-105 madl A
The mitotic segregation UP11marked mini-chromosomes 2
(pHM410,SUP11 URA3 CEN4 ARS) in the strains YTW-30D I

(a/a ade2-101/ade2-10-and YTW-n9D &/a ade2-101/ade2-101
nps1-105/npsl-1Q%vas monitored using the color colony assay 20
(28). In each assay, three mostly pink colonies were picked from U 2.5 5 75 10 0 hr Shr
color media plates and used for the experiment. Cells were grown time, hr relative fluorescence
to mid-log phase at 2T and shifted to 38C (experiment 1) or
added TBZ to 6Qug/ml and then shifted to 3€ (experiment 2).

Afer each reatment (3 100 cells were spread on color media f1 2 1% 721,20 o0 eSS e e e
plates after a brief sonication (5 s). These plates were incubat@gitants. wild type (W303-1A, open squareidia (W-DML, closed square),

for 5 days at 25C and then overnight af €. Three independent nps1-105(WTH-1, open circle) anaips1-105 madi (WTH-DM1, closed
assays were performed to monitor the segregation of pHM410¢ircle) cells were grown to early-log phase &t@%&nd shifted to 3&. At the
times indicated in the figure, cell counts were obtained, diluted to appropriate
numbers and plated on YPD medium at@5Viability is presented as the
percentage of cells that could form colonies &(25/alues are the average of

. . three independent determinations; standard deviations were within 30%.
Isolation of a NPS1temperature-sensitive mutant (B) Flow-cytometric analysis of the DNA contentrgfs1-105andnps1-105

. . .. madJA cells. Cultures analyzed in (A) were stained with propidium iodide and
In order to investigate the rolePS1 we generated conditional analyzed for DNA content using a flow cytometer. Results are plotted as the

NPS1 alleles by employing hydroxylamine-directéa vitro relative amount of DNA per cell versus the number of cells.

mutagenesis. Mutagenized plasmids were introducedNiRgil

deletion strain carrying wild tyggPS1on a plasmid by plasmid

shuffling. One plasmid that allowed growth at 30 but not €38 carbamate (MBC) and benomyl (Fi@, data for MBC and
was chosen for further analysis. The mutant allele was designataghomyl are not shown). Thes1-105nutant could not grow on
asnps1-105This allele was replaced with the genoieS1 a YPD plate containing >110 or f@/ml of TBZ at permissive
locus of WET-1 fipsIA::HIS3 by one step gene replacement to(<30°C) or at semipermissive temperature°@} respectively.
make thenps1-105mutant strain (Materials and Methods). UponThe wild type strain, on the other hand, could grow on a YPD
shift to 38C, the nps1-105mutant stopped growth with an plate containing up to 16@/ml of TBZ at both 30 and 3&.
accumulation of large-budded cells possessing a single nucleus dive also tested the sensitivity nps1-105to hydroxyurea,

a 2C-DNA content (Fig.2, data for cellular and nuclear methylmethane sulphonate, cycloheximide and trifluoperazine.
morphologies are not shown). These phenotypes were consistbliat difference was observed between wild type rpell-105n

with that of the cells carrying galactose-induciblBS1after the sensitivity to these drugs, indicating that the mutant is
shifting to glucose mediuml), DNA sequence determination specifically sensitive to microtubule-destabilizing agents (data
revealed thabps1-105carries a single base substitution withinnot shown). Both temperature and TBZ sensitivitiagosfl-105

the open reading frame (ORF): G to A at position 2288 resultembsegregated in the haploid progenies fribiRSInps1-105

in the amino acid substitution of cysteine to tyrosine at positiodiploid after sporulation, and complemented by the introduction
763. The Cys763 of Npslp is conserved in Snf2p but not locatefiwild typeNPS1on a low-copy-number plasmid (data not shown).
within or near the conserved helicase sequence motif. In case of

Nps1p, this amino acid residue exists near the essential Lys7QRAD1 disruption causes a failure in the cell cycle arrest and

(1) which may serve as the ATP binding site in association witfass of viability in nps1-105at the restrictive temperature
G-rich motif 20 amino acids upstream of Cys763.

=
=

RESULTS

The above observations indicated the possibility HBS1
) : T affects the organization and/or stability of mitotic spindles.
”mﬁ’ii)tt%ﬁg?xigggﬁfjﬁgdazgﬂfs't"’”y o Spindle malformation is detected by spindle-assembly checkpoint
control includingMAD andBUB gene products as components
In addition to temperature-sensitive growth phenotype, th@eviewed in29). If Npslp is involved in these processes, the cell
npsl-105mutant showed increased sensitivity to microtubuleeycle arrest ofips1-105at elevated temperature is interfered with
destabilizing agents such as thiabendazole (TBZ), methylbenay the loss of spindle-assembly checkpoint function. To test this
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Figure 3. Effects of thenps1-105mutation on chromatin structure8.)(MNase digestion pattern of the wild type andrthel-105chromatin. Wild type (WT) and
nps1-105cells were grown to mid-log phase at' 27 shifted to 38C for 3 h and converted to sphearoplasts. Sphearoplasts (1igp @l) were digested with

50 U/ml of MNase at 37C for the times indicated and DNA was deproteinized and purified. DNA samples were subjected to electrophoresis on 1.8 agarose
and stained with ethidium-bromidd3)(MNase-sensitive sites on the centromeric chromatin from chromosome lll. Sphearoplastsdd®@i) prepared as
described in (A) were digested with 50 U/ml of MNase for 80 s @€ 3lanes s). MNase digestion of naked DNA (lanes n) was carried out with 1 U/ml of MNase
for 50 s at 37C. After deproteinization and purification, DNA samples were subsequently digestBamiithand subjected to Southern blot analysis with fluorescein
labeledNhd—-BanHI fragment ofCEN3.The sizes of molecular weight markers (M) are indicated in bp. At the left side of (B), schematic map of the chromosome
region surroundin@ENS3is cited BanHI cleavage site is indicated with a closed circle. I, Il and Il show the relative position of the sequence elements CDEI, CDE
and CDElII, respectively@) Dral accessibility of£EN3andCEN4chromatin increasesps1-105pon shift to 38C. Sphearoplasts (90 QgyU/ml) were prepared

from wild type anchps1-105cells treated for 3 h at 38 and digested witBral for 30 min at 37C. Genomic map of DNA regions surroundidgN3andCEN4

is schematically indicated at the top of the panel with the positions of probes used for Southern hybridization. Relativep6§HElI and CDEIIl are denoted by

black and shadowed boxes, respectively, and CDEII lies between these elBmsraad BanH| sites are indicated with bars and a closed circle, respectively.
Arrowheads 1 and 2 at the right sideGN4panel indicate 2400 and 2100 bp fragments, respectively. The sizes of molecular weight markers (M) are indicated ir
bp. O) Superhelicity of endogenougiZplasmid DNA in wild type andps1-105cells. Wild type (lanes 1 and 3) anpis1-105(lanes 2 and 4) cells were grown at

27°C to early-log phase and treated at@8or 3 h. DNA samples prepared from the cells without (lanes 1 and 2) and with the heat treatment (lanes 3 and 4) wer
separated on agarose gels containingug/ml of chloroquine and subjected to Southern blot analysis.

possibility, we disrupted tHdAD1 gene in theps1-105nutant.  micrococcal nuclease (MNase) and DNA was deproteinized and
The nps1-105 madi double mutant could not arrest at G2/M digested wittBarHI. Southern blot analysis of the DNA sample
phase after 5 h incubation at°88(Fig.2). In addition, viability  from the wild type cells wittCEN3probe showed that a 250 bp

of the double mutant cells decreased in dependence with tbentromere-core region of DNA occurring between 350 and 600 bp
incubation period at 3&. In contrast, no notable decrease offrom BanH| recognition site was protected from MNase
viability was observed with wild typeps1-1050r madd  digestion (Fig3B). In the region flankin€EN3core region, an

mutants in 8 h incubation at 38. extensive series of MNase cutting sites were seé€ig bp
intervals as described by Bloom and Carl3a). (n the wild type

The nps1-105mutation alters the chromatin structure strain, this cutting pattern was not altered after the 3 h incubation

around the centromere at 38C. The cutting pattern of the DNA sample frops1-105

Recent finding that RSC exhibits an activity to perturb nucleosonf@llS grown at 27 was indistinguishable from that of wild type,
structurein vitro (3) and our results described above, suggestehile @ number of faint cutting sites not seen in the wild type
the possibility of the relevance of Npslp on the chromati§hromatin lanes appeared within the centromere core and in the
structure at centromeres. Bloom and Carbon showed that yeflafking region in thenpsl-105incubated at 38 lanes
centromeres are packaged into a unique chromatin structufedicated with arrowheads). As demonstrated in Figike
composed of a nuclease-resistant core flanked by ordered arr@yerall MNase cutting pattern of chromatin of thé G8reated

of nucleosomes3(). We examined the chromatin structure ofwild type and mutant cells showed no change, indicating that the
CENB3and flanking sequencesnps1-105fter 3 h incubation at increase in nuclease accessibility of heat-treatpdl1-105
38°C. Permeabilized sphearoplasts were partially digested witthromatin is specific to the region aroUDEN3
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Next, we asked if the structural changes of chromatin occur tepoisomer distribution was introduced by the heat treatment
other centromere regions. The perturbation in the structuralther in wild type or in the mutant, suggesting that the alteration
integrity of centromere DNA could be examined by the increasef the centromere structure of the mutant is not a result of the loss
in nuclease accessibility of chromatin for restriction enzyme site nucleosomes (Fi@D).
within the internal centromere regidaccharomyces cerevisiae
centromere DNA contains three elements, CDEI, CDEIl angpq nps1-105mutation affects transmission fidelity of
CDEIIl (31-33). CDEI and CDEIll are 8 and 25 bp DNA mini-chromosome
elements with partial dyad symmetry, respectively. CDEIl is a
76-86 bp region highly rich in A and T and contains at least orddutations inCENDNA or histone H4 and depletion of histones
Dral recognition site (TTTAAA). BottCEN3andCEN4contain  H4 or H2B affect the chromatin structure at the centromere and
three closely spacddral sites within their CDEII. cause chromosome missegregatiGo—{1). We asked if the

Permeabilized sphearoplasts prepared from cells treated ias1-105mutation affects chromosome segregation by monitoring
38°C were digested with an increasing amouriral and DNA  the rate of loss (1:0 segregation) and non-disjunction (2:0
was purified after deproteinization. For the analysiCBN3  segregation) events inps1-10&nps1-105ade2-101/ade2-101
purified DNA samples were digested wlBlarHI. If the Dral  diploid carryingSUP11on a mini-chromosome. In this assay, loss
sites within theCEN3 CDEIIl are accessible to the enzyme,and non-disjunction events occurred on the first division after
BanHI digestion after the deproteinization will give rise to theplating result in the appearance of half-pink half-red and
480 bp band. As shown in Figu8€ CEN3 the 480 bp cutting half-white half-red colonies, respectively2(43).
band appeared imps1-105chromatin lanes but not in wild type The rates of 1:0 and 2:0 segregation of the wild type cellg that
ones. The result is consistent with that of the MNase digestion f¥eré grown at 25C were both 0.1% and these rates remained
Figure3B. unaltereq afterthe 3 h treatment a‘t_GSOn_ the other hand, 2:0

In the case oEEN4 two additionaDral sites are located both segregation rate was noticeably h|gher.|n the mutant cells that
to the left and right sides flanking the core centromere elemert§re grown at 25C and the rate was increased by the heat
at the distance of 626 and 611 bp, respectively. So, in this caligatment (Tablé, experiment 1). The rate of 1:0 segregation in
the accessibility of thBral sites within CDEIl and either or both 1€ Mmutant was somewhat higher than the wild type but was not
sites in the flanking region, or the accessibility of the sites onijOt@Ply increased by the heat treatment. The results indicating
in the flanking region will give rise of a cutting fragment®00 at thmpsl-l(_)&nutanon affects the segregation of the.plasmld.
or 1237 bp, respectively (FiBC, CEN4. Neither 600 nor 1237 bp We next carried out this assay for the cells treated with TBZ at

ban ias observe wih wid ypechroman,ndicatingt SSTPEISe enperatie @), Atiough e s 10
sites in CDEIIl and at least one site in the flanking region arg greg

protected from the digestion. In contrast, in the mutant chromat'glzz’ the presence of the drug during the 3 h incubation increased

lanes, the appearance of 600 bp band is apparent, showing eedrate of 2.0 segregation (Taldle experiment 2). The same
digestion ofDral sites within CDEIl and in the either Site in the tmentinduced little increase of 2:0 segregation rate in the wild

flanking region. In FiguréC CEN4 panel, 2400 and 2100 bp type cells, suggesting that missegregation of mini-chromosome

fragment (arrowheads 1 and 2, respectively) appeared in bg g:cemr:glatég is caused by the failure during the reassembly of
wild type- anchps1-105ndnps1-105chromatin lanes, respectively.

In our analysis, thBral site flanking the right side @EN4core

elements is susceptible to the digestion in both wild type and tRASCUSSION

mutant chromatin (data not shown). Database searchBsafior

cleavage sites in the DNA region neighbo@itN4revealed that We isolated a temperature-sensitive allefdié1 nps1-105and

o . found that the mutation causes the alteration of chromatin
two additional sites are located at 2423 and 2111 bp uPStreams?fucture surrounding the centromeric DNA region at elevated

the ng_ht-_mostDraI site in Flgure_3C. '.I'he.refore, t_he proximal emperature. As the centromere chromatin structure is known to
Dral site is protected from the digestion in the wild type but no ﬁ maintained throughout the yeast cell cycle as w8)| this

in the mutant. The resuits show that in chromosome 1V, at leagg o ation imps1-105seems not to be the result of G2/M arrest
1.5 kb DNAregioninthe left side of the centromere core element the mutant cells. Therefore, it was suggested that NRISL
may be assembled in phased nucleosome array and the StrUCtH{ﬁrant, impaired chromatin structure at centromeres may lead to
integrity of both centromere core and flanking region ar |oss of kinetochore function and the cells arrest at G2/M phase
perturbed imps1-10%fter the treatment at 38. With wild type  through the spindle-assembly checkpoint system. Several lines of
or the mutant cells grown at 2AZ, no increase in the sensitivity eyigence support this idea. First, thesl-105mutant is
to Dral was observed at bofBEN3andCEN4DNA (data not  gpecifically sensitive to microtubule-destabilizing agents (fFig.
shown). It is known that the mutation in the genes encoding kinetochore
Saunder®t al (34) reported that nucleosome depletion alterscomponents causes elevated sensitivity to benorA4().
the chromatin structure of centromeres. A loss of nucleosomggcond, thenps1-105 cell-cycle-arrest phenotype SIAD1
increases more positively supercoiled species in closed circuléépendent (Fig2). Finally, thenps1-105mutation causes an
DNA. To ask if the perturbed structural integrity of centromerencrease in the frequency of non-disjunction of mini-chromosome
chromatin in thenpsl-105mutant results from the loss of (Tablel). Non-disjunction events are resulted from the segregation
nucleosomes, we analyzed the distribution of topoisomers of both replicated sister chromatids to the same pole at anaphase.
naturally occurring yeast{2m plasmid. This plasmid exists as a A subset of non-disjunction events are caused by the failure of the
covalently closed circular mini-chromosome assembled intoentromeres of paired sister chromatids to interact properly with
nucleosomal chromatin (reviewed #b). No change of the the microtubules.
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Table 1.Analysis ofNPS1function in mitotic chromosome transmission by half-sectored cofonies

Strain Heat TBZ Colonies (%) Total no. of
treatment (h) P+W R W/P P/R W/R colonies scored
(1:0) (2:0)
Experiment1 38°C 60 pg/ml
WT 0 - 92 7.5 0.1 0.1 0.1 1628
3 - 87 12.8 0.1 0.2 0.1 1527
nps1-105 0 - 84 14.0 0.9 0.3 0.6 1246
3 - 82 14.3 1.9 0.4 15 2372
Experiment2 34°C
WT 0 - 87 12.4 0.1 0.1 0.1 1373
3 - 86 13.9 0.1 0.0 0.2 1900
3 + 87 13.8 0.1 0.1 0.3 1141
nps1-105 0 - 86 12.6 0.5 0.1 0.5 1518
3 - 85 13.2 0.5 0.1 0.7 1995
3 + 82 13.9 1.9 0.3 1.6 1278

ps1-105(YTW-n9D, a/a ade2-101/ade2-101 nps1-105/nps1)18Bd its isogenic wild type (WT) strain (YTW-30D), harboring
pHM410 (CEN4 SUP11 UR3) were subjected to heat treatment. Cells were removed from the cultures at the indicated times
and plated on color media plates. The cells were allowed to form colonies by the incubati@hfar Zadays. The percentage

of each colony type was calculated and is presented in the table. P, W and R indicate pink, white and red colonies,;Rand W/P, P/
and W/R indicate half-white half-pink, half-pink half-red and half-white half-red sectored colonies, respectively. Staiztiard\ias

within 10%.

To explain the phenotypes of thies1-105nutant, there can be (calcinosis, Raynaud's phenomenon, esophageal dysmotility,
at least three possibilities. The first is that Nps1p plays a direstlerodactyly and telagiectasia) and shown to be a centromere-
role on the organization and/or maintenance of the centromespecific protein which has a domain resembling histone&sK)3 (
chromatin structure independently from RSC complex. ACSE4was isolated in a screen for genes that cause an increase in
present, four genes encoding RSC components are identifittk rate of loss of an artificial chromosome bearing a patrtial loss
including NPS1(3,21,48). Analysis of the conditional mutant of function mutation in CDEIl and found to be essential for
alleles of these genes is required for understanding the role roftotic growth 65). The phenotypes of temperature-sensitive
RSC complex in chromatin structure. The second model is th&SE4allele,cse4-1are resemble to thosergfs1-105thecse4-1
Npslp functions through RSC complex as a transcriptionahutant arrest with a predominance of large budded cells
regulator resembling SNF/SWI complex for genes essential faontaining single G2 nuclei and short bipolar mitotic spindles at
the assembly of certain chromatin structure of centromereslevated temperature and shows the increased non-disjunction
Previous studies indicate that depletion of histone H2B or Hitequency of a chromosome bearing a mutant centromere DNA
alters chromatin structure of centromeres and causes G2 arrgstjuence53). Although the yeast centromeric DNA is packed
(49-51). Nonetheless, phenotypes reported with the loss of eithirto specialized nucleosomes, the question of how these specialized
histones are different from thatrgfs1-105n several points. First, nucleosomes are properly localized in centromeres is not
depletion of either histones caused elevated sensitivity to MNaseainswered yet. Fundamentally, the binding of histones to DNA is
overall chromatin, while theps1-105mutation did not (Fig3A). not dependent on specific DNA sequence. In nuclei of growing
Second, the reduction of superhelical density in covalently closeglls, the amount of conventional nucleosomes may be much
circular plasmid was introduced by the loss of either histones but mabre abundant than that of specialized nucleosomes. In case of
by the defect ahps1-105Fig. 3D). Finally, the cell cycle arrest by human cells, targeting of CENP-A to centromeres requires that
the histone depletion was irreversible: the cells carrying inducibleENP-A expression is uncoupled from histone H3 synthesis
allele of either histone H2B or H4 lost viability upon shift to theduring S phase: CENP-A mRNA accumulates later in the cell
repressed conditions within 2 h. On the other hanchgk#-105 cycle than histone H3, peaking in GB). On the other hand, the
mutants remained viable at least 8 h in the restrictive condition whetRNA of CSE4is reported to present at relatively constant levels
theMAD1gene is functional (Fig@). Accordingly, Npslp seems not throughout the cell cycle56). In addition, whether Cse4p
to affect at least the expression of histone genes. A third possibilipssesses the DNA-binding activity with higher affinity to
is that Npslp acts as a component of RSC complex on thentromere DNA is obscure. The simplest scenario to explain the
organization or modulation of the centromeric chromatin structureole of RSC is that the complex may be required for recruiting
The yeast centromeric DNA is packed into a unique chromatspecialized nucleosomes, and organizing and/or maintaining the
structure 80). In addition, the nuclease-protected region within theinique chromatin structure in the distinct region of the genome.
centromere is highly resistant to ionic conditions that are known ta this regard, biochemical and genetic properti€&-ttl, a gene
disrupt most loose DNA—protein complex&&)(and is thought encoding another component of RSC, are of intet&gt A
to contain specialized nucleosomes. These nucleosomes tmperature-sensiti&-H1lmutation sthl-1 causes G2/M arrest
suggested to contain Csedp, a yeast homolog of the humainelevated temperature similar to thanps1-105.The Sfhl
kinetochore protein, CENP-A, in place of histone 53.(CENP-A  protein is phosphorylated in the G1 phase and dephosphorylated
was first identified using sera from patients suffering CRESTipon progression to the S phase. Because Sfhlpis required for the
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progression through G2/M, the phosphorylation of Sfhlp g4
suggested to negatively regulate Sfhlp function: thus, the protein
is likely to be activated by dephosphorylation at the S phase. Th
organization of newly synthesized DNA properly into highly
ordered chromatin structure occurs in tight link with theirig
synthesis during the S phase.

However, our results do not exclude the possibility ofi7
requirement of RSC for transcriptional regulation. Cagnal
reported that RSC is at least 10-fold more abundant th
SNF/SWI complex J). Immunofluorescent localization of ,,
Npslp with anti-Npslp antibody or by expressing Npsl-GFP1
fusion protein revealed that this protein is not concentrated in the
specific region of the nucleus but localized over the entire regici?
stainable with DAPI 1; E.Tsuchiya, unpublished result). The
observation indicates that Nps1p or RSC functions not only in t
organization of centromere chromatin structure but also in thg
organization of another chromatin region or in the transcriptionak
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