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ABSTRACT

In eukaryotes, the segregation of chromosomes is
co-ordinated by the centromere and must proceed
accurately if aneuploidy and cell death are to be
avoided. The fission yeast centromere is complex,
containing highly repetitive regions of DNA showing

the characteristics of heterochromatin. Two proteins,

Swi6p and Clr4dp, that are associated with the fission
yeast centromere also contain a chromo (chromatin
organisation modifier) domain and are required for
centromere function. We have analysed a novel fission
yeast gene encoding a putative chromo domain called

chp1* (chromo domain proteinin  Schizosaccharomyces

pombe). In the absence of Chplp protein, cells are
viable but show chromosome segregation defects
such as lagging chromosomes on the spindle during
anaphase and high rates of minichromosome loss,
phenotypes which are also displayed by
A fusion protein between green fluorescent protein
(GFP) and Chplp, like Swibp, is localized to discrete
sites within the nucleus. In contrast to Swi6p and Clr4p,
Chplp is not required to repress silent mating-type
genes. We demonstrate a genetic interaction between

chp1* and alpha-tubulin ( nda2*) and between swi6*
and beta-tubulin ( nda3*). Chplp and Swi6p proteins

may be components of the kinetochore which captures
and stabilizes the microtubules of the spindle.

INTRODUCTION

swi6 and cir4.

monitors the attachment of chromosomes to the spindle agd
which elicits a delay prior to anaphad#. (Proper kinetochore =
function is vital as an inability to faithfully segregate th
chromosomes has a dramatic effect on the viability of
organism.

The centromeric function seems to be retained in all eukaryotas
yet the structure of the centromere is not conserved. In the bud(fﬂg
yeastSaccharomyces cerevisidke functional centromeric region g
consists of only 125 bp of DNA, comprised of three distincg,
elements, CDEI, CDEIl and CDEII2). In the fission yeast 3
Schizosaccharomyces pomitieere are three chromosomes of2
5.7, 4.6 and 3.5 Mb, bearing centromeres which genera
encompass 40-100 kb of DNA and which are far more complex
than those of budding yeast. Each is composed of a central ¢gre
of [b kb, flanked by large, inverted regions of DNA, made up
direct and inverted repeat elements known as K, L, B and3J
elements §). This arrangement has much in common with the
centromeres of mammalian cells which are also highly compl@x
and contain large arrays of repetitive satellite DNA. Q

Studies have been carried out to try to determine the miningal
sequence requirement for a functiocBglombeentromere. Two 8
elements, the central core and the K repeat, seemed to be requiffec
for the formation of an active centromere and together can cre%te
a functional centromere on a minichromosodjelq particular, 3,

a 2.1 kb region of the K repeat, known as the centrom
enhancer, is needed for centromere function and for the formation
of a specialized chromatin structure at the central &ravbich

does not seem to be composed of a regularly spaced nucleosomal
array 6,7). A recent study has reported that the enhancer element
itself is not essential but can be substituted for by other sequences
which are able to establish an active centron®rdr{ addition,

Centromeres are highly specialised structures which direct tseall deletions within the central core region can also be tolerated.
segregation of the chromosomes during karyokinesis. At tHguch findings indicate that there is functional redundancy at the
centromere, a protein—DNA complex called the kinetochore f&ssion yeast centromere.

proposed to interact with the microtubules and plays a central roleMuch less is known about the protein components of the
in the alignment of chromosomes at metaphase, and th&mpombecentromere. The Abplp (ARS-binding protein), also
separation during anaphase. The kinetochore may also have otkrewn as Cbplp (centromere binding protein), is thought to be a
functions including a role in the cell cycle checkpoint whichcentromeric protein 910), and has been shown to bind
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specificallyin vitro to sites within the centromere central core, asssociated protein 1) and Pc (Polyconzli).(HP1 is involved in
well as within the K repeat. A second protein, Cbh (CENP-Bhe heterochromatin-induced repression of gene activity, whilst
homologue), has also been shown to bind to the centromereR€ is a transcriptional repressor of the homeotic genes. The
repeat and is essential for cell viabilifyl). Sequence comparisons demonstration that Pc protein and the murine HP1-like protein,
have shown that there is significant homology between both thelt32, localize to many euchromatic sites has also suggested that
protein sequences and the human CENP-B protein. Anothtlie assembly of heterochromatin-like domains within euchromatin
protein, called Mis6p, was found to be specifically localized atthis a widespread mechanism for regulating gene expression
centromere throughout the cell cycle and is essential for c€ll8,22,23).
viability (12). This protein affects the chromatin structure at the In this paper, we report the analysis of a novel fission yeast
central core and it has been proposed that it plays a role in ttlomo domain protein which has been identified on chromosome
orientation of the centromeres. 1 as part of thés.pombe sequencing project. This predicted
The proteins Swi6p, Riklp and Clr4p, which are thought t®60 amino acid protein contains a single, classical chromo
interact (L3), also function at the centromere. They are notlomain near to the N-terminus and our studies reveal that the
specific centromere factors, however, because they also act at@meoded genechpl®, is required for accurate chromosome
telomeres and the silent mating-type loci. These regions asegregation but is distinct from the Swi6p and Clr4p centromeric
thought to contain heterochromatin which represses gene expressibromo domain proteins. Our evidence indicates that there is an
(13-15). Fluorescenca situhybridisation (FISH) has been used interaction between Chplp and alpha-tubulin and we suggest that
to demonstrate that Swi6p protein localizes at all three of the§hplp is a component of the kinetochore which plays a role in
loci. Analysis of theswi6, clr4 and riKk mutation strain stabilizing microtubules.

phenotypes has shown that they are sensitive to anti-microtubule =
drugs, have a high rate of minichromosome loss and alleviate tp/FATERIALS AND METHODS 3
repression of marker genes placed at centromeric, telomeric and g
silent mating-type positions -15). Strains and growth conditions g8
Interestingly, both Swiép and Clr4p proteins contain a motif 3
known as a chromo domaih§17). This[(50 amino acid motif The S.pombestrains used in this study are listed in Tahle 3
is conserved in a large number of proteltfs-20) and was first  Procedures and media used for the routine growth and maintenagice

identified in two Drosophila proteins, HP1 (heterochromatin of S.pombavere according ta2{). §
g
Table 1. Yeast strains <)
%
Strains used in this study: References: %
Sp 557 ura4-D18,leul-32,ade5-M210,h~ P. Nurse g
Sp 556/557 ura4-D18lra4-D18,leul-32/leul-32,adeb-M216/ade5-M210,ht/h~ P. Nurse §
Sp PG335 clr1-5,ura4-D18,leul-32,ades-M216, his2, h%0 (39) g
Sp EG388 rik1-304,ura4-D18, leul-32,h%0 (40) 3
Sp AL91 swi6::urad*, ura4-D18,ade6-M216,h%0 (16) g
Sp KE108 clr4-S5,ura4-D18,ade6-M216,h%0 (34) ﬁ.
Sp ED974 nda3-km311 leul-32,h* (36) §
Sp nda2 nda2-kms52, led-32,h- (36) £
Strains created during this study: %
Sp OX13 ura4-D18, led-32, ad€-704,h%0 S
Sp OX25 swib::uradt, urad-D18, leu-32, adé-M216, 190 7
Sp OX39 clr4-S5,ura4-D18, led-32, adé-M210, HO
Sp 0X109 ura4-D18,leul-32,ades-704, i / Ch10-CN2:suB-5
Sp OX110 chpl*/chpl::urad*, ura4-D18lra4-D18,leul-32/eul-32,
ades-M216Ades-M210,h*/h-
Sp 0X113 chpl::urad*, urad-D18,leul-32,ades-M210,h*
Sp OX116 chpl::urad*, urad-D18,leul-32,ades-M216,h%
Sp 0X121 chpl::uradt, ura4-D18,leul-32,ades-704, It / Ch10-CN2:supBs-5
Sp OX127 nda3-km311,ura4-D18,leul-32,h*
Sp OX129 swib::urad*, nda3-km311,ura4-D18,leul-32,h-
Sp 0X130 chpl::urad, nda3-km311,ura4-D18,leul-32,ades-M210,h~
Sp OX157 nda2-km52,ura4-D18,leul-32,ades-M210, h~

Sp OX159 chpl::urad*, nda2-km52,ura4-D18,leul-32,ade6-M210,h~
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+
chpl™ constructs chp1 ORF

|

chpl* constructs were prepared either by subcloning fragments
excised from th&.pombeédDNA containing cosmid c18G&%)
or by PCR from the same cosmid. A plasmid was created using ¢
thechpl* 2.882 kb open reading frame (ORF) only, which was A + I Nl | , Ll
isolated by PCR using the cosmid c18G6) @as a template and 1 [l
was fully sequenced. This was cloned into the high expression urad
level pREP1 vector or low expression level pREP81 vez®)r ( -~
under the control of the plasmidmt promoter. A green
fluorescent protein (GFP)-Chpl fusion protein construct was
made using the 714 bp GFP ORF prepared by PCR, using the
TU#58 wildtype GFP-containing plasmiglf) as a template. This
was cloned at the’ ®nd of thechpl* gene to give an in-frame
N’'-terminal GFP fusion with thehpl* gene in the vector pREP1.
Another two plasmids were made using either the 4.88 kb
BanHI-Apd or the 3.77 kiNdd—Sad DNA fragments containing
the chpl* gene (Fig.1B). Each fragment was cloned into the
vector pREP8146) but in the reverse orientation to the plasmid
promoter.Schizosaccharomyces pongigins containing these
constructs were grown in the presence of thiamine, which
strongly represses the plasmid promoter, so that expression wouid
only arise from thechpl* promoter region contained in the
genomic DNA insert.

BAENH vV  EE V BHX CX
L]
[T T

BamHI-Apal 4.88 kb -

A

BamHI-Sacl 4.26 kb

A

y

Ndel-Sacl _3.77 kb

A

1kb

16 ETDADVYEVEDILADRVN-KNGIN-EYYTKWAGYDW- YDNTWEPEQN-LFCAEKVL 67 Spchpl
75 EEEEDEYVVEKVLKHRMARK-GGGYEYLLKWEGYDDPSDNTWSSEADCSGCKOLIE 130 Spswi6
2 SPKQEEYEVERIVDEKLG-RNGAVKLYRIRWLNYSS-RSDTWEPPEN-LSGCSAVL 54 Spclrd
Minichromosome Stabl'lty assay 206 EPIIDFVLNHRKRADAQDDGPKSSYQYLTKWQEVSH-LENTWEDYST-LSSVRGYK 259 Sphrpl

18 EEEEEEYAVEKIIDRRV-RK-GKV-EYYLKWKGYPE-TENTWEPENN-LDCQDLIQ 68 DmHP1

The stability of minichromosome Ch10-CNZ8 in fission yeast )

. . . . . 20 DPVDLVYAAEKIIQKRVK-K-GVV-EYRVKWKGWNQ-RYNTWEPEVNILD-RRLID 70 DmPc
strains was determined using the method of Kipling and Kearsey
(29), as described by Allshiret al. (15. In outline, cells were
cultured in minimal media lacking adenine to select for the
minichromosome, and then the same number of cells were
inoculated onto plates with and without adenine, in duplicate. Afigure 1. Thechpl* gene. A) Restriction map of thehpl* gene region. The
the same time, cells from the culture were inoculated intgPen box and arrow indicate the 960 amino ebjl* ORF and the black box

. : : : resents the chromo domain. The region replaced by a 1.8 kb fragmegt
non-selective media and grown for at least 15 generations befo@r)wtaining thaurad* gene in the gene deletion experiment is indicated below Q

plating out as before. the coding region. Apd; B, Bglll; Ba, BanHI; C, Clal; E, EcaRl; H, HindlIl;

N, Ndd; S, Sad; V, EcdRV; X, Xhd. (B) Fragments ofchpl® used in
complementation experiments. The arrows indicate the genomic fragments
used in complementation experiments drawn in relation to the restriction maé'

: : above. C) Homology of the putative Chplp chromo domain to other closely .
Exponennally growing cell cultures were concentrated to elated chromo domain proteins. Alignment of the chromo domain motifs of<

density of 2¢ 10/ cells/ml, serially diluted by a_fag:tor of 10, ranging chp1p (Spchpl) witts.pombeSwitp (Spswie), Clrdp (Spclrd), and Hrplp S
from 2 x 10’ to 2x 104 and 5 jiof each dilution spotted onto  (Sphrp1), Drosophila HP1 and Pc (DmHP1 and DmPc, respectively) and &£
complete media or selective minimal media plates containinguman MOD1 (HsMOD1). Fission yeast Swi6p and human MOD1 are thoughfs

thiabendazole (TBZ) Plates were incubated A€30r 3-5 days 0 be homologues of DrosophitdP1. Residues conserved in at least five out &
! " of the seven protein sequences are shown in bold. Numbers at each ep
=

represent amino acid residue numbers. b

EEEEEEYVVEKVLDRRVV-K-GKV-EYLLKWKGF SD-EDNTWEPEEN-LDCPDLIA 65 HsMODL

/Bio'sfeulnolpioxo: reu//:dny woiy papeojumoqd

pIoJX

Thiabendazole experiments

Immunofluorescence

Cells were fixed with 3% p-formaldehyde as described by Hagammersion lens, with excitation at 488 nm and viewed as a
and Hyams30) and immunolocalization of tubulin was carried maximum projection.

out with mouse TAT-1 antibody3(), with anti-mouse TRITC

conjugate (Sigma) and DAPI as a counter stain. Methanol fixin

of cells was also used. RESULTS

Sequence comparison

Microsco
I Py The sequence of il gene was reported as part of$hgombe

Cells were observed using an Olympus BX50F fluorescenagdromosome | sequencing project (EMBL accession no. Z68198).
microscope using a 18@il immersion lens and photographed onThe predicted ORF is of 960 amino acids, with no introns, giving
Fuji G400 film. In addition, the three-dimensional distribution ofa putative protein size of 108.7 kDa. This sequence predicts a
GFP-Chp1p fluorescence was imaged using a BioRad MRC 668romo domain motif close to the N-terminus (EjgThis motif
inverted confocal microscope attached to a Nikon Diaphot. Cells found also in th&.pombewie* (16), clr4* (17) andhrpl* (32)

were embedded in 18% gelatin and 8-10 serial optical images wgenes. A partids.pombesequence containing a chromo domain
collected with a focus increment of QB using a 68 1.4NA oil  (33) has now been shown to be identical todiné* gene (7).
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Deletion of chpl* wt h %

To analyse the phenotype resulting from the absence of the Chp1y.
protein, a null allele was constructed. A plasmid was made in
which the 1.5 kb fragment from the predicted start codon to the
Bglll site of thechpl® ORF was replaced with a 1.8 kb marker
fragment containing therad* gene (Fig.1). A linear 4.5 kb
Psi—Sad fragment containing this deleted region was then used
to transform a diploid, wildtype strain (Sp 556/557) to uracil
prototrophy. Stable, diploid, utacolonies were isolated (strain

Sp OX110) and Southern analysis used to confirm that a copy of
theurad™ gene had integrated at ttfgal* locus (data not shown).
The strains were sporulated and both tetrad and random spore
analysis carried out. Haploid, drapores could be isolated
showing that the Chplp protein is not essential for cell viability.
Two independent haploid isolates of tigl deletion mutation
strain were further checked by PCR analysis of genomic DNA
using primers adjacent to tlehpl deleted region and partial
sequencing carried out (data not shown). This further verified that
thechpl® gene had been deleted by a single copy@#™ gene  Figure 2. Mating-type switching ability of thenpl deletion mutation strain. A
and that the ends of the integrated fragment had been resolvetgh deletion mutatioh®strain (Sp OX116), a wildtyg@Pstrain (Sp OX13),
properly aswi6 deletion mutatioh® strain (Sp OX25) and a wildtype (non-switching)

strain (Sp 557) were sporulated on low nitrogen media and stained with iodin,
vapour to show the starch containing spores (black).

chp1 h®®

swig h*

PR [UMOQ

chpl* does not affect switching ability at the mating-type
locus

In fission yeast, a cell has either a plus or minus mating-type a’Wcreased rates of minichromosome loss in thenpl
this is determined by a copy of either plus or minus informatloH] tation strain

present at the active mating-type locus. Silent, non-expresse
copies of both genes are situated adjacent to the active locus, &mdinvestigation was carried out to determine whether Chp
can be copied into the active site allowing the cell to switch to tharotein is required for chromosome segregation. Thgl
opposite mating-type. P strains, this switching occurs at high mutation strain was assayed for defects in the transmissionzof
frequency leading tdB0% of cells being able to mate and chromosomes, usingchpl deletion mutation strain containing £
sporulate. the Ch10-CN2 minichromosome. The Ch10-CN2 minichromosonse
In swi6 andclr4 mutation strains, the switching frequency isis a linear, 120 kb derivative of chromosome lll, containing
greatly reducedl1(,34). It was therefore of interest to test the suppressor of thedes-704 mutation48). The rate of loss of the =
ability of thechpl deletion mutation strain to undergo switching.minichromosome in thechpl deletion mutation strain was s
Several independehf? isolates of thehpl deletion mutation assayed by the ability of colonies to grow on media lacking
strain were induced to sporulate on low nitrogen media and weaglenine and compared to loss rate in the wildtype backgroundgin
treated with iodine vapour which stains the starch in the sporebechpl mutation strain (Sp 0X121), the minichromosome los§
This revealed that thehpl mutation strain (Sp OX116) has a rate was significantly higher than in wildtype cells, with losg
level of switching at the mating-type locus comparable to that afccurring in [2.2% of divisions compared to no detectable losg
wildtype h%0 cells (Sp OX13) (FigR). in the wildtype strain (Sp OX109) (Tat#:

olp@;xouew/:duq woJ} pa|

ol

Table 2. The effect of thehplmutation on the segregation of a minichromosome

ST0C ‘STau

Strain T* % Minichromosome nabc™
loss per generation

wt (Sp OX109) - 0.0 3abe
chpl::urad* (Sp OX121) - 2.2 gaaaabb
chpl::urad* (Sp OX121) + pREP1 + 2.3 Qaaaaaaaaa
chpl::urad* (Sp OX121) +BarHI-Apa 4.88 kb + 0.16 gabbbb
chpl::urad* (Sp OX121) +Ndd-Sad 3.77 kb + 0.38 gaab
chpl::urad* (Sp OX121) + pREP8Lhpl* - 0.43 4aaaa
chpl::urad* (Sp OX121) + pREP1-GFEhpl* + 0.52 4aabc
chpl::urad* (Sp OX121) + pREP1-GFBhpl* - 0.45 2aa

*Presence or absence of Mthiamine.
**The number of independent experiments carried out, where abc is the approximate number of colonies per plate examined in
each experiment, a = 100-500, b = 500-1000 and ¢ = 1000-1500.
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Figure 3. Aberrant chromosome segregatiorchpl deletion mutation strain
cells. An example of a fixed and immunofluorescent stagiedl deletion
mutation cell (strain Sp OX113) is shown displaying a lagging chromosome
during anaphaseAj stained with DAPI andB) stained with anti-tubulin
antibody. The white arrowhead in (A) identifies the lagging chromosome. Cells
were grown in complete media.

The ability of a number afhpl* genes containing plasmids to
rescue the minichromosome loss phenotype was then tested. A
construct containing just the ctipORF in the low expression
level pREP81 expressed under non-repressing conditions was
able to suppress the mutation strain phenotype. Plasmids
containing a 4.88 kiBamHI-Ap& or a 3.77 kbNdd-Sad
genomic fragment (Iilg )1c|oned into pREP81 26) but Figure 4. Localization of GFP—Chp1 protein. The live cell localization of the
expressed from thehpl™ promoter, were also able to restore theG FP—Chpl protein in different strain backgrounds is shoi; wildtype
minichromosome loss rate to approachlng wildtype levels (Tab|@p 557), B) rik1 mutation strain (Sp EG388) an@)(clr4 mutation strain
2). An N-terminal tagged GFP—Chplp in the high expressionSp 0X39). Cells were grown in selective minimal media lacking leucine an
level pREP1 76), expressed in both the presence or absence di the absence of thiamine.
repressing thiamine, showed complementation of the mutation
phenotype. Cells transformed with the empty pREP1 vector alone

19 /Bios plﬁno [pJoyxo* feuy/:dny wouy papeojumoq

did not show complementation of the phenotype. there were one or two spots; however, nuclei with three to f|@
spots were also seen.
chpl is associated with chromosome segregation defects The fission yeast Swi6p protein also localizes as a few dlscrge

spots within the nucleus; however, these become delocahze@n
chpl null allele (Sp OX113) cells were visually analysed fortheclr4 and rik mutation background&®). Studies of a plasmid £
chromosome segregation defects using indirect immun@xpressed GFP-Swi6 fusion protein gives the same res@ts
fluorescence with anti-tubulin (TAT-1) antibodi€d) and DAPI  (C.Chow, unpublished data). To investigate whether the Chpgp
(4',6-diamidino-2-phenlindole) staining of the DNA. This analysisprotein displays similar properties, we transformed the GFFg—
revealed that 7.8% (23/296) of late anaphase cells containedChpl fusion construct intr4 (Sp OX39) andikl1 (Sp EG388) &
lagging chromosome, whilst no lagging chromosomes could breutation backgrounds. In these strains the punctate nuclgr
detected in wildtype (Sp 557) cells. The spindles themselvéscalization is retained (Fig). This distribution is also seen in
appeared normal (Fig). swib (Sp OX25)¢chpl (Sp OX113) andIrl (Sp PG335) mutation

strain backgrounds (data not shown).

Chp1 protein localizes to the nucleus

. : L + Sensitivity to anti-microtubule drugs is affected bychpl
To determine the intracellular localization of tblepl™ gene

product, a construct was made containing the GFPfised The defective chromosome segregation observed irchpe
in-frame to the N-terminus of tleapl* gene. This fusion protein deletion mutation strain might be due to a defective interaction
was able to rescue tlehpl mutation phenotype in a similar between the kinetochore and the spindle microtubules. To further
manner to vectors expressing the untagged protein, suggestinglacidate this, thehpl mutation strain (Sp OX113) was tested for
functional protein is produced. This construct was transformeittie ability to grow in the presence of the anti-microtubule drug,
into wildtype (Sp 557) cells which were grown in selective medidBZ. The chpl mutation strain grew less well than wildtype
in the absence of thiamine and were observed by UV or confoq@p 557) at both 10 and 2@/ml TBZ (Fig.5).

microscopy. The GFP—Chp1 protein was found to localize within The ability ofchpl* gene containing plasmids to complement
the nucleus as distinct spots (F#). Analysis of maximum this TBZ sensitivity of thehpl mutation strain (Sp OX113) was
projection confocal microscope images from 117 live, GFPthen tested. A plasmid containing the 3.7 Rkld—Sad genomic
expressing cells indicated that in the majority (74%) of nuclefragment (under thehpl* promoter) (Figl) not only rescued the
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0 ug'mi TBZ 10 pgiml TBZ 20 pg/ml TBZ 0 ug/ml TBZ 10 pgml TEZ 20 pg/ml TBZ

2 LR —1 A ——
1 e——710' 1 ee————J 0 I} e=——"]1d
number of cells numbar af cells numbar of cells

Figure 5. Sensitivity ofchpl mutation strains to TBZ. Exponentially growing  Figure 6. Sensitivity ofchpl* integrant strains to TBZ. Exponentially growing
cells were serially diluted by 1/10 and spotted to selective minimal media cells were serially diluted by 1/10 and spotted to complete media containing 0O,
lacking leucine and containing thiamine plus 0, 10 op@@nl TBZ. Plates 10 or 20ug/ml TBZ. Plates were grown at 30 for 3 days. The strains are (wt)
were grown at 30C for 3 days. The strains are wildtype (Sp 557) carrying wildtype (Sp 557), (c) cHp deletion mutation strain (Sp OX113), (i1) an
pREP1 empty vector (wt) anchpl deletion mutation cells (Sp OX113) incorrectchpl deletion mutation FOA isolate which does not contaiwhipg*
carrying pREP1(c)Nde-Sad 3.77 kb—pREP81 (1) and GFP-Chpl-pREP1 gene, and (i5) ahpl deletion mutation FOA isolate containing the correctly
(2). The numbered triangles underneath the figure indicate the increasingintegratedBanmHI-Sad 4.26 kbchpl* fragment at thehpl::urad* locus. The

number of cells spotted on the plate, going fronl(? to 1x 10P cells per spot numbered triangles underneath the figure indicate the increasing number of cells
from left to right. spotted on the plate, going from 1 X 1@ 1x 1CP cells per spot from left to right.
o
<
=1
TBZ sensitivity but also conferred increased resistance to TB&1 e ; : g
i ) 1 TBZ sensitivity compared with other strains
compared to wildtype cells at both 10 anqugdnl TBZ (Fig.5). P y P 8
5]

A plasmid containing the larger 4.88 BamHI-Ap& genomic  The sensitivity of thehpl deletion mutation strain (Sp 0X113)
fragment (Fig1) behaved similarly (data not shown). Moreover,to TBZ is greater than that of wildtype (Sp 557) but less than t
plasmids containing thehpl* ORF fused to GFP in pREP1 of aswi6 deletion mutation strain (Sp OX25) (Fif). An nda3
(Fig. 5) or thechpl™ ORF alone in pREP1 (data not shown) alsqbeta-tubulin) mutation strain (Sp OX127) is more resistant
rescued the TBZ sensitivity of tkhpl mutation strain and again TBZ than both chpand wildtype (Fig?) (36,37), whilst annda2
resulted in increased TBZ resistance compared with wildtyp@lpha-tubulin) mutation strain (Sp OX157) is much mor
cells. The effect is even more marked than that seen with teensitive to TBZ than any of these strains (Bjg36,37).
Ndd-Sad plasmid. The use of these different constructs appears
to rule out the presence of mutations in the plasmid insert Whighieraction with tubulin
might result in such resistance to TBZ. These observations were
repeated using two independent isolates ofctiygl deletion  One explanation for the TBZ data is that the Chplp protein might
mutation strain. Both of these strains had been thoroughigteract with microtubules, although the spindle immunox
checked, by Southern blotting, PCR and sequencing, to rule dlitorescence and localization data suggests that Chplp is ot
the presence of additional mutations which might account for tHikely to be a component of the spindle itself. Evidence for ag
TBZ resistance ichpl* plasmid containing strains. interaction between Swi6p and beta-tubulin has been reportgd
To further investigate this finding, a lindgamHI-Sat4.26 kb~ where aswi6 nda3 double mutation strain is supersensitive 1
chpal* containing genomic DNA fragment (Fig. iias transformed cold, and has very high minichromosome loss rat&s (To g
into one of thechpl::urad* deletion strains (Sp OX113). investigate whether Chplp acts in a similar manner, a doulge
Transformants were selected on 5-fluoro-orotic acid (FOAjnutation of thehpl deletion mutation in combination WlthaCO|dﬂ>
containing media on which only cells containing a defective osensitive beta-tubulin mutationda3 (36), was created. This &
deletedurad™ gene can grow3f). This should select for cells double mutation strain (Sp OX130) did not show any mcreasgj
where theurad* containing disrupted copy of topl* gene has  sensitivity to 10 or 20ug/ml TBZ at thenda3 permissive
been replaced by the wildtyjpbpl* gene copy from the linear temperature of 30 compared with thehpl mutation strain
fragment. Southern blotting was used to confirm that a wildtypéSp OX113), which is the most TBZ sensitive of the single
copy ofchpl* had integrated at thehpl::urad* site and growth mutation strains (FigZ). The data thus gives no suggestion of an
on FOA was due to this, not due to mutation ofutel* gene interaction between Chplp protein and beta-tubulin. In contrast
(data not shown). The growth on TBZ containing media of #o this, in the same assayswi6 nda3 double mutation strain
correctly integrated isolate and a second incorrect isolate, whi€Bp OX129) was shown to be supersensitive to TBZ compared to
did not contain the ci gene and probably had a mutation inboth theswi6 (Sp OX25) anahda3 (Sp OX127) single mutation
urad*, was tested alongside a wildtype strain and the parentstrains (Fig7).
chpl mutation strain (Fig6). The correct strain, with an  The possibility of an interaction between Chplp protein and
integrated copy othpl*, showed the same pattern of TBZ alpha-tubulin was then tested using a double mutation strain of the
sensitivity as the wildtype strain and did not show increased TBzhpl deletion mutation in combination with the cold sensitive
resistance like plasmid expressbqil* strains did. The incorrect alphal-tubulin mutatiomda2 (36,37). Thenda2 single mutation
isolate behaved as the parehpil deletion mutation strain did. strain is very sensitive to TBZ so the sensitivity ofdiygl nda2
Taken together, these results suggest that both the presencelaible mutation strain was tested at TBZ concentrations of 0.5
absence of the Chplp protein affects the stability of microtubulesyd 1 pg/ml. Our data show that at theda2 permissive
in the presence of TBZ. temperature of 30, the chpl nda2 double mutation strain
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Figure 7. Sensitivity onda3 ancchpl mutation strains to TBZ. Exponentially growing cells were serially diluted by 1/10 and spotted to complete media containing
0, 10 or 2Qug/ml TBZ. Plates were grown at 30 for 3 days. The strains are (wt) wildtype (Sp 557), 33 (Sp OX127), (@hpl (Sp OX113), (c/n33hpl nda3

double mutation (Sp OX130), (s\vb (Sp OX25) and (s/n3wi6 nda3 double mutation strain (Sp 0X129). The numbered triangles underneath the figure |nd|cgte
the increasing number of cells spotted on the plate, going frot04 to 1x 1P cells per spot from left to right.

{720 |JUMO

(Sp 0OX159) is much more sensitive to TBZ than a strain carryinghromo domain proteins have discrete localization patterns aﬁd
either thechpl (Sp OX113) onda2 mutation (Sp OX157) alone. that the Chplp protein has a distinct set of functions. g
Significantly, the double mutation strain grown at°@5also Nevertheless, thehpl strain has many similar phenotypes tog
shows enhanced cold sensitivity (F8Y.This indicates that there those seen iBwi6 andclr4 strains and these are consistent witf
is a genetic interaction betweelnpl and nd2 mutations. arole for Chplp atthe centromen’apl strains, likswi6 andclrd 3
strains, have a particular problem in the accurate segregatiorgof
chromosomes. Thehpl strain is also sensitive to the anti-
DISCUSSION microtubule drug TBZ, as addr4 andswié (14). This could be
explained by a defect in the spindle checkpdipaflowing cells
The chpl* gene is the third distinct chromo domain encodingo divide in the absence of proper spindle formation. Alternativelg,
gene with a role in the segregation of fission yeast chromosomésthese strains the microtubules themselves might be less stable
Another fission yeast chromo domain encoding ger,t, has  or more sensitive to anti-microtubule drugs. In support of th
also been reported, but it has not been analysed in respecisefond explanation, we found that increasing dhgl* copy =X
centromere defects. This gene is the S.pohdreologue of number resulted in increased resistance to TBZ, perhapssimgflec%
mouse CHD-1, and encodes putative chromo and helicaaa increased stability of the microtubules. The TBZ sensitivity i§
domains 82). the absence of Chplp might be explained by an inability of sorﬁe
chpl™ encodes a large protein (960 amino acids) of which thef the kinetochores to effectively capture and stabilize th#€
chromo domain represents only a small region (50 amino acidsjicrotubules. =
at the N-terminus. In contrast, the Swi6p centromeric chromo The link between chromo domain proteins and m|crotubules&s
domain containing protein is much smaller (the gene encodésther supported by genetic evidence. We have shown a genglc
328 amino acids) and contains an N-terminal chromo domain,igeraction betweeswic® and nd&* (beta-tubulin) based on ¢
hinge region and a C-terminal shadow chromo domigh2().  TBZ sensitivity. No such interaction could be shown betweed
These proteins may share the presence of a chromo domain I@#ip1p and beta-tubulin; however, a genetic interaction could Be
not surprisingly, their functions appear to be distiolid and  established betweehpl* and alpha-tubulin (n@) on the basis
swib strains do share similar phenotypes and it is known thaf cold sensitivity and TBZ sensitivity, although whether this is
Clr4p, along with Rik1p, is required for the correct sub-nucleaa direct or indirect interaction is not known.
localization of Swi6p to three distinct locations within the The Chplp chromo domain protein clearly has a role which is
nucleus: the centromeres, telomeres and the mating-type lafistinct from that of the other chromo domain proteins which act
(13). The discrete sub-nuclear distribution of Chplp, however, ist the centromere. Chplp and Swi6p both interact with tubulin,
not affected by mutations in eithelr4*, rik1* or swi6*. The  but apparently not through the same component. It will be
majority of cells contain one or two distinct spots of Chplpnteresting to investigate the Chplp-tubulin interaction further, to
which, because of the nature of the Chplp protein and thee whether Chplp does represent a kinetochore structural
phenotypes associated with the gene deletion, would be consistembunit or whether in fact it has an additional or different role such
with an association with the centromeres and perhaps a secendthe regulation of microtubule formation.
region, possibly the telomeres, which can also affect chromosome
stability (38). It is not yet known whether Chplp is actually A\ckNOWLEDGEMENTS
localized at either of these sites and further experimentation wil
be needed to clarify this. We found no evidence of a role fdMe would like to thank the following people for the generous
Chp1p in repressing the silent mating-type loci. This suggests ttaénation of strains, plasmids and antibodies: Paul Nurse,
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Figure 8. Sensitivity ofnda2 andchpl mutation strains to cold and the drug 20
TBZ. Exponentially growing cells were serially diluted by 1/10 and spotted to 21
complete media containing\(andD) O, B) 0.5 or C) 1 pg/ml TBZ. Plates 22
were grown at 30C for 3 days (A—C) or 25C for 5 days (D). The strains are

(wt) wildtype (Sp 557), (n2)da2 (Sp OX157), (@hpl (Sp OX113)and (c/n2) 23
chpl nda2 double mutation strain (Sp OX159). The numbered triangles24
underneath the figure indicate the increasing number of cells spotted on the
plate, going from & 10?2 to 1x 10P cells per spot from left to right. 25
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