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ABSTRACT

Entry into the cell cycle in budding yeast involves
transcriptional activation of G 1 cyclin genes and DNA
synthesis genes when cells reach a critical size in late
G;. Expression of G 1 cyclins CLN1 and CLNZ is
regulated by the transcription factor SBF (composed of
Swidp and Swi6p) and depends on the cyclin-dependent
Cdc28 protein kinase and cyclin CIn3p. To identify
novel regulators of SBF-dependent gene expression
we screened for mutants that fail to activate transcription

of G4 cyclins. We found mutations in a gene called
CTR9. ctr9 mutants are inviable at 37 °C and accumulate
large cells. CTR9is identical to CDP1. CTR9 encodes
a conserved nuclear protein of 125 kDa containing
several TPR repeats implicated in protein—protein
interactions. We show that Ctr9p is a component of a
high molecular weight protein complex. Using immuno-
affinity chromatography we found that Ctr9p associates
with polypeptides of 50 and 65 kDa. By mass spectro-
metry these were identified as Cdc73p and Paflp. We
show that Paflp, like Ctr9p, is required for efficient
CLN2Z transcription, whereas Cdc73p is not. Paflp and
Cdc73p were previously reported to be RNA poly-
merase ll-associated proteins, suggesting that the Ctr9p
complex may interact with the general transcription
apparatus.

INTRODUCTION

regulates the transcription of DNA replication enzymes and S
phase cyclin€LB5andCLBG Different cyclin-Cdc28p complexes
regulate late Gspecific transcription. Activation of transcription
in late G when cells reach the critical cell size requires the
CIn3p—Cdc28p kinase2{4). Repression of SBF-dependent
transcription is due to Clb1-4-associated Cdc28 kinases and Clb2
was shown to bind Swi4p.(,11). How Cln3p—Cdc28p kinase
acts to activate transcription is not known. It has recently become
clear that general transcription factors can also have rather
specific effects on the expression of cell cycle-regulated genes. It
was demonstrated that mutants in JAE5, an essential
component of TFIID, arrest the cell cycle in&hd fail to express
the SBF and MBF target gené<). Thus, general transcription
factors could also be targets for growth and cell cycle cofpl (

We do not understand how gene expressi@idflandCLN2
is activated when cells reach a critical size. We therefore
performed a genetic screen for novel regulators of Start-specific
gene expression. We report the identification of two novel genes
involved in transcription in late {FCTR9andPAFL We show
that Ctr9p and Paflp are components of a high molecular weight
protein complex that includes Cdc73p. Cdc73p and Paflp were
previously reported to be associated with RNA polymerase I
(14-16), suggesting that the Ctr9p complex may be a novel
transcription factor complex interacting with the general
transcription machinery.

MATERIALS AND METHODS

Yeast strains

Transcriptional controls play an important role in the regulation
of the eukaryotic cell cycle, both in yeast and higher eukaryot&andard techniques were used for culturing yeast and for genetic

(1. Transcriptional activation of regulatory genes at théo®®

crosses7). Strains were congenic derivatives of K699 (W303)

phase transition is of particular importance for the decision twhose genotype is: MATade2-1 trpl-1 can1-100 leu2-3,112
enter S phase. Understanding the molecular basis of thHigs3-11,15 ura3zal® psit ssd1-d The ubiquitinY—LacZ fusion
regulation is therefore of considerable interest. In budding yeastnder the control of a 90 bp fragment from the URS2 region (four
the timing of S phase entry is largely determined by theopies of SCB elements) of tH® promoter URA3:sSRS2-ubiY-

transcriptional activation of {scyclin genes4—4). G; cyclins
CLN1 andCLN2 are coordinately expressed with a number 0{18,19).

Lac?) and theADH-CLN2 gene fusion have been described
Strain CY918 (MATT HMLahmrTRP1 HIS3

genes involved in regulating DNA synthed&is Their expression URA3:sRS2-ubiY-LacZ HO-ADE2 HO-CAN TRRth-CLNJ
is dependent on two transcription factor complexes termed SB$a derivative of strain K4532(). Strain CY1154rhatA::LEU2
(Swid/Swi6) and MBF (Mbpl/Swi6) that bind to specific HMLahmr:TRP1 his3 URA3RS2-ubiY-LacZ HO-ADE2 HO-

sequences in the respective promotéfs)(

SBFis largely responsible for regulating transcripticldf(1,
CLN2 and theHO endonuclease gené&,), whereas MBF

CAN TRP1Adh-CLN2 and isogenic swi4 (CY929,
swi4:LEU?2) and swi6 mutants (CY928wi6:TRPJ) were used
for complementation analysis.
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Gene disruptions mutants we recovered severstl mutants (‘regulation of start’)
at complemented bosfwi4andswi6émutants. Two were alleles
f the same gene we termR&T1 TheRSTI1gene was isolated
by complementing the temperature-sensitive phenotypstbf

mutants with plasmids from a centromeric yeast libraty. Eour

TheCTR9disruption allele was constructed by replacing most o
the coding region (residues 1-1045)@FROwith the LEU2
gene. For disrupting tHeAF1gene, the complete coding region

was replaced with theRA3gene. The complete reading frame ., ; : ; ; ;

. plementing plasmids were isolated that contained overlapping
of CDC73 was replaced with thédlS3 gene to generaté a jnserts. The only gene contained in the minimal overlap was
disruption construct. Gene disruption cassettes were used\i¢) 145C known asCDP1 (22) and CTR9 (23). We will
transform diploid strains. Diploids were sporulated and meiotifa eafter refer to thBST1gene aCTRI TheCTRégene was

segregants carrying the disruption alleles were isolated by tetr own to be tightly linked to thest1-2 mutation in crosses to
analysis (CY1332, ctrOA::LEU2, CY1994, paflA::URA3 strains carryingg a tégg@lTRQallele.

CY2003,cdc73\::HIS3.

Construction of epitope-tagged genes Immunoprecipitation

The taggedCTRO allele was constructed in BEU2-based Cells were grown in 50 ml YEPD medium to mid-log phasgéA
integrative plasmid carrying 700 nt from the C-terminal part of 1), harvested by centrifugation and washed in 1 ml stop buffer
CTR9and 500 nt from the/ &intranslated region. Not site was (90 MM Tris—HCI pH 8.0, 150 mM NaCl, 15 mM Mg£20.01%
introduced at codon 1044 6TRQ Subsequently, Mot cassette NaNs, 25 mM NaF). Cells were resuspended in 0.5 ml breakage
encoding six copies of the myc epitope was inserted. The plasniggffér [50 mM Tris—HCI pH 8.0, 150 mM NaCl, 15 mM MgCl
was linearised within th€ TROgene and integrated at t8@R9 176 NP-40, 1 mM DTT, 0.2 mg/ml Pefablocpg/ml aprotinin,
locus of strain K699 by transformation to generate strain CY154&H9/Ml pepstatin, 5qg/ml TPCK, 1ug/ml leupeptin, Jug/ml
(MATa, CTR9-mych The insertion puts the tagged gene undeF64 (Boehringer), 6 mMp-nitrophenyl phosphate, 0.04 mM
the control of th€ TRIpromoter and inactivates the endogenousedium orthovanadate, 13 nflycerophosphate] and lysed by
gene. The insertion was confirmed by Southern blotting and t¥@"texing with 0.4 ml glass beads (0.5 mm diameter) twice for
tagged allele shown to be functional. The same strategy was use@lin at #C. Cell extracts were cleared by two successive
to generate a tagg@AF1gene. ANotl fragment encoding three centrifugations for 10 min at 13 00_0 r.p.n.@). Cleared extracts
copies of the influenza HA epitope was inserted initisite ~ Were pre-adsorbed with §0 protein A-Sepharose beads (50%
created at the C-terminus of tHeAF1 coding region. A slurry equnlbrated in breakgge buffer con;ammg@l)nl I'BS_A)'
TRPLbased integrative plasmid carrying the modified gen&er 30 min at 4C on a rotating wheel. For immunoprecipitation,
fragment was integrated into tRAF1 locus (CY2038, MAR extracts were incubated for 1 h with antibodies and for 1 h with
PAF1-HAJ. The HA tag was replaced by Not fragment protein A—Sepha_rose _beads (a0 slurry). The bea_ds were
encoding six copies of the myc tag to create an myc-taefyet collected by centrifugation an_d washed four times with breakage
allele (CY2117, MAG PAF1-myc. The HA-taggedCDC73 buffer (0.5 ml). Bound proteins were eluted wlth SDS sample
allele was generated by inserting three copies of the HA epitop¥/ffer, separated on a 10% SDS—polyacrylamide gel and analysed
at the N-terminus of the coding region. The modified gené?y immunoblotting. PoncI_onaI rabbit anti-HA annboo_hes (Y-11)
including its promoter, was cloned intolRA3 plasmid and Were from Santa Cruz Bl(_)technology. Molecular size markers
integrated at theURA3 locus (strain CY1999, MAy Were from Amersham (Rainbow-Marker).

URA3:CDC73-HAJ. Other yeast strains were constructed using

standard genetic crosses. Their relevant genotypes are indicagéparative immunoaffinity chromatography and mass

in the figure legends. spectrometry

For the analysis of immunoprecipitated proteins by mass
spectrometry, 1.2 | of culture were processatiy 100 cells).
The mutant screen performed to isolate mutants defective Aiquots of 6 ml of cell extract were precleared with 300
expression of Swi4p-dependent genes followed the methquotein A—Sepharose for 30 min and incubated with 0.5 ml 9E10
described by Jansemal (20). The rationale of the screen was tobeads, prepared by cross-linking the 9E10 antibody to protein
directly select for mutants defective HHO gene expression by A-Sepharose?d). After incubation for 2 h at"4C, the suspension
using aHO-CAN1gene fusion. Mutants that fail to express thiswas poured over a mini column and washed with 6 ml breakage
gene fusion are canavanine resistant and can be directly selectadfer. Bound proteins were eluted with 0.2 ml aliquots of 0.1 M
To identify mutants defective in Swi4-dependent gene expressiglycine pH 3.0. Fractions containing protein were pooled,
we constructed a strain (CY918) that also containéa  separated on a 10% SDS—polyacrylamide gel, stained briefly with
reporter gene under the control of multiple SCB element€oomassie blue and destained in 10% acetic acid. Protein bands
Complete loss of late {Specific transcription is lethal. We were excised and cleaved in-gel with endoproteinase LysC
therefore integrated an extra copy of @leN2 gene expressed (Boehringer) 25). The peptides were eluted stepwise with 0.1%
from theSchizosaccharomyces ponfh promoter to suppress trifluoroacetic acid, acetonitrile and 10% formic acid. Eluted
potential lethal mutations. peptides were desalted on a reverse phase cartridge and subjecte
Strain CY918 was mutagenised with EMS to 50% surnvdil (  to MALDI mass spectrometry on a Reflex 1l instrument (Bruker,
and canavanine-resistant mutants were isolated and tested Boemen) using 4-hydroxg-cyanocinnamic acid or 2,5-dihydroxy-
their ability to express tHeacZreporter gene. Mutants that failed benzoic acid as matrix. The mass fingerprint results were
to express the Swidp-dependémicZ reporter were tested for analysed using the MSFIT program (UCSF Mass Spectrometry
their ability to complemergwi4 andswi6 mutants. Among 200 Facility).

Isolation of rst mutants and cloning ofCTR9
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Metabolic labelling of yeast cells When a population of small unbudded cells were grown out in

Cells were grown in SC medium lacking methionine to log phaS%SSh medium at 37, wild-type cells synchronously started
(17). Samples of 4« 18 cells were labelled with 750Ci dding and activated transcription ®ELN2 upon reaching a

3 e i i . : critical cell size (FigdB). In contrastctr9A mutants grew to a
[**SImethionine (TranS-Label; ICN) in 5 ml medium for 1 h'very large size without efficiently activating transcription of

Immunoprecipitation from extracts of metabolically IabelledC N2 Furthermore, only a fraction of cells started budding
yeast cells was performed using the 9E10 antibody cross-linka fing the course ’of the experiment (FiB). From these

to protein A-Sepharosg4). After gel electrophoresis, immuno- o conations we conclude that Ctr9p is important for the timely
precipitated proteins were analysed by fluorography. activation ofCLN2 transcription in late @

o Activation of CLN transcription when cells reach the critical
Gel filtration chromatography cell size in late Grequires the Cln3p—Cdc28p kinage4). We
Whole cells extracts were prepared as described for immuniiierefore analysed the phenotypestrd cin3 double mutants. We
precipitations. Aliquots of 0.2 ml of extract were applied to doundctr9 cin3double mutants to be inviable, confirming the results
25ml Superose 6 (10/30) column (Pharmacia) previouslSﬁpO”Ed by Di Comet al (2_3). WhenCTRO9was deleted in a strain
equilibrated in breakage buffer containing 0.1% NP-40. Fractioréhose sole copy ofLN3is expressed under the control of the
eluting from the column were analysed by SDS gel electrophore&fgulatabléGAL promoter, cells were viable on galactose medium
and western blotting with anti-myc (9E10) and anti-HA antibodie§Ut inviable on glucose medium (not shown). Overexpression of
(12CAS5). Thyroglobulin (670 kDa)-globin (158 kDa) and CLN3from theGAL promoter ameliorated the morphological defect

chicken ovalbumin (44 kDa) (Bio-Rad) were used as molecul&f Cr9 mutants, but did not rescue their temperature-sensitive
weight standards. phenotype. On glucose mediwim9 GAL-CLN3strains accumu-

lated large cells, but did not exhibit a homogenous cell cycle arrest.
We conclude that Ctr9p has an important role in gene expression
in late G. Regulation of SBF- and MBF-regulated genes cannot
Centrifugal elutriation was performed as describ2g).(Cell  be the sole function of Ctr9p, since9 mutants have pleiotropic
volume was determined with a Scharfe System cell countphenotypes not simply explicable by a reduction in latsp@cific
(CASY). RNA was isolated and processed for northern bldRNAs. Furthermore, the growth defect aif9 mutants is not
analysis as described728). Blots were hybridised with DNA substantially ameliorated by ectopic expressio@ldfi2

fragments radiolabelled by random priming. Western blot

analysis 24) was performed on Immobilon P membranesCtr9p is a nuclear protein

(Millipore) using horseradish peroxidase-coupled anti-mouse anti- . _ i . .
bodies (Promega) and chemiluminescence detection (Amershafes Ctrop have a direct role in transcriptional regulation or is the
In situ immunofluorescence was performed as describgy ( € ect onCLN2 transcription an indirect consequence of other

using Cy3-coupled anti-mouse antibodies (Dianova). physiological defects? To investigate the function of Ctr9p, we
analysed the intracellular localisation of an epitope-tagged

RESULTS version of Ctr9p by indirect immunofluorescence (Rg.The
endogenou€TR9gene was modified to express a protein with
Ctr9p has a role in the expression o€LN2 six copies of the myc epitope fused to the C-terminus of Ctr9p.
) ) . _ _The resulting strain showed no growth defect, indicating that the
In a screen aimed at identifying novel genes involved igtg_myc6p fusion protein is functional. Staining formaldehyde-
Swi4p-dependent gene expression (described in detail elsewhgigaq cells with the anti-myc monoclonal antibody 9E10 showed
see Materials and Methods), we identified mutations in a gene Wesar nuclear fluorescence in most cells. No obvious cell
originally termedRST1 In addition to their effect on transcription, ¢ycle-dependent localisation was detected. We conclude that
rstl mutants were found to have a severe growth defect and wefgg_myc6p is a nuclear protein, consistent with a direct role in
temperature sensitive. The mutants are morphologically abnorm nscription.
and accumulated large unbudded cells (F4. This phenotype
suggested a role f6(tST1in cell cycle control. ; ;
TheRST1gene was cloned by complementing the temperaturec—tr9p associates with Paflp and Cdc73p
sensitive phenotype aftl cells with centromeric plasmids from To further investigate the biochemical functions of Ctr9p, we
a genomic library (Materials and Methods). Screening curremxploited the fact that the protein contains several copies of TPR
databases showed that R8T1gene is identical t€TR9(23)  repeats. TPR repeats are implicated in mediating protein—protein
andCDP1 (22). We will hereafter refer to this gene @3R9  interactions and several TPR repeat proteins are part of multiprotein
Ctr9p is a large, conserved protein that contains several copiescomplexes Z9). This prompted us to investigate whether Ctr9p
so-called TPR repeats which are implicated in mediatingtably associates with other proteins. We metabolically labelled
protein—protein interaction®9). Ctr9 mutants had been identified cells expressing epitope-tagged CtrOGTR9-mycp with
in a genetic screen for mutants that are inviable in the absencd ¥ ]methionine and immunoprecipitated Ctr9—myc6p from
Cln3p. However, no further analysis of their phenotype has be@mhole cell extracts with anti-myc antibodies (F8). Control
reported 23). strains, lacking the epitope tag, were processed in parallel.
We disrupted th€TR9gene and found thatroA strains had Immunoprecipitates were analysed by SDS gel electrophoresis
the same phenotype as the original EMS allelestb{Fig.1A).  and fluorography. As shown in FiguB a 150 kDa protein
To test whether a failure to expresgdgclins contributes to the corresponding to Ctr9—myc6p was immunoprecipitated from
temperature sensitivity oftr9 mutants, we analyse@LN2 extracts of CTR9-myc6cells, but not from theCTR9 control
expression irctr9A mutants synchronised by centrifugal elutriation.extracts. The apparent size of the protein is close to the predicted

Other techniques
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Figure 1. The phenotype aftr9 andpafl mutants. &) Cells were grown in YEPD medium atZ5to log phase and then shifted td @%or 5 h. Cells were analysed

by phase contrast microscop®) Expression of€ELN2RNAs in cells synchronised by centrifugal elutriation.célls grown in YEP medium containing 2% raffinose
were collected by centrifugal elutriation and released into fresh mediurfi@it&7the indicated time points, samples were taken for analysis of cell size, budding
index and RNA isolatiolCLN2 RNA levels were analysed by northern blotting. The leveG\D1 RNA (coding for calmodulin) served as a loading control. (c),
culture before elutriation. The following strains were used: K699 (wt), CY1382/4), CY 1994 paflA) and CY 2003ddc7)).
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DNA Cur9-myc6p

Figure 2. Ctr9p is a nuclear protein. Cells from strain CY1588R9-mycH expressing an myc-tagged version of Ctr9p were grown in YEPD medium to mid-log
phase. Cells were fixed with formaldehyde and analysed by fluorescence microscopy. The localisation of Ctr9-myc6p way arditgsténmunofluorescence
using the 9E10 antibody directed against the myc epitope and Cy3-conjugated anti-mouse antibodies (Ctr9—myc6p). Nucks withe4;6:diamino-2-phenylindole
(DAPI). The same field of cells was analysed with Nomarski optics (DIC).

5’0 Coomassie blue stained gels. As estimated from gels stained with
 © silver or Coomassie blue, p65 and p50 co-eluted with
ﬂq?" Ctr9—-myc6p in almost stoichiometric amounts (not shown).
G Protein bands were digested in-gel with LysC and subsequently

- analysed by mass spectrometry (Materials and Methods). The
160k =« a* Ctrd-mycbp masses of 13 peptides unambiguously identified p65 as the
107k = i product of thePAF1 gene (YBR2016). For the band containing
77k * -’ p50, the masses of six peptides matched the sequence of Cdc73f

< pb5 (Paflp) (YLR418c).

To confirm the mass spectrometric identification of p65 and

ﬂl +- pS0 (Cde73p) p50, we created epitope-tagged versions of Paflp and Cdc73p.
st The endogenourAF1gene was replaced by a version expressing
Paflp fused at the C-terminus to three copies of the influenza
HA3 epitope tagfAF1-HA3. CDC73was N-terminally tagged
with the HA3 epitope and integrated at #iRA3locus under the
control of its own promoteQDC73-HA3J. Using strains expressing
Ctr9-myc6p and Pafl-HA3p, we immunoprecipitated
T b o o s e oot o SgCi9p-myGp_wih antimyc antloces. Thepresence of
epitoppe (CY1615peplA))\/Nerg metabolically labelled witﬁf[pS]meth?onine.y Ctr9-myc6p and Pafl-HA3p in the immunocomplexes was
Whole cell extracts were subjected to immunoprecipitation with anti-myc @nalysed by western blotting. Under the conditions Us#afo
antibodies (9E10) coupled to protein A-Sepharose. Bound proteins werd@f Ctr9—myc6p was immunoprecipitated. As shown in Figare
analysed on a 10% SDS polyacrylamide gel and detected by fluorographypaf]__HA3p efficiently co-immunoprecipitates with
Proteins specifically precipitated in the presence of the myc-tagged Ctrg‘ttrg—mycﬁp. The same result was obtained when Pafl-HA3p
(Ctr9—myc6p) are marked with arrows. Protein molecular weight markers are ..
indicated to the left of the gel by asterisks. immunoprecipitates  were analysed for the presence of
Ctr9—myc6p. The relative amounts of Ctr9p and Paflp in the
anti-myc and anti-HA immunoprecipitates were comparable,
i N suggesting that the two proteins are stably associated. We
molecular weight of Ctr9—myc6p (132 kDa). In addition toperformed the same experiments with strains expressing
Ctr9-myc6p, two peptides of 50 and 65 kDa were reprodumbkg;trg_mycﬁp and Cdc73-HA3p (FigB). Again, significant
detected inimmunoprecipitates fr@WR9-myc@ells butabsent  pinding of Cdc73-HA3p to Ctro-myc6p was detected. However,
from control reactions (Fig3). In contrast to the 150 kDa cdc73-HA3p was less efficiently co-immunoprecipited with
Ctr9—m_y06p banq, nelthe( p50 nor p65 were detecte(_:l in westetfrg—mycep than Pafl-HA3p (Figl), which could reflect
blots with the anti-myc antibody 9E10 (not shown). This suggesigeaker binding of Cdc73p to Ctr9p. These results confirm that

that they are novel proteins associated with Ctr9p, rather thgrgp is associated with Paflp (65p) and Cdc73p (p50).
degradation products of Ctr9p—myc6p.

Since the complete sequence of the yeast genome is kno . .
(30), mass spectrometric analysis allows the determination of ﬂ%}n?lgieiaﬂp and Cdc73p are part of a large multiprotein
identity of purified proteins31). To identify p50 and p65, we
purified Ctr9—myc6 and its associated proteins by immunoaffinityVe further analysed Ctr9—myc6p complexes by gel filtration
chromatography of whole cell extracts. From 1.2 | of cell culturehromatography of whole cell extracts. Ctr9—myc6p and
we obtained enough material to visualise the proteins iRafl-HA3p from extracts oCTR9-myc6 PAF1-HAZells

35k =
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Figure 4. Ctr9p is associated with Paflp and Cdc73p. Whole cell extracts from cells expressing epitope-tagged proteins were imtatetpretgmalysed by
western blotting. Extract, whole cell extraztmyc IP, proteins immunoprecipitated with anti-myc antibodiesA IP, proteins immunoprecipitated with anti-HA
antibodies. The same fraction of total material was loaded in each A@n€o{immunoprecipitation of Ctr9p and Paflp. Extracts made from strains were
immunoprecipitated and analysed by western blotting with anti-myc and anti-HA antibodies: lanes 1, 5 and 9pep4§1aes 2, 6 and 10, CY1616TR9-myc6
pepd)); lanes 3, 7 and 11, CY206RAF1-HA3 pepA); lanes 4, 8 and 12, CY2062TR9-myc6 PAF1-HA3 pepi In lanes 5-8, extracts were immunoprecipitated
with anti-myc antibodies coupled to protein A—Sepharose. In lanes 9-12, extracts were immunoprecipitated with anti-HA ér2Adie The additional bands

in lanes 2—4 are degradation products of Ctr9p and Paflp. The fast migrating bands indicated with an asterisk corresg@ndsteedtii@ immunoprecipitation
which is detected with the secondary anti-mouse antibdgly.Co-immunoprecipitation of Ctr9p and Cdc73p. Extracts from strains were analysed by
immunoprecipitation and western blotting: lanes 1, 5 and 9, CY1&4%Y); lanes 2, 6 and 10, CY161€TR9-myc6 pe@¥; lanes 3, 7 and 11, CY1998
(URA3:CDC73-HA3 pepd); lanes 4, 8 and 12, CY199CTR9-myc6 URAXDC73-HA3 pepd). Extracts were immunoprecipitated with anti-myc antibodies
(lanes 5-8) or anti-HA antibodies (lanes 9-12). At the bottom of (B) the western blot in lanes 5-12 was reprobed withiablyitlant-HA antibodies to distinguish

the Cdc73-HA3p band from the co-migrating monoclonal anti-HA antibody used forimmunoprecipitation, marked with an@steiditration chromatography

of Ctr9p—Paflp complexes. Whole cell extracts (1 mg protein) from strain CYQUEB{myc6 PAF1-HA3 peftwere analysed by gel filtration on a Superose 6
column. The column fractions were analysed by immunoblotting. Molecular weight markers thyroglobulin (670 kDa), elutitigrsxfiter the void volume, and chicken
ovalbumin (44 kDa) were analysed in separate runs. The low molecular weight protein elttiig@a is an endogenous yeast protein cross-reacting with anti-HA
antibodies. D) Gel filtration of CtrOp—Cdc73p complexes. Extracts from strain CY103&9-myc6 URATDC73-HA3 pepd) were analysed as described for (C).

co-eluted from the column as a single peak in the high molecul@fig. 4D). One peak co-eluted with Ctr9—myc6p. The second
weight fractions (FigdC). Little or no Paf1-HA3p was found in peak eluted in the small molecular weight fractions presumably
the fractions corresponding to monomeric Paflp (65 kDags a monomer. This may indicate that Cdc73p binds with lower
suggesting that Paflp and Ctr9p are stably associated in a lagdfinity to Ctr9p than Paflp, as also suggested by the co-immun-
protein complex. Analysis of extracts containing Ctr9—myc6pprecipitation experiments (FigB). However, the strain expressing
and Cdc73-HA3p showed that Cdc73p eluted in two peak3dc73—-HA3p contains an additional wild-type copyCafC73
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Competition of tagged and untagged Cdc73p proteins for binding o PAF] pafl A
to a limiting amount of Ctr9p may partly explain why a large
fraction of Cdc73—-HA3p elutes from the gel filtration column as 3 ée.‘s
a monomer. In view of these results, we conclude that Ctr9p, Es & E S5 ¢
Egrfnl& éan Cdc73p are associated as part of a stable multiproteir 9 myclp -+ - G

g - [ fora)

Paflp has a role in G cyclin expression

The finding that Ctr9p is found in a complex with Paflp and
Cdc73p raises the question, whether these proteins have ¢B
common function. Paflp and Cdc73p were originally identified

as proteins associated with RNA polymerase Il (Pdhllitro CHY-MycOp —» o e o e —

(14-16). They are not, however, present in holoenzyme prepar-

ations. The Pol Il prepar-ations containing Paflp and Cdc73p alsocdcs-Hasp — e — w—-
contained the general transcription factors TFIIB and TFIIF but *
lack the SRB/mediator complex). Whether or not Paflp and s 4

Cdc73p bind to Pol Il complexes in a stoichiometric fashion is not 670 kD 44 kD

known. Deletion ofPAF1 is not lethal, but confers a severe

temperature-sensitive phenotypafl mutants grow slowly, are o . )
abnormally large and accumulate a large fraction of unbudded9ure 5 Binding of Cdc73p requires Ctrop and Paflfy) Co-immuno-

L L precipitation of Ctr9p with Cdc73p. Whole cell extracts prepared Wwbor
cells at the restrictive temperature, phenotypes similatréo paflA mutant cells (CY1990CTR9-myc6 URAZDC73-HA3 pepé;
mutants. Deletion mutants &8DC73 are also temperature CvY2025 CTR9-myc6 pafl URA3:CDC73-HA3 pepd) were subjected to
sensitive, but have onIy amild grovvth defect at@aAnd lackthe  immunoprecipitation with anti-HA antibodies. Immunoprecipitates were
morphological defect qbafl mutants 15) Paflp and CdC73p analysed by western blotting using anti-myc antibodies. E, whole cell extract;

: ' . . supernatants after immunoprecipitationHA P, immunoprecipitates.
were fo_und t‘? have different effects on the expression of Som%) Gel filtration chromatography of CtrOp—Cdc73p complexes. Extracts from
genes, Inclqdln@ALl MAK16 EGD2 andCMK2 (14,15), pUt paflA mutant cells expressing epitope-tagged Ctr9p and Cdc73p (CY2025,
do not exhibit the global effects on transcription described foICTR9-myc6 paft URA3:CDC73-HA3 pepd) were fractionated on a
components of the hoIoenzyrr@I. Superose 6 column. Fractions eluting from the column were analysed by

To test whethePAF1 andCDC73affect expression @LN2 immunoblotting with anti-myc and anti-HA antibodies. The elution peak of

. . molecular weight markers is indicated. The band running slightly faster than
we created delet"_)n alleles BAF1 ?—ndCDQ73 (Mater'als and Cdc73-HA3p is a cross-reacting protein from ye@tQo-immunoprecipitation
Methods). Analysis of these strains confirmed the phenotypes pafl-myc6p with Cdc73-HA3p. Extracts from wild-typects®A mutant
reported previously focdc73 and pafl mutants {4,15). The  cells (CY2162,PAF1-myc6 URACDC73-HA3 pepd; CY2196, PAF1-myc6
expression oELN2 in pafl andcdc73strains was analysed in Cr9A URA3:CDC73-HA3 pepdl) were subjected to immunoprecipitation with
cells synchronised by centrifugal elutriation. As shown inant|-myc beads and analysed by western blotting using anti-HA antibodies.
Figure1B, pafl mutants have the same defedCIrN2 expression
asctr9 cells. The smallest cells obtained after elutriation wergve found thapaf1 ctrodouble mutants had no obvious additional
already larger than the population of wild-type cells. They grewjrowth defect compared to the individual single mutants (not
to a size of 150 fl without efficiently turning @LN2expression.  shown). Furthermore, the phenotypem® andpafl mutants is
Only a fraction of these cells formed a bud during the course of thet exacerbated by the deletion@DC73. These findings are
experiment. In contrastdc73mutants showed no obvious effect onfully consistent with the hypothesis that Ctr9p and Paflp function
cell cycle-depender€LN2 expression. We conclude that Paflp isas a complex.
required for expression GLN2, whereas Cdc73p is not.

Binding of Cdc73p requires Ctr9p and Paflp

Paflp and Ctrp function as a complex Our genetic analysis suggested that Ctr9p has no function in the

Pafl andctr9 mutants have very similar phenotypes (Hig. absence of Paflp. To investigate this possibility further, we
They are morphologically similar, fail to grow at'®’and do not  analysed the ability of Ctr9—myc6p to interact with Cdc73—-HA3p
efficiently activate CLN2 expression. We investigated thisin the absence of functional Paflp. As shown in Figyre
similarity further by testing whethgoafl mutants, likectr9  Ctr9—myc6p is not detected in immunoprecipitates of
mutants, require CIn3p for viability. When heterozygous diploid€dc73-HA3p frompafl mutants. Similarly, Cdc73p failed to
were sporulated, no viableafl cin3 spores were recovered. interact with Paflp in the absence of Ctr9p (BE). These data
Using the conditionabAL-CLN3allele,pafl GAL-CLN3trains  suggest that Ctr9p and Paflp are functionally interdependent;
were constructed. These strains are viable on galactose medilroth are inactive in the absence of the other. To analyse whether
but inviable on glucose medium, where they accumulate largke recruitment of Cdc73p into a large protein complex is due to
cells. We conclude that Paflp, like Ctr9p, becomes essential in titeinteraction with Ctr9p and Paflp, we analysed the chromato-
absence of CIn3p. graphic behaviour of Cdc73p in the absence of functional Paflp.
The finding thatctr9 and pafl mutants show similar if not When whole cell extracts fropaflmutants were analysed by gel
identical phenotypes suggests that their physical interaction fitration chromatography, most of Cdc73—-HA3p eluted as a
functionally relevant and that they might function as a complexmonomer in the low molecular weight fractions. Little or no
If this were the case, one should expect neither of them to @elc73—HA3p co-eluted with Ctr9—-myc6p. When the elution
active in the absence of the other. Consistent with this hypothegifile of Ctr9—myc6p is compared to experiments performed
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with wild-type extracts (Figd and5), the protein elutes slightly protein complex we describe has additional functions. First, the
later inpafl mutants, but still in a large complex, suggesting thatemperature sensitivity atr9 mutants is not rescued by ectopic
Ctr9p forms multimers or also binds to other, as yet unidentifieexpression of CLN2 Second,ctr9 and pafl mutants have
proteins. The protein levels of Ctr9—myc6p also appear to h@eiotropic phenotypes, including a defect in nuclear division
reduced irpafl cells. Ctr9p may be less stable or more weakly22). In addition, Cdc73p and Paflp have been reported to affect
expressed ipafl mutants. From these data we conclude thathe expression of several other gen&$).(The most likely
Cdc73p can only bind to an intact Ctr9p—Paflp complex. Paflgxplanation for these findings is that the Ctr9p complex has a
and Cdc73p could bind in a cooperative fashion to Ctr9p. Thesaore general effect on gene expression.

results suggest that Ctr9p and Paflp function as a complex,

consistent with the double mutant phenotype. n
Is the complex containing Ctr9p, Paflp and Cdc73p part of
DISCUSSION a general transcription factor complex?

The roles of Ctr9p, Paflp and Cdc73p in gene expression ~ Several lines of evidence suggest a direct role for the Ctr9p-Paflp-
Cdc73p complex in transcription. The most relevant observation

The data presented here identify two new genes involved in cedlgarding the biochemical function of Ctr9p, Paflp and Cdc73p
cycle-dependent gene expression in lafeGIR9andPAFL is the finding that Paf1p and Cdc73p were found to be associated
We present several lines of evidence that Ctr9p and Paflp foigith Pol Il in vitro (14-16). It was hypothesised that
a complex that also contains Cdc73p. First, all three prOtGir@dc73p_Paf_’]_p may be components of a novel Pol Il subcomplex
co-immunoprecipitate. Second, the proteins co-fractionate durifgs). In our preparations of Ctr9—myc6p complexes we did not
gel filtration chromatography. Third, neither co-immuno-detect tightly associated proteins other than Paflp and Cdc73p.
precipitation nor co-fractionation of Cdc73p and Ctr9p is observethus, under the conditions we used, Ctr9p does not seem to be
in the absence of Paflp. Fourtlr9 andpaflsingle and double part of a stable Pol Il-containing complex. Nevertheless, our
mutants have the same phenotypes, consistent with the notion tadiing that Ctr9p and Paflp affe€t.N2 transcription suggests
Ctr9p and Paflp function as a complex. that thein vitro affinity of Cdc73p and Paflp to components of the
For Cdc73p the situation is not so clé€&xc73mutants, though  transcription machinery is functionally meaningful and that the
inviable at 37C, have a less severe growth defect ttehand  Ctrop—Paflp—Cdc73p complex has a direct role in the regulation
pafl mutants. Furthermoregdc73mutants do not affect expression of transcription.
of CLN2.However, the phenotypesafc73 pafiandcdc73 ctr9 None of the characterised general transcription factor
double mutants suggest that Cdc73p has no functions that @@mplexes and chromatin remodelling complexes, like the
independent of Ctr9p—Paflp. It therefore seems reasonableSwI/SNF complex, yeast RSC, the SRB/mediator complex or
propose that Cdc73p is only required for certain functions of th®@AGA, have to date been reported to contain Cdc73p, Paflp or
Ctr9p—Paflp complex. Ctr9p (34). The proteins we have identified here may represent
Ctr9p is a conserved protein containing TPR repeats implicated novel transcription factor complex that interacts with the
in protein—protein interactions2g). Proteins with significant general transcription machinery.
similarities to Ctr9p are found in human (KIAAO155; EMBL ~ We do not yet know the precise function of the Ctr9p complex
accession no. D63875), mouse (pI¥) EMBL accession no. in the regulation of Swidp-dependent gene expression. CIn3p is
L49502), Caenorhabditis elegand48.5 kDa protein B0464.2; required for activating Start-specific transcription as cells reach
EMBL accession no. 219152) ar®ipombeg(Tprlp, 119 kDa g critical cell size. Irctr9 andpafl mutants CLN3 becomes an
protein; EMBL accession no. AF047464). The high degree @ssential gene, consistent with the notion that they are involved
similarity suggests that some of these proteins may be orthologugsthe same biological process. However, the double mutant
sharing the same cellular function. However, only Ctr9p waghenotype also shows that CIn3p is at least partly functional in the
identified due to its effect on gene expressiGir9 mutants  absence of Ctr9p or Paflp. Thus, CIn3p and Ctr9p—Paflp are
(cdpd were independently found in a genetic screen for mutanfigely to have independent roles for activation of transcription in
that are inviable in the absence of Cbflp and were shown to affégte G. Our finding that potential components of the general
nuclear divisionZ2). Inlight of our findings, the effect on nuclear transcription apparatus can have specific effects on cell cycle
division might be a consequence of defects in gene expressi@iogression is not without precedence. Yeast ;I&5, a
p150'SP was identified as a nuclear protein binding to SHZ:omponent of TFIID, was shown to be required for transcription
domainsin vitro (33). The function of p150°F has not been of only a subset of genes and is specifically required for the G
analysed, so the significance of its interaction with SH2 domaing S phase transition12,35). Analysing whether the Ctr9p
remains unclear. The hypothetiGaklegangprotein was identified  complex contacts known transcription factor complexes will help
by the genome sequencing project. TPR repeats were found ifoéelucidate the biochemical functions of the Ctr9p complex and
number of proteins involved in gene expression and were show§ components.
to mediate protein—protein interactiofS); We postulate that the
TPR repeats in Ctr9p are involved in binding to Paflp and
Cdc73p. In current databanks we found proteins similar t§CKNOWLEDGEMENTS
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