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ABSTRACT

We recently reported the identification of a gene, TRF4
(for DNA topoisomerase related function), in a screen

for mutations that are synthetically lethal with
mutations in DNA topoisomerase | ( topl). Here we
describe the isolation of a second member of the TRF4
genefamily, TRF5.0verexpressionof TRF5comple-
ments the inviability of  topl trf4 double mutants. The
predicted Trf5 protein is 55% identical and 72% similar

to Trf4p. As with Trf4p, a region of Trf5p is homologous

to the catalytically dispensable N-terminus of Toplp.
The TRF4/5 function is essential as  trf4 trf5 double
mutants are inviable. A trf4 (ts) trf5 double mutant is
hypersensitive to the anti-microtubule agent thia-
bendazole at a semi-permissive temperature,
suggesting that TRF4/5 function is required at the time
of mitosis. Examination of nuclear morphology in a trf4
(ts) trf5 mutant at a restrictive temperature reveals the
presence of many cells undergoing aberrant nuclear
division, as well as many anucleate cells, demonstrating
thatthe TRF4/5function is required for proper mitosis.
Database searches reveal the existence of probable
Schizosaccharomyces pombe and human homologs
of Trfdp, indicating that TRF4is the canonical member
of a gene family that is highly conserved evolutionarily.

INTRODUCTION

Transcription can also lead to the formation of locally
supercoiled domains in DNA. In the ‘twin domain’ mod#), (
movement of a transcription complex along the helical backbone
generates positive supercoils ahead of the complex and negative
supercoils behind the complex. It has been suggested that
transcription is a major determinant of supercoilingvo (6). In
S.cerevisiagtopo | and Il appear to function together as a swivel
for rRNA transcription and, to a lesser extent, for mRNA
transcription ). Transcription from a strong promoter can lead
to hypernegative supercoiling of plasmidsopl mutants §,7),
suggesting that topo | normally removes negative supercoils
formed during transcription. These results and others have led to
the suggestion that another major role for topo | is to relieve
torsional stress generated during transcription.

Despite the considerable evidence for the involvement of topo |
in both DNA replication and transcription, topo | is not essential
in either S.cerevisiaeor S.pombe Null mutations in the gene
encoding the only type | DNA topoisomerase activity detectable
in crude extracts cause only modest growth defeG89).
Furthermore, the overall rates of both DNA and RNA synthesis
are normal intopl mutants %), supporting the suggestion that
topo Il activity can substitute for topo | activity in these crucial
processes2(4,10). In S.pombeconditionaltop2 mutants have
been isolated that are inviable at the permissive temperature in
combination with @op1null mutation {1). In S.cerevisiagopl
null mutants display a synthetic growth defect in combination
with sometop2 alleles (0) and we have identified alleles of
TOP2in a screen faioplsynthetic lethal mutationg?). These
results demonstrate that some of the functions of type | and type
Il topoisomerases overlap. It remains unclear, however, whether

Chromosomes are involved in dynamic cellular processes, sucht@go | has additional functions distinct from those of topo Il. The
DNA replication, transcription, chromatin assembly and genetigiological function of a second type | topoisomerase, topo lll,

recombination, that lead to the formation of local domains «fL3,14), remains unclear. Null mutations FOP3 result in
torsional stress (reviewed i In Saccharomyces cerevisB®&IA  hyper-recombination and slow growth5(16), but topl top3
topoisomerases | and Il (topo | and 1) appear to act together duridguble mutants are viable. Association of Top3p with Sgsip, a
DNA replication as a swivel to prevent the formation of positivddNA helicase, has been proposed to result in formation of a
supercoils ahead of the DNA replication forkSloerevisiaginder  eukaryotic reverse gyrasgr.

conditions where both topo | and Il are inactivated, DNA replication In order to investigate further threvivofunctions of topo |, we
stops rapidlyZ), with elongation of new DNA chains continuing for have perfomed a genetic screen to identify mutations affecting
only a few thousand nucleotide3).(Similar results have been gene products that perform overlapping or dependent functions
obtained forSchizosaccharomyces pontide (18) with topo | and, thereby, to further elucidate which processes
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in the cell require topo I. We have identified four complementatioBY667 is a cold-sensitivarf4-1), Leut (topl-7:LEU2) spore
groups of mutants with this phenotype calle®F; for DNA  from this cross.
topoisomerase I-related functidr®). The predicted Trf4 protein ) . i

We report here. the isolation oﬂ'RF4hpmoIog,TRF5 DNA CY855 and CY85Plasmid pCB470 was digested wihd to
sequence analysis reveals that the predicted Trf4 and Trf5 proteis o e arfa-101:HIS3 fragment. This fragment was used to
are 57% identical and 72% similar over their entire Iength?jisruptTRFMn tHe TRF4/TRF4dipIoid CY858. The resulting

dOvegclaxpretsa?n %ij':?c‘m?cliemglms thte |r:\(|agll|ty opl ttrf4 1o diploid was sporulated and several tetrads were dissected. One of
ouble mutants. (ts) ouble mutantIs Nypersensitive 10 y,e ¢ cold-sensitive spores was designated CY855; another

the anti-microtubule agent thiabendazole at a semi-permissigyy songitive Hisspore was designated CY857. Disruption at the

temperature and grossly defective in nuclear division at a restricti : , :
temperature, demonstrating tifd@F4/5function is required for ¥RF4locus in CY855 was confirmed by Southem biot analysis.

proper mitosis. Database searches reveal the existence of probgg69 pCB469 was digested witdot and Xhd to release
S.pombeand human and homologsT/RF4/5 indicating that this  trf4-102:TRP1and the resulting fragment was used to disrupt

novel gene family is evolutionarily conserved. TRF4in CY184 to create CY869.

MATERIALS AND METHODS CY870, CY872 and CY87Rlasmid pSH5 was dlgested with
BanHIl and Pst to release atrf5-3::LEU2 fragment. This

Microbial techniques fragment was used to disrupRF5 in the TRF5/TRF5diploid

(CY858). Disruption at thERF5locus at one allele was confirmed
Yeast strains (Tabl® were transformed using the lithium acetatedy Southern blotting. The resulting diploid (CY870) was
method (9). TheTRF5gene was isolated from a genomic DNASporulated and several tetrads were dissected. One of the Leu
library consisting of randof®.cerevisia®NA SaBA fragments ~ spores was designated CY8WE(3::LEU2). A sister spore that
inserted into théBanH| site of YEp24.Escherichia colicells  is TRF5" was designated CY872.

(strain DH®) were transformed by electroporati@t), Small (Y908 Plasmid pSH5 was digested wiamHl and Psi to

scale plasmid DNA preparations were made by the boiling IySrelease arf5-3::LEU2 fragment. This fragment was used to

method £1) or using Qiagen columns (Qiagen, Chatsworth, CAY, & i pein thetrfa-10T:HIS3/trf4-101:HIS3 homozygous

diploid (CY892) to generate CY908. DisruptionTdRF5was
Yeast strain construction and crosses confirmed by Southern blotting. The resulting diploid was

sporulated and tetrads were dissected to test for synthetic lethality
CY667 Strains CY726 and CY445 were crossed and sporulatdaketween thérf4 andtrf5 mutations.

Table 1.Yeast strains

Strain Genotype

CY143 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 rDNRA3

CYy184 MATa ade2-1 ura3-1 trpl-1 his3-11,15 leu2-3,112 rDMDE2

CY185 MATa topl-7:LEU2 ade2-1 ura3-1 trp1-1 his3-11,15 leu2-3,112 rDIBE2
CY429 MATatopl-7:LEU2 ade2-1 ura3-1 trp1-1 his3-11,15 leu2-3,112 ad@8G
CY431 MATatopl-7:LEU2 ade2-1 ura3-1 his 3-11,15 trp1-1 leu2-3,112 ateSTpBS3
CY445 CY429 switched to MAT with pCB10.

CY667 MATa topl-7:LEU2 trf4-1 his3-11,15 trp1-1 ade2-1 adpBS3

CY726 MATa top1-7:LEU2 trf4-1 his3-11,15 trp1-1 ura3-1 ade2-ladeBG

CY855 MATa trf4-101:HIS3 ura3-1 ade2-1 his3-11,15 trp1-1 leu2-3,112 rDNBE2
CY857 MATa trf4-101::HIS3 ura3-1 ade2-1 his3-11,15 trp1-1 leu2-3,112 rDNRA3
CY858 Diploid from CY184 X CY143

CY869 MATa trf4-102:TRP1 ura3-1 ade2-1 his3-11,15 trp1-1 leu2-3,112 rDNBE2
CY870 Diploid CY858 disrupted withrf5-3::LEU2 at one allele

CvY872 MATa ura3-1 ade2-1 his 3-11,15 trp1-1 leu2-3,112 rDMDE2

CY874 MATa trf5-3::LEU2 ura3-1 ade2-1 his3-11,15 trp1-1 leu2-112,3 rDBE2
CY892 Diploid from CY855x CY857

CY908 trf4-101:HIS3/trf-101:HIS3, TRF5+/trf5-3LEU2

CY924 MATa trf4-101:HIS3 trf5-3:LEU2 ura3-1 ade2-1 his3-11,15 trpl1-1 leu2-3,112 rDRBE2pCB432

CY949 MATa trf4-101::HIS3 trf5-3:LEU2 ura3-1 ade2-1 his3-11,15 trp1-1 leu2-3,112 rDNIRAIPCB639 (rf4-ts2)




2406 Nucleic Acids Research, 1996, Vol. 24, No. 12

fi)

P2

pSH3

Sk

psHs

pSHA

Figure 1. The TRF5 locus. A) Ability of TRF5 region subclones to
complement synthetic lethality of@p1 trf4double mutant. Each plasmid was
transformed into ®p1-7:LEU2 trf4-1/pTOP1.URA@east strain (CY726/pBS3).
Transformants were grown non-selectively for pBB3R1.URA3 and then
plated on 5-FOA medium, which provides a counterselectiddR&3" cells,
and examined for their ability to segregate away@e1.URAJlasmid and
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remain viable.B) Restriction map of thERF5locus and subclones.

Media and growth conditions

Yeast strains were routinely grown in YEP with 2% glucose :
(YPD). Thiabendazole (§@y/ml) was added to YPD agar just prior Plasmid
to pouring the plates. Unless otherwise stated, cells were grown gH2

30°C.

DNA sequencing and mapping

A 3.0 kb fragment of genomic DNA containifF5was cloned
into YEplac112 and sequenced by the chain termination methogkHe
(22) using a Sequenase kit (US Biochemicals, Cleveland, OH) an
[35S]dATP. The 3.0 kbXhd-Xhd insert from pSH4 was
sequenced on both strands using synthetic primers. TOREp

this fragment was radiolabeled and hybridized to filters containingce432
A clones spanning the yeast geno#.

Plasmid constructions (Table 2)

pSH2 pCB426 was digested wianH| and the 10.6 kb fragment
carryingTRF5was ligated into thBanH| site of YEplac112.

pSH3 pSH2 was digested withcdR| and the 4.2 kb fragment
was ligated into th&cdRl site of YEplac112.

pSH4 pSH2 was digested wixhd and the 3.0 kb fragment was

ligated into theSal site of YEplac112.

pSH5 TheLEU2 gene was excised from YEp13 by cutting with
Xhd andSal and ligated into th&al site of pSH4.

pSH6 pSH4 was digested witBal and the ends were filled in
with Klenow enzyme then religated to create a +4 frameshift (f.s.)
mutation inTRF5

pCB432 The plasmid containing the library clone TRF4
(pCB427) was digested winal and partially withHindlll to
release a 3.7 kb fragment that was subsequently inserted into the
Hindlll (left) and Sma (right) sites of pRS316. The resulting
construct was designated pCB432.

pCB469 pCB432 was digested wiBanH]I, the first 288 amino
acids of Trf4p were removed and P 1fragment was excised
from pCB53 with 8anH|/Bglll digest and ligated to the deleted
TRF4gene in pCB432, creating pCB469.

pCB635 A PCR product containingRF4and 396 nt upstream
of the ATG was cloned into tHganH| site of pRS314.

pCB693 Identical to pCB635 (above) except that it carries the
G317D mutationt(f4-ts2) in TRF4

Precise mapping of thelTRF5 locus

CY726 topl-7:LEU2 trf4-1) carrying pBS3 TOP1 URAS3
ADE3 2y was transformed with one of several subclones (pSH2,
pSH3, pSH4, pSH5 or pSH6), grown non-selectively for the
TOPZXcontaining plasmid (pBS3) and plated on 5-fluorotic acid
(5FOA) at 30C. 5-FOA medium provides ERA3" counter-
selection, so that cells that are unable to lose pBS3 will not grow
on this medium. The 10.6 kb fragment contaifiRRF5(pSH2)
permitted growth of Ura segregants, indicating thdiRF5
complements the synthetic lethalitytopl trf4double mutants

in addition to therf4-1 csphenotype. The subclone containing a
4.2 kbEcaRI fragment (pSH3) did not complement. However, a
plasmid containing the 3.0 Rthd—Xhd fragment (pSH4) did,
indicating that this fragment contained TiiRF5gene.

Table 2. Plasmids

Genotype Source
TRF5 URA3 2u This study
pSH3 trf5 (EcaRI-EcaRl) TRP1 2u This study
pSH4 TRF5 TRP1 2u This study
pSH5 trf5-3::LEU2 TRP1 2u This study
trf5 (f.s.) TRP1 2u This study
B53 TRP1lin pUC18 Laboratory collection
pCB427 TRF4 URA3 CENlibrary) 31
TRF4 URA3 CEN 12
pCB469 trf4~102:TRP1 URA3 CEN This study
pCB470 trf4—101:HIS3 URA3 CEN This study
pCB635 TRF4 TRP1 CEN This study
pCB693 trf4-ts2 (G317D) TRP1 CEN This study
pBS3 TOP1 ADE3 URA3 2u 12
YEp13 LEU2 2u Laboratory collection
YEplac112 TRP1 2u 32
pCB10 pGAL::HO URA3 CEN 33
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Figure 2. Homology among Trf4p, Trf5p and &pombehomolog, SPAC12G12.13c, and putative human homologs. The alignment was generated using the
GENWORKS sequence analysis program from Intelligenetics. Boxed residues are those that display a1'cst slfiown here is a 570 amino acid N-terminal
extension in SPAC12G12.13c that is related {0 $Bbunits.

Isolation of a temperature-sensitiverf4 allele RESULTS

) S ) ) TRF5 overexpression complements a mutation inf4
Plasmid pCB635 was mutageniZadiitro with hydroxylamine
(24) and transformed into yeast strain CY924f5( A 2u yeast genomic library was screened for plasmids that
trf4/pTRF4.URA3 by selection for Trh Transformants were suppressed thecs phenotype of atrf4-1 mutant strain
grown non-selectively for thelRF4.URAJlasmid and replica (CY667/pBS3) in order to clone ti&F4gene. In addition to
printed to 5-FOA plates at 24 and’&7 Colonies able to give rise TRF4(12), a clone containing a different 10.6 kb insert based on
to 5-FOA-resistant segregants at'@4but not at 37C were restriction mapping (pCB426) was identified. This gene was
identified. Plasmid pCB693 was recovered from 5-FOA-resistadiesignated RF5 SubsequentlfRF5was found to complement
segregants ofrf4 ts candidates grown at 2@ and used to the synthetic lethality betwedri4 andtoplbased on its ability
retransform CY924 to confirm thaf4 ts activity was plasmid to allow atopl trf4double mutant to survive following loss of a
associated. For one such isolate, the emRE4 open reading TOP1.URA3lasmid and, thereby, to give rise to 5-FOA-resistant
frame was sequenced. The only mutation found was-& G segregants (FiglA). Complementation ofopl trf4 synthetic
transition, resulting in a missense mutation of Gly317 to Asfethality was used to localiZegRF5to a 3.0 kb region (Fid.B).
(G317D or ts2). A Sal site within this 3.0 kb region was used to generateld?
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Figure 3.Homology between the Trf5p C-terminus and the Top1p N-terminus. The alignment was generated using the GENWORKS sequence analysis software
Intelligenetics. Boxed residues are those with a ‘cost3of

insertion mutation (pSH5) and a frameshift mutation allele trid-101::HIS3  trf5-3::LEU2
(pSH6) inTRF& Neither of thes&f5 alleles complemented the terfg-101::HI53 7

inviability of atopl trf4double mutant (FiglA). These results
indicate thafTRF5is contained within the 3.0 kkhd—Xhd
fragment on pSH4. Hybridization of this region to filters 12345678810
containing DNA from contigs covering 90% of the yeast genome
(23) revealed thaTRF5mapped to the left arm of chromosome
XIV 40 kb centromere distal MET2

o0 ms

TRF4 and TRF5 define a novel gene family

The 3.0 kbxhd—Xhd fragment containingRF5was sequenced Figure 4. Synthetic lethality betweerf4 andtrf5. A diploid strain (CY908)
on both strands (GenBank accession no. U47282). The predicttL!QiuﬁlozyﬂOU? f01Ff4-101;(1H|SSH356ndT RF5* Wa}; gSEUEPGE;ddby transformationfto

H H i i f eu” with a fragment of p to generatefa-3:: Isruption at one o
TF;FSopen readlng.frasn;s/e%COdt?S ia 623 a7r£1(|);10 ?‘CI? pl’(;telliﬁ E‘:Ig. Age TRF5' alleles. Disruption was confirmed by Southern blot analysis. The
Wwhose sequence Is o ldenucal an 0 S|m,| arto Inap. A sulting strain was sporulated and tetrads 1-10 were dissected on YPD plates
search of the GenBank database reveals the existence of a clgair c to yield spores A-D.
S.pombénomolog of TRF4/5identified in theS.pombe&enome
project (Fig. 2). The predictedS.pombehomolog, called 1,600y between the N-terminus of Toplp and the N-terminus

SPAC12G12.13c, is 33% identical and 56% similar to Trf4p ov ) ; : } ;
its C-terminal 683 amino acids. However, it also has a 570 amiegf Trtdp (12). Thus, a Toplp-related region exists at the N-terminus

acid N-terminal extension relative to Trf4p that is highly homoB?TrMp’ but atthe C-terminus of TrfSp. The N-terminus of Toplp

; : is not required for catalytic activit®) and may be involved in

logous to the @@ protein family and completely unrelated to Trf4p ;
or Trf5p. The function of this protein #ipombeés not known. some other aspect of topo | function.
_ Short regions of possible homology to Trf4p were also foungdp e, and TRF5 define an essential function that is
in two human expressed sequence tags (ESTL)Fibhe first equired at the time of mitosis
human EST (accession no. H85548) encodes a predicted pepﬂd%
of 131 amino acids (H85548.pep in RYythat is 41% identical A null allele of TRF5was constructed by insertindgcU2 into
and 60% similar to a region of Trf4p. The second EST (accessidiRF5to makerf5-3::LEU2 (Fig. 1B). This construct was used to
no. H90950) encodes a predicted 130 amino acid peptidésrupt one allele offRF5 in a trf4/trf4 diploid (CY892).
(H90950.pep in FigR) that is 44% identical and 65% similar to Following sporulation, 40 tetrads were dissected. All tetrads
a different region of Trf4p. The two EST peptides overlap but aegregated two viable and two inviable spores, and all viable
not identical at the DNA sequence level, indicating that they aspores were Leuindicating that thérf4 trf5 double mutant is
probably derived from different genes. In addition, two shoiinviable (Fig4). Becaus&f4 shows synthetic lethality witbpl
predicted peptides (59 and 24 amino acids) derived from (42), we tested for a genetic interaction betwefhandtopl
DrosophilaSTS (accession no. G01479) are 42% identical artdowever, in contrast twpl trf4 double mutants, theepl trf5
61% similar to Trf4p (not shown). This sequence may traverse double mutant was viable (data not shown).
intron/exon boundary, since it not derived from cDNA. The To examine the basis of the defect in cells deficieRRR4/5
function of these putativdRF4 homologs is not known. function, we constructed a conditional alleleréf by in vitro
Examination of the Trf4p-related sequences with gcg programsutagenesis with hydroxylamine (see Materials and Methods).
such as MOTIFS and with BLOCKS motif databases also failddNA sequence analysis showed tiié ts allele to be a change
to identify meaningful signature regions. of Gly317 to Asp. The mutation lies in a region conserved among

In addition, limited sequence homology was also found betwediRF4 TRF5 and SPAC12G12.13c. The4 (ts) trf5 double
a 91 amino acid N-terminal region®terevisiadoplp and a 92 mutant grows somewhat more slowly than the wild-type at
amino acid C-terminal region of Trf5p (FB). These regions are 29.5°C, but arrests growth at 3¢ (Fig.5). At a semi-permissive
33% identical and 58% similar. The alignment, while limited, isemperature of 32, thetrf4 (ts) trf5double mutant displays an
likely to be significant as it is 6.06 SD above the mean significanaecreased sensitivity to the anti-microtubule drug thiabendazole
of 20 randomized alignments of the same two sequences using @fig. 5), suggesting that the commdRF4/5function may occur
gcg sequence analysis program BESTFIT. We previously reportatithe time of mitosis.



Nucleic Acids Research, 1996, Vol. 24, No. 12409

ﬁ . wild-fype el erfdies)
m.5"C

o5 opec) | . .

B.

Figure 6. Nuclear morphology of wild-type andré4 (ts) trf5 mutant. Liquid

Mo T cultures of wild-type andt&4 (ts) trfSmutant were grown in YPD at 2@ to
ydohe . ::“hﬂmumg mid-log phase and shifted tod7 for 3 h. Cells were harvested, DAPI stained

160y gfml) and examined under a Zeiss Axiophot fluorescence microscope withxa 100

wild-fupe _ _ objective lens.

ase |) gene products serve overlapping or dependent functions in
S.cerevisiagas the double mutant, but neither single mutant, is
f5 trfdits) _ _ inviable (L2). TRF5 was isolated based on its ability to

complement the cold sensitivity oftdd-1 point mutation and

encodes a second member of iRE-4family. TRF5overexpres-
Figure 5. Temperature-sensitive growth ofréb trf4 (ts) double mutant and ~ Sion also complements the inviability dbal trfAdouble mutant
hypersensitivity to thiabendazole. Isogenic wild-type (CY18#}601:HIS3 and the predicted Trf5 protein has a region that is homologous to
Aorgwas adjusted to 10.and seria 10-0id dlions were made in sterle watep €. N-ASMMINUS of Toplp. PutafiveRF4 homologs from
Al?gﬂots of SJul of each dilution was spotted on YPD plat&$ &nd on YPD S.pombg Drosophila and human were identified in database
plates containing 6Qg/ml thiabendazoleB) and incubated at the indicated ~S€archesrf4 trf5 double mutants are inviable, demonstrating that
temperature for 2 days. TRF4/5function is essential. A conditionad4 (ts) trf5 mutant

was constructed and shown to be hypersensitive to the microtubule

poison thiabendazole when grown at a semi-permissive

To determine wheth&fRF4/5function is required at mitosis, temperature, as well as grossly defective in nuclear division at a
a direct examination of nuclear morphology was performed digstricitve temperature, indicating th&RF4/5 function is
thetrf4 (ts) trf5 double mutant following a shift to a restrictive required at the time of mitosis.
temperature (3C) for 3 h (Fig.6). Three hours after a shift to
arestrictive temperature (32), 50% of therf4 (ts) trf5cells that ~ Table 3. Nuclear morphology
are undergoing nuclear division display an aberrant nuclear
morphology in which the dividing nucleus is primarily within the Morphology Percentage of cells with each
mother cell (arrows in Fi@). This is similar to the so called ‘cut’ 28°C 37°C
phenotype observed in cert&pombenutants that are defective

in nuclear division, in which nuclear division is stalled and theV194-Pe

nucleus is unequally distributed between mother and daughterNormal 98 99
cells @). In addition, anucleate and binucleate cells resulting from anucleate 03 0.2
a defective nuclear division are observed at greater frequency inBinucl%lte o2 04
trf4 (ts) trf5 mutants than in the wild-type (Fig. 37°C panel). ' '
Quantitation of the defects in nuclear divison showed thetin Cut-like 0.5 0.5
(ts) trf5 mutants shifted to 3T for 3 h, 15 times more anucleate  Total 529 440

cells and 18 times more cut-like cells are observed than in ap, (ts) trf5
otherwise isogenic wild-type strain (TaB)eSome of th&f4 (ts)

trf5 defects are apparent even at the permissive temperature. FoNormal 94 87
example, cells of thief4 (ts) trf5mutant are considerably larger  Anucleate 2 3
thanTRI'—_‘+ cgalls even at Z4. In addition, therfé_l (t_s) trf5mutant  Binucleate 04 0.7
shows six times more anucleate cells and six times more cut-like _

nuclei than the wild-type at 2€. These results indicate that ~ Cut-like s 93
TRF4/5function is required for proper nuclear division. Total 297 609

a50% of the cells that are in nuclear divison.

DISCUSSION

We report the identification of a novel gemBF5 that is related Both Trf4p and Trf5p show a region of limited but significant
to theS.cerevisiae TRFDNA topoisomerase I-related function) homology to the catalytically dispensable N-terminus of Toplp.
gene product. ThHERF4andTOP1(encoding DNA topoisomer- This region is not conserved among type | DNA topoisomerases
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and its role in Toplp function is not known. The high percentagé Kim,R.A. and Wang,J.C. (1989) Mol. Biol, 208 257-267.
of both positively and negatively charged residues in these regiorfs Yemura.T. and Yanagida,M. (198&)BO J 3, 1737-1744.
35%) may indicate that their function is to mediat Liu,L.F. and Wang,J.C. (198PJjoc. Natl. Acad. Sci. US84, 7024-7027.
(average 35 y In [ ! Giaever,G.N. and Wang,J.C. (1988, 55, 849-856.
interaction with chromatin, as similar regions are commonly found gill,s.J. and Sternglanz,R. (19888II, 54, 403—411.
in HMG proteins 26). 8 Thrash,C., Voelkel K., DiNardo,S. and Sternglanz,R. (1288jol.

The Trf4 family of proteins does not show significant overall cnem,hzsa 1375_-1377- i | |
homology with other proteins in the GenBank database (release 91) Zc;"’(“s SSI Sg;‘e'zezé%_ig;fge ,B.G. and Sternglanz,R. (19&%). Natl.
that would suggest a biochemical activity, with the exception af Goto,T. and Wang,J.C. (1988pc. Natl. Acad. Sci. US&2, 7178-7182.
the S.pombehomolog, which shows a significant homology t011 Uemura,T., Morino,K., Uzawa,S., Shiozaki,K. and Yanagida,M. (1987)
G- proteins via its 570 amino acid N-terminal extensiofd G-  Nucleic Acids Resl5, 9727-9739.

family members encode proteins involved in many processég Sadoff,B.U., Heath-Pagliuso,S., Castafio,l.B., Yingfang,Z., Kieff,F.S. and
y P y p Christman,M. F. (1995penetics141, 465-479.

(27)' '”C'Ud'”g initiation of DNA rep"c?‘“‘?” (CDC4)’ C,hromo' 13 Wallis, J. W., Chrebet, G., Brodsky, G., Rolfe, M. and Rothstein, R. (1989)
some separation (CDC20) and transcriptional repression (TUP1§. Cell, 58, 409-419.
A 40 amino acid repeated sequence containing consecutive T#p Kim, R. A. and Wang, J. C. (1992)Biol. Chem 267, 17178-17185.
and Asp residues, termed the WD40 repeat, is found between five gf?zztafg"iidNS- R. ang WgngLJbC. (t19B<IF>))A TopglclagyS and itT_| Biglogim
and eight times in most family members and appears to medigle gic"s ‘. “Arhur, L. and Rothstein, R. (19981 Cell. Biol, 12,
protein—protein interactior2§). 4988-4993.

TRF4/5function is required at the time of mitosis for properi7 Gangloff,S., McDonald,J.P., Bendixen,C., Arthur,L. and Rothstein,R.
nuclear division. A critical and poorly understood event in the (1994)Mol. Cell. Biol, 14, 8391-8398.
chromosome cycle that occurs at mitosis is chromosondé Guarente,L. (1992he Molecule_\r and Cellular Biology of the Yeast _
condensation. Thus, a plausible hypothesis ig§®&t, TRF4and ﬁifggfrmy;gs%_%scmd Spring Harbor Laboratory Press, Cold Spring
TRF5are involved in mediating mitotic chromosome condensatiofig  ito,H., Fukuda,Y., Murata,K. and Kimura,A. (1983Bacteriol, 153
This model is consistent with the proposed mitotic function for 163-168.
TRF4/5 In addition, null mutations inrf4 are inviable in 20 DowerW.J., Miller,J.F. and Ragsdale,C.W. (1988leic Acids Resl6,

o : ; 6127-6145.
combination with a mutation BMC1(29), the yeast homolog of 1 Holmes,D.S. and Quigley,M. (198%al. Biochem 114 193-197.

XCAP-C (30), a Xenopusprotein that is required for mitotic 2, sangerF, Nicklen,S. and Coulson,A.R. (1%3F. Natl. Acad. Sci. USA
chromosome condensation vitro (. B. Castafio and M. F. 74, 5463-5467.
Christman, unpublished observations). Taken together, the&e Link,A.J. and Olson,M.V. (199Genetics127, 681-698.

results suggest that tﬁ'é?F4gene family may encode proteins 24 Sikorski,R.S. and I_30eke,J.D. (1_991) In I_:lnk,C.G. and Guthrie,C.R. (eds),

- s . In Vitro Mutagenesis and Plasmid Shuffling: From Cloned Gene to Mutant
that mediate mitotic chromosome structure in some manner. Yeast Academic Press, New York, NY, Vol. 194, pp. 302—319.
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