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We have previously described an alternative form of RNA polymerase II in yeast lacking the Srb and Med
proteins but including Pafl, Cdc73, Hprl, and Ccr4. The Paf1-RNA polymerase II complex (Pafl complex) acts
in the same pathway as the Pkcl-mitogen-activated protein kinase cascade and is required for full expression
of many cell wall biosynthetic genes. The expression of several of these cell integrity genes, as well as many
other Pafl-requiring genes identified by differential display and microarray analyses, is regulated during the
cell cycle. To determine whether the Pafl complex is required for basal or cyclic expression of these genes, we
assayed transcript abundance throughout the cell cycle. We found that transcript abundance for a subset of cell
cycle-regulated genes, including CLN1, HO, RNRI1, and FARI, is reduced from 2- to 13-fold in a pafIA strain,
but that this reduction is not promoter dependent. Despite the decreased expression levels, cyclic expression
is still observed. We also examined the possibility that the Pafl complex acts in the same pathway as either SBF
(Swi4/Swi6) or MBF (Mbp1/Swi6), the partially redundant cell cycle transcription factors. Consistent with the
possibility that they have overlapping essential functions, we found that loss of Pafl is lethal in combination
with loss of Swi4 or Swi6. In addition, overexpression of either Swi4 or Mbpl suppresses some paflA
phenotypes. These data establish that the Pafl complex plays an important role in the essential regulatory

pathway controlled by SBF and MBF.

There are multiple forms of RNA polymerase 11 (RNAP II)
in Saccharomyces cerevisiae (8, 18). The holoenzyme form con-
taining the Srb and Med proteins is responsible for transcrip-
tion of most genes in the yeast genome (reviewed in reference
36). We have described an alternative form of RNAP II, the
Pafl complex, that does not contain Srb or Med proteins but
does contain Pafl, Hprl, Cdc73, and Ccr4, as well as the
general initiation factors TFIIB and TFIIF (7, 43, 44). The
Pafl complex is also found associated with Rtfl and Spt5 (35,
46), factors that are linked to transcriptional elongation. In
addition, unlike the Srbs and Meds that are only found in
promoter regions, Pafl complex components are found asso-
ciated with both promoter and coding regions of genes, indi-
cating that they may play roles at multiple stages of transcrip-
tion (39).

Loss of Pafl results in alterations in transcript abundance
for a small subset of yeast genes, among which are many cell
wall biosynthetic genes controlled by the protein kinase C-mi-
togen-activated protein (Pkcl-MAP) kinase signaling pathway
(7). Consistent with its role in the cell wall biosynthetic path-
way, pafl A strains are temperature sensitive (ts) and sensitive
to cell wall-damaging agents, such as sodium dodecyl sulfate
and caffeine (7, 44). Two lines of evidence indicate that the
Pafl complex has multiple functions in yeast in addition to its
role in the Pkcl signaling pathway. First, mutations of Pafl
complex genes have pleiotropic phenotypes consistent with
defects in several metabolic pathways, including DNA synthe-
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sis, microtubule function, and sterol biosynthesis (4). Second,
Pafl complex mutants affect the expression of many genes
other than those required for cell wall biosynthesis (43; M.
Chang, J. Fostel, and J. A. Jachning, unpublished data). Fur-
thermore, the potential homologues of Pafl in humans, mice,
flies, worms, and fission yeast suggest conserved functions for
the Pafl complex throughout the eukaryotic kingdom.

Recently, Koch and coworkers reported that Ctr9 (Cdpl),
which is required for full expression of the cell cycle-regulated
G, cyclins CLNI and CLN2, copurifies with Pafl and Cdc73
(28). We have confirmed that Ctr9 is part of the Pafl complex
(35), and we have found that isogenic pafIA and ctr9A strains
have identical phenotypes under a wide range of conditions
(4). These results, and preliminary experiments comparing
whole-genome expression in wild-type versus paflA strains
(Chang et al., unpublished), have led us to test the role of the
Pafl complex in expression of a broad range of cell cycle-
controlled genes. Published microarray experiments have esti-
mated that from 7 to 13% of yeast genes are cell cycle regu-
lated, depending on experimental conditions and statistical
methods used (9, 45, 54). We have found that nearly 30% of
genes whose expression decreases in a pafl/A strain are regu-
lated during the cell cycle, suggesting that the Pafl complex
has a specific function in expression of this important subset of
genes.

Two of the major regulators of yeast cell cycle-controlled
genes are the transcription factors SBF and MBF, which are
activated during G, by Cdc28/ClIn3 (reviewed in reference 34).
MBF, a heterodimer of Mbp1l and Swi6, plays an important
role in the periodic transcription of genes necessary for DNA
replication (27). SBF, a heterodimer of Swi4 and Swi6, controls
synthesis of the G, cyclins CLNI and CLN2 as well as mem-
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TABLE 1. Yeast strains

Strain Genotype Reference or source
YI1J662 MATa leu2Al his3A200 ura3-52 43
YJJ664 MATa leu2Al his3A200 ura3-52 paflA::HIS3 43
YI1I577 MATa leu2A1 his3A200 ura3-52 pafl A::HIS3 43
YI1J755 MATa barl his6 his7 leu2 ura3 pep4 prbl trpl R. Sclafani
YJI756 MATa barl his6 his7 leu2 ura3 pep4 prbl trpl paflA::TRPI1 7
YJJ1000 MATa leu2Al his3A200 ura3-52 swi4A::URA3 6
YI1J1067 MATa leu2Al his3A200 ura3-52 mbplA::kan" J. Betz
YJJ1068 MATa leu2Al his3A200 ura3-52 mbplA::kan* 4
YIJ1173 MATa barl his6 his7 leu2 ura3 pep4 prbl trpl swi4A::URA3 This work
YJJ1232 MATa leu2Al his3A200 ura3-52 swi4A::kan* This work
YJJ1233 MATa leu2Al his3A200 ura3-52 swi4A::kan® This work
YJJ1239 MATa barl his6 his7 leu2 ura3 pep4 prbl trpl mbplA::kan* This work
YJJ1390 MATa leu2Al his3A200 ura3-52 swi6A::kan® This work

brane and cell wall components (15, 23, 31, 38). These tran-
scription factors share the Swi6 transcriptional activation com-
ponent, with Mbpl and Swi4 contributing unique DNA
binding domains to the complexes (1, 2, 27, 29). Although each
factor controls the expression of different genes, they have
considerable overlap in function, and in vitro they can cross-
recognize each other’s DNA targets (47). Consistent with this
functional overlap, neither MBPI nor SWI4 is an essential gene
in most yeast strains, but an mbpl swi4 double mutant is lethal
(27). Recently, the in vivo binding sites for Swi4 and Mbpl
were determined on a genomic scale (24). Each factor binds to
a subset of yeast genes, with Swi4 more often found upstream
of cell wall biosynthetic genes and Mbp1 more often found in
association with genes important for DNA replication, strong
confirmation of the previous results from gene expression pat-
terns. Consistent with their overlapping functions, both factors
are found bound to a significant subset of genes (24).

In addition to its connection to cell cycle regulation via
Cdc28, SBF also appears to function downstream of the Pkcl-
MAP kinase pathway (31), as does the Pafl complex (7). The
many overlaps between phenotypes and functions of the Pafl
complex with the SBF and MBF factors prompted us to ask
whether Pafl acts through these known transcription factors to
control expression of cell cycle-regulated genes. In this work,
we demonstrate that Pafl is necessary throughout the cell cycle
for full expression of many periodically expressed genes. We
tested the possibility that the Pafl complex acts through SBF
or MBF by comparing cell cycle expression profiles of genes in
paflA, swi4A, and mbpIA strains. Both biochemical and ge-
netic analyses establish that Paf1, acting through both Swi4 and
Mbpl, is required for full levels of expression of cell cycle-
regulated genes.

MATERIALS AND METHODS

Strains and media. The strains used in this study are listed in Table 1. Strains
YJI662, YII664, YII577, YII1000, YII1232, YII1067, YIJ1068, and YIJ1390
are isogenic except for the specific deletion described and were derived from the
D273-10B background (48). Strains YJJ755, YJJ756, YJJ1173, and YJJ1239 are
isogenic except for the specific deletion described and were derived from the
A364a background (19). Strains were grown in yeast extract-peptone-dextrose
(YPD) with 4% glucose using standard methods (17).

Construction of deletion strains. The swi4A::URA3 deletion strain YJJ1173
was constructed using plasmid pJJ1140, which contains a URA3 insertion to
disrupt SWI4 (6). Cleavage of pJJ1140 with EcoRI released the swi4A::URA3
deletion cassette, which was used to transform strain YJJ755 following standard

transformation procedures (17). Transformants were selected as uracil pro-
totrophs and verified by PCR using oligos 230 and 231 (see Table 2 for a list of
all primers used), which hybridize upstream and downstream of SWI4, generating
a SWI4 PCR product of 2,982 bp and a swi4A::URA3 PCR product of 1,542 bp.

The swid::kan™ strain YJJ1232 was constructed using a PCR-based method.
Primers were designed such that the internal section would be homologous to the
kan™ gene of plasmid pFA6a-kanMX4 (50), while the external section was ho-
mologous to the yeast SWI4 gene. Oligos 287 and 288 were used in a standard
PCR amplification (3) with pFA6a-kanMX4 as the template. The product of this
PCR amplification was used to transform strain YJJ662 using standard methods
(17). Kanamycin-resistant transformants were verified using PCR with oligos 278
and 331 (5’ and 3’ SWI4 primers outside of deleted region) or oligos 278 and 240
(5" SWI4 and 3’ primer for kanamycin region). Oligos 278 plus 240 do not
generate a PCR product with SWI4 DNA template but do generate a 732-bp
PCR product with swi4A::kan*. Oligos 278 and 331 generate a product of 3,509
bp with SWI4 DNA and a product of 1,731 bp with swi4A::kan".

The mbplA::kan® strain YJJ1239 was also constructed using a PCR-based
method as described above, with oligos 380 and 381, plasmid pFA6a-kanMX4,
and transformation into YJJ755. Kanamycin-resistant transformants were veri-
fied using PCR with oligos 382 and 383, which generate an MBPI PCR product
of 2,760 bp and a mbp1A::kan™ PCR product of 1,770 bp. Using oligos 382 and
240 (in the kanamycin resistance gene) generates no product with MBPI and a
705-bp product with mbp1A::kan®.

The swi6A::kan" strain YJJ1390 was constructed as above using PCR primers
396 and 397 with plasmid pFA6a-kanMX4. This PCR product was transformed
into strain YJJ662, and kanamycin-resistant transformants were verified using
PCR with oligos 410 and 411. These oligos generate a SWI6 PCR product of
2,854 bp and a swi6bA PCR product of 1,847 bp.

Cell cycle synchronization. Cells were synchronized with a-factor as previously
described (5) using strains YJJ755 (wild type), YJI756 (pafIA), YII1173 (swidA),
and YJJ1239 (mpblA), all carrying the barl mutation to facilitate synchroniza-
tion (5). Cells were grown at 30°C to a density of 40 Klett units (1.5 X 107
cells/ml), and a-factor (catalog no. T6901; Sigma) was added to a concentration
of 20 nM. Cells were incubated in a-factor for one doubling (1.5 h, or 3 h for
paflA), and progression of the arrest was measured microscopically. To remove
the a-factor, cells were collected in a sterile 0.8-um-pore-size filter (90 mm;
Osmonics) in a Millipore filter apparatus and washed with 15 volumes of YPD
warmed to 30°C. Cells were resuspended in 400 ml of fresh YPD warmed to
30°C, Pronase (Calbiochem) was added to a concentration of 50 pg/ml, and the
culture was incubated with shaking at 200 rpm at 30°C. Aliquots were taken every
15 min for RNA isolation, budding index profiles, and flow cytometry. For RNA
isolation, cells from duplicate 10-ml samples were pelleted, washed in diethyl
pyrocarbonate-treated distilled H,O (dH,O), pelleted again, quick-frozen in
liquid nitrogen, and stored at —80°C. For determination of the budding index,
180 pl of culture was mixed with 20 pl of formaldehyde and stored at 4°C until
microscopic analysis of budding stages. For each time point, at least 200 cells
were categorized as unbudded, or small, medium, or large budded. For flow
cytometry, 820 pl of culture was sonicated for 30 s (10 s for pafIA strains) and
pelleted in a microcentrifuge. Cells were resuspended in 300 wl of dH,O and
fixed by adding 700 pl of ethanol while vortexing. Samples were stored at 4°C
until processing according to the method described by Nash et al. (37).

RNA isolation and analysis. RNA was isolated from both synchronized and
asynchronous cells by either the glass bead method (3) or the hot phenol method
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TABLE 2. Oligos used for strain construction and as probes

Oligo Use Sequence

230 swi4A verification 5'-GTTCAAGGTGGGTATGGTAGG-3’

231 swi4A verification 5'-TATGCGTTTGCCCTCAAATCC-3’

287 swi4A strain Kan" 5"-CCTTCTGTCCCTCTTGCGTAGTTCTAAAAGGTTGATTTATTCGAGAAATCCGTACGCT
replacement GCAGGTCGAC-3’

288 swi4A strain Kan" 5"-AAAAACTCTGATAATATAGTAAAAATTATTGGTACATTGTGATTAAAATATCGATGA
replacement ATTCGAGCTCG-3’

278 swi4A::Kan" verification 5'-TCAACAATAATTGCTCTTTGCCG-3'

331 swi4A::Kan" verification 5'-GCAACTCAAGCGCAATGAGA-3'

240 swi4A::Kan" verification 5"-CTCATCTGTAACATCATTGGCAAC-3’

380 mbpIA strain Kan" 5'-CTTAACATTCCGAGACACAACGTAAATCCCAGAAACACAAGCATGCGTACGCTGCAG
replacement GTCGAC-3'

381 mbpIA strain Kan" 5'-CAGTATATGGATACATGTAAAGTTCCTCTATTTATGTATATTTTAATCGATGAATTCG
replacement AGCTCG-3’

382 mbplA::Kan" verification 5'-TCAAGTGCGATTGGTCTGCA-3'

383 mbplA::Kan" verification 5'-GCACTGCTTACTGTTATGTC-3'

282 SPC25 probe, 5" primer 5'-GCCAGCATAGACGCATTTTCGG-3'

271 SPC25 probe, 3" primer 5'-TGAATCATCGCCGAATACGAAACGTA-3’

283 SAS3 probe, 5" primer 5'-GTCATTAACAGCAAACGACGAATCGC-3’

269 SAS3 probe, 3’ primer 5'-CCAGTATCGTTTCTCCTAGCTGCATG-3'

281 STP4 probe, 5’ primer 5'-TGGTATCATCATCTTTTGCATCAAGC-3’

272 STP4 probe, 3’ primer 5'-GGATACACCTCCATATCCAAATTGATC-3'

284 PCL7 probe, 5’ primer 5'-ATGGAGCTAAGTTCACCATCAAAAAAAAC-3’

273 PCL7 probe, 3’ primer 5'-CACTCAAGAACTTCGTGCAAATTGTG-3'

374 HO probe, 5’ primer 5'-CGCAAACGTCACGGCTAAC-3’

375 HO probe, 3’ primer 5'-TCAAACTGTAAGATTCCGCCAC-3’

84 18S rRNA probe 5'-GCTTATACTTAGACATGCAT-3'

211 RNRI1 probe 5"-ACACATTTCACAAGCTTCTGGG-3'

213 FAR1 probe 5'-TTCTATCAAACTAGAATGCGGGTGTT-3’

214 RPS9A probe 5"-CCGCCTTCCTTGCAGCATTTCTTCTA-3’

216 CYBS probe 5'-CCACTACCTTTACTTTGGTTTTCAGA-3’

217 FKS1 probe 5'-CCAATGAATCTCCAATGTGTTTGTGG-3’

265 HTBI1 probe 5'-CAGTGGAAGTGGAAGTCTTTTTAGCG-3'

268 PIR3 probe 5'-GAGCCAATTCTACCCTTCCTATCGGT-3’

344 CLNI1 promoter, 5’ 5'-CGAAAACACCGCGCGTAAAG-3'

396 swi6A strain Kan" 5'-AAAAAGAATAATAAAGGGGAACACAGTATAATTCTCGAGAGGCGTACGCTGCAGG
replacement, 5’ TCGAC-3’

397 swi6A strain Kan' 5"-AGTGCCTATATATCCCATCTGAGTACGTAAAAATTTTGTAAATCGATGAATTCGAG
replacement, 3’ CTCG-3'

410 swi6A::Kan" 5'-GGACCGTTTGGATAAGATCATTCACC-3'
verification, 5’

411 swi6A::Kan" 5'-GGTGGAAGGACAGGCTTAAGATCTTGTAG-3’
verification, 3’

588 CLN1 promoter, 3’ 5'-CCAACTCGAGTCTAGAAGTGGAGTGGTGGTAGTGC-3’

597 FKS1 promoter, 5’ 5'-AAGGTACCTCTAGAATGTACGGGCAATCAGAATCTG-3'

598 FKS1 promoter, 3’ 5'-AAGGTACCGGTCTGACCGTTGTATGAAAGAC-3’

599 GLK1 promoter, 5’ 5'-AAGGTACCTCTAGAGCTTTAACGTATTCAGGAGCCATG-3'

600 GLKI1 promoter, 3’ 5'-AAGGTACCGTATTAGTGGTGGTGTTGTGGTTTAC-3’

(41) with equivalent results. Synchronized cells were prepared as described
above. Asynchronous cells were grown to early log phase and harvested at a
density of 60 Klett units (2 X 10° cells/ml). RNA was fractionated by formalde-
hyde gel electrophoresis according to standard methods (3). For each sample, 10
g of total RNA was loaded. RNA was visualized using SYBRGold dye (S-
11494; Molecular Probes) and transferred to Zeta-Probe GT membranes (Bio-
Rad). Membranes were hybridized to specific 3?P-labeled probes using condi-
tions suggested by the manufacturer. Probes were either 5’-end-labeled
oligonucleotide probes designed to hybridize to the 3" ends of specific mRNAs,
or probes generated by PCR amplification of specific genes from yeast genomic
DNA (Table 2). The CLNI probe was a gel-purified 500-bp NcoI-EcoRI frag-
ment from pJJ961, which contains the 1.2-kb CLNI coding region in plasmid
pRS313 (Robert Sclafani, University of Colorado Health Sciences Center). PCR-
generated probes were gel purified and then labeled using the random prime
method (RadPrime kit; Invitrogen). Hybridizations and washes were performed
at either 64°C for random prime-labeled probes or between 38 and 45°C for
oligonucleotide probes (listed in Table 2).

Quantitation was performed on blots by exposing them to a storage phosphor
screen and scanning the screens using a Storm imaging system (Molecular Dy-

namics). An RNA loading control involved hybridizing and normalizing all blots
to an oligonucleotide complementary to the yeast 18S rRNA. Band densities
were quantified using ImageQuant (Molecular Dynamics) for the Macintosh.

Genetic analyses. Mating YJJ577 and YJJ1232 generated a pafl A/PAF1 swi4A/
SWI4 heterozygous diploid. The diploid was sporulated, and tetrads were dis-
sected onto a YPD plate containing 1 M sorbitol using standard methods (17).
The genotypes of spore colonies were determined by patching to plates that
would distinguish the markers, i.e., the pafIA spores were HIS3 and the swi4A
were kan®. Wild-type cells were his3A200 and sensitive to kanamycin. Mating
Y1J664 and YJJ1068 generated a pafl A/PAFI mbpl AIMBPI heterozygous dip-
loid. Diploids were sporulated and dissected, and spores were genotyped as
above; the paflA was HIS3 and the mbplA was kan'. The wild-type spores were
his3A200 and sensitive to kanamycin, while the double mutants were HIS3 kan".
Mating YJJ577 and YJJ1390 generated a paflA/PAF1 swi6A/SWI6 heterozygous
diploid. Diploids were sporulated, dissected, and genotyped as above; the paflA
was HIS3 and the swi6A was kan'.

Plasmids YEp24, YEp352, B327, and BK72 were kindly provided by M. Snyder
(Yale University). B327 is vector YEp352 plus the Swi4 gene, while BK72 is
vector YEp24 plus the Mbp1 gene. Both YEp24 and YEp352 are 2pm plasmids,
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so Swi4 and Mbpl are functionally overexpressed when carried on these plas-
mids. The plasmids were transformed into wild type (YJJ662) and pafIA
(YJJ664) strains and maintained on SD-URA medium (17). For spot assays,
strains were grown under selection, serially diluted, and plated to YPD, YPD
containing 6 mM caffeine, or YPD containing 100 mM hydroxyurea (HU). Spots
were made by applying 4 .l of cell suspensions that were diluted to 107, 10°, 10,
10%, and 10° cells/ml. The experiments were repeated with two independently
isolated clones for each plasmid with similar results.

Luciferase assays. Luciferase constructs were made using the plasmid
pMTLuc provided by D. Reines (Emory University). This plasmid is derived
from the vector pRS316 and contains the firefly luciferase gene without a yeast
TATA or upstream activation sequence (42). There is a unique Kpnl site just
upstream of the luciferase gene available for cloning, and we constructed
pJJ1322, a version of the plasmid that contains a unique upstream X#hol site.
Using template DNA from strain YJJ662 we amplified the CLNI promoter using
primers 344 and 588 (—38 to —680), the FKSI promoter using primers 597 and
598 (—1 to —716), and the GLKI promoter using primers 599 and 600 (—19 to
—837) (Table 2). Each PCR product was cleaved and cloned into the appropriate
vector to create pJJ1346, the CLNI promoter in pJJ1322; pJJ1333, the FKS/
promoter in pMTLuc; and pJJ1339, the GLKI promoter in pMTLuc. The vectors
and promoter reporter plasmids were transformed into yeast strains YJJ662,
YJJ664, YJJ1233, and YJJ1067 using standard transformation procedures (17).
Luciferase assays were performed according to the Promega luciferase assay
system. Cells were lysed by adding approximately 100 wl of glass beads to 1
optical density at 260 nm unit of cells in 150 wl of Promega cell culture lysis buffer
and vortexed at high speed for 2 min. The assays were performed on a Dynex
Technologies model MLX luminometer using a 96-well plate format. Units of
activity were normalized to the protein concentration measured by using protein
assay reagents from Bio-Rad.

RESULTS

Pafl is required for full expression of a variety of cell cycle-
regulated genes. We initiated these studies based on results
from differential display and microarray analyses that demon-
strated that many genes dependent on Pafl are cell cycle reg-
ulated (7, 43; Chang et al., unpublished). To further examine
the role of the Pafl complex in expression of these cycling
genes, we first validated some of the microarray results by
analyzing mRNA levels in asynchronous cultures. We probed
RNA from wild-type and pafIA strains for several cell cycle-
regulated genes, as shown in Fig. 1. These experiments were
consistent with the microarray results, yielding a magnitude of
decreased expression from two- to sixfold. The pafl A mutation
does not seem to affect a specific cell cycle stage; instead, we
saw diminished expression of genes that peak in G, (FKSI,
CLNI1, and RNRI), S (HTB1), G, (SPC25 and SAS3), and M
(STP4, CYB5, and FARI).

Not all genes whose expression is decreased in pafIA are cell
cycle regulated; for example, RPS94 does not cycle, but its
expression is reduced more than fourfold in paf/A (Fig. 1). In
addition, not all cell cycle-regulated genes depend on Pafl: the
abundance of the M/G, phase-regulated PIR3 gene is actually
slightly elevated in pafIA strains (Fig. 1). We have established
that the pafIA effects are not an artifact of the yeast strain
background used. For example, notice that PIR3 transcript
abundance in Fig. 1 is very similar in both the A364a back-
ground, used in all of the cell cycle synchronization experi-
ments described below, and the D273-10b background. Both
strains were used in the asynchronous cell experiments, yield-
ing very similar results for the different genes analyzed.

Wild-type and pafIA strains can both be arrested by a-fac-
tor and released into a synchronous cell cycle. Unlike many
genes important for cell cycle regulation, the abundance of
PAF1 mRNA and Pafl protein does not vary during the cell
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peak in fold change
cell cycle gene WT pafiA pafliA/WT

Gl  FKST 2.3
G1  CLN1 “ 2.9
G1 2.1
S 15
-2.8
-2.8
-6.3
4.1

S/IG2
M
M

FIG. 1. Deletion of the PAFI gene causes a decrease in mRNA
levels for many cell cycle-regulated genes. Asynchronous cultures of
wild type (YJJ662) and paflA (YJJ664) cells were grown to a Klett
density of 60 (2 X 10° cells/ml), total RNA was harvested, and 10 pg
of RNA per lane was fractionated and used to detect mRNAs for
specific cell cycle-regulated genes as described in Materials and Meth-
ods. The cycle peak designations are from the microarray analysis of
Spellman et al. (45; http://genome-www.stanford.edu/cellcycle/). The
fold decrease of each mRNA in the pafIA strain compared to that in
the wild type was calculated from an average of at least two experi-
ments after normalization to 18S rRNA. RPS94 is an example of a
gene that decreases in paflA but is not cell cycle regulated. PIR3 is an
example of a cell cycle-regulated gene that does not decrease in a
paflA strain. Results for two different strain backgrounds are shown
for PIR3. The other mRNAs shown in this figure were from the
D273-10b background. Similar results were obtained from both strains
for the other mRNAs shown in this figure.

cycle (9, 45; M. Chang, unpublished data). Another feature of
many critical cell cycle regulatory genes is that their mutation
results in impairment of a particular cycle stage. However,
other than its slow growth phenotype (3 h doubling time versus
1.5 h for wild type), a pafIA mutation does not lead to cells
accumulating at a unique cell cycle stage, as determined by
measuring budding index and DNA content (by flow cytom-
etry) of asynchronous populations (data not shown). In addi-
tion, shifting a ts pafI A strain to its nonpermissive temperature
does not result in a uniform terminal arrest phenotype as
found with classic cdc mutations (40). Mutation of Pafl com-
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FIG. 2. Synchronized wild-type, pafIA, swi4A, and mbpIA strains
have similar budding profiles. Strains were synchronized with a-factor
as described in Materials and Methods. Samples were taken at 15-min
intervals, and the number of small budded cells in each sample was
determined. Data are graphed as the percentage of cells with small
buds versus doublings, rather than time, to directly compare the bud-
ding indices of the slow-growing pafIA strain to the other strains.
Doublings for the wild type (YJJ755), swi4A (YJJ1173), and mbpIA
(YJJ1239) were calculated by dividing the time, in hours, of each time
point by 1.5 h. Doublings for pafIA (YJJ756) were calculated by di-
viding the time, in hours, of each time point by 3 h.

plex components also does not lead to mating defects (43),
indicating an unimpaired sensitivity to the mating pheromone
a-factor. We therefore used a-factor to synchronize isogenic
wild-type and pafI A strains in order to analyze gene expression
patterns during an entire cell cycle. The pafIA strain was effi-
ciently arrested by the same concentration of a-factor used
with the wild-type strain and could be released into a synchro-
nous cell cycle (Fig. 2).

After release from the a-factor arrest, samples were isolated
every 15 min for RNA preparation, flow cytometry, and bud-
ding index determination. The percentages of unbudded,
small, medium, and large budded cells were determined for
each time point. Compensating for the longer doubling time of
the pafIA strain by plotting the data relative to doublings,
rather than time after release, revealed that the profiles for all
classes of cells are remarkably similar between the wild type
and paflA (small budded cells are plotted in Fig. 2 as an
example). Although the fraction of cells recovering from pher-
omone treatment of the pafIA strain is a little lower and the
synchrony is not as precise as for the wild-type strain, especially
in the second cycle, the pafIA strain is clearly passing through
the stages of the cell cycle. As was found for the asynchronous
cultures, we did not detect any particular stage where the
paflA strain spends more time relative to the wild type. The
conclusion that the pafIA strain is passing through a relatively
normal cell cycle is confirmed by the expression profiles of
periodic genes, as shown in the next section.

mRNA abundance is reduced throughout the cell cycle in
pafIA cells, but expression is still cyclic. The pafl/A mutation
affects the expression of genes that peak at different times
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throughout the cell cycle. Is this the result of an overall de-
crease in expression at all stages, or is expression of these
genes no longer cyclic? To distinguish between these two pos-
sibilities, we isolated RNA from the synchronized wild-type
and paflA strains described in the previous section. These
samples were probed for many of the same cell cycle-regulated
transcripts and controls used for the asynchronous analysis
shown in Fig. 1. All signals were normalized to that of a probe
for 18S rRNA and plotted relative to doubling time after
pheromone release, as shown in Fig. 3. In each case, the syn-
chronized wild-type and pafIA samples were run on the same
gel so that signal intensities could be directly compared. Com-
pared to published data on expression patterns after release
from a-factor, the profiles we obtained from wild-type cells
were very similar to the microarray results of Spellman et al.
(45) in terms of peak stage and magnitude of cycling.

For nearly all of the genes analyzed, mRNA abundance in
paflA was reduced significantly throughout the cell cycle rela-
tive to levels observed in the wild-type strain (Fig. 3). As seen
by other investigators studying critical cell cycle regulatory
factors (23), we observed greater pafl A-dependent decreases
in the synchronous cells than we did for the asynchronous
samples. For example, CLNI, RNRI, and FARI were reduced
2.9-,2.1-, and 2.6-fold in the asynchronous samples (Fig. 1) but
were reduced 5.2-, 4.4-, and 4.7-fold at the peak of expression
in the synchronized samples. S/G,-phase-regulated SAS3 and
M-phase-regulated STP4 transcripts were decreased 2.8- and
6.3-fold in asynchronous cells and 4.1- and 13-fold at their peak
in synchronized cells. Expression of HTBI decreased only
slightly, 2.2-fold, in the synchronized cells, but still to a greater
extent than the 1.5-fold decrease seen in the asynchronous
experiments (Fig. 1). We did not measure HO expression in
asynchronous populations, but in synchronized cells HO ex-
pression was down more than 10-fold in pafl A compared to the
wild type.

The expression of two control genes was also analyzed
throughout the cell cycle. RPS9A4 is not cell cycle regulated but
is dependent on Pafl for full expression (Fig. 1). We observed
that the approximately fourfold reduction in expression of
RPS9A seen in the asynchronous cells was maintained during
passage through the cell cycle (Fig. 4 and data not shown).
PIR3 is cell cycle regulated but is not dependent on Pafl in
asynchronous cells (Fig. 1). PIR3 cycling in pafIA is virtually
indistinguishable from its pattern in the wild type (Fig. 3). This
result confirms both that, apart from the longer doubling time,
the pafiA cells are cycling normally and that only a subset of
cycling genes depends on Pafl.

Some genes, for example HTB1, still clearly demonstrate a
cyclical profile in a paf1A strain. However, for other genes, like
CLNI and HO, where expression is dramatically reduced rel-
ative to that in the wild-type strains, it is difficult to see in the
data in Fig. 1 whether the residual expression is still cyclic. To
look in more detail at the cycling patterns, the mRNA abun-
dance profiles for CLN1, RNRI, and HO in the pafIA strain
were plotted independently (Fig. 4). This view of the data
makes it clear that the cyclic pattern is still evident. All of the
genes showed cyclic patterns in paflA when plotted in this way
(data not shown). As a control, we show the profile of the
noncyclic gene RPS9A in the pafIA strain (Fig. 4). Unlike the
cell cycle-regulated transcripts, RPS9A is present at a constant
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FIG. 3. mRNA abundance for cycling genes is decreased throughout the cell cycle in the pafIA strain. Fractionated total RNA from
synchronized wild-type (YJJ755) and pafIA (YJJ756) cells was analyzed with probes (see Table 2) that detect periodic genes that peak in the
indicated parts of the cell cycle. PIR3 expression peaks in M/G, but is not affected by lack of Pafl. Each graph shows the normalized amount of
mRNA for that gene over a period of 1.5 doublings for wild-type and pafIA strains. The mRNA/18S rRNA units are arbitrary phosphorimager
numbers and are not comparable between probes. However, each individual panel represents equal amounts of RNA from wild-type and pafiA

cells fractionated on the same gel for direct comparison.

level throughout the cell cycle. These data clearly demonstrate
that while the amount of mRNA for several cell cycle-regu-
lated genes is diminished in pafiA, expression is still cyclic.
Gene expression patterns of neither swi4A nor mbpIA ex-
actly duplicate those seen in pafIA. If the Pafl complex is
acting through the known cell cycle transcription factors Swi4
and Mbpl, then we would predict that removal of one or the
other, or possibly both, factor(s) might mimic the effects we
have described for the absence of Pafl. The phenotypes of the
single-mutant swi4A and mbpIA strains in the genetic back-
grounds used in these studies are not nearly as severe as that of

a pafi A strain (4). However, as previously described for other
genetic backgrounds (12), we found that a swi4A mbplA dou-
ble mutant is lethal. Therefore, the Pafl complex could be
communicating with either, or both, of these factors to activate
transcription of target genes. To test this possibility we ana-
lyzed mRNA levels of cell cycle-regulated genes in asynchro-
nous cultures of isogenic swi4A and mbpIA strains and com-
pared them to the levels in pafiA (Fig. 5).

Consistent with the modest phenotypes of the swi4A and
mbplA strains, we did not observe dramatic effects on tran-
script abundance in these strains. However, in agreement with
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FIG. 4. Cell cycle-regulated genes still cycle in pafiA. Representa-
tive data from Fig. 3 showing the cell cycle profiles from pafIA
(YJJ756) cells of three G,-phase genes (CLNI, RNRI, and HO) nor-
malized to 18S rRNA are shown here on an expanded scale. Profile of
the non-cell-cycle-regulated gene RPS9A4 is shown for comparison.

previous reports (38), we found that CLNI expression is re-
duced in the absence of Swi4 but is not affected by loss of Mbp1
(Fig. 5). Note that the twofold reduction of CLNI mRNA in
the absence of Swi4 is not as severe as the nearly threefold
reduction seen in the absence of Pafl. Neither swi4Anor
mbpIA results in a pattern of gene expression identical to that
of pafIA. For example, FKS1 expression decreased over two-
fold in pafI A yet increased in both swi4A and mbp1A, and STP4
expression decreased over sixfold in pafIA yet did not change
in swi4A and increased slightly in mbpIA. The abundance of
RNRI, reported to depend on Mbpl for correct expression
during the cell cycle (25), actually increased over threefold in
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FIG. 5. Gene expression profiles of swi4A and mbpIA strains are
not identical to that of a pafIA strain. Asynchronous cultures of wild
type (YJI662), paflA (YJJ664), swi4A (YIJJ1000), and mbplA
(YJJ1067) cells were grown to a Klett density of 60 (2 X 10° cells/ml).
Total RNA was harvested, 10 ug of RNA per lane was fractionated,
and specific mRNAs were detected using probes for cell cycle-regu-
lated genes and normalized to 18S rRNA. The fold change of each
mRNA in pafiA, swi4A, and mbpIA strains compared to that for the
wild type is an average of at least two experiments. PIR3 is a cell
cycle-regulated gene that does not decrease in a pafIA strain (see Fig.
1). Note that the asynchronous samples shown in this figure were from
the D273-10b genetic background; similar results were obtained in the
A364a background.

the mbp1A strain, was unaffected by swi4A, and decreased over
twofold in pafIA in the asynchronous cells.

To further compare expression of cell cycle-regulated genes
in paf1A versus swi4A and mbpIA, we synchronized swi4A and
mbpI A strains with a-factor and analyzed transcripts at 15-min
intervals after release from arrest. The doubling time of the
swi4A and mbp1A strains was 1.5 h, indistinguishable from that
of the wild type, and passage through the cell cycle as mea-
sured by budding index of the swi4A and mbplA mutants was
also very similar to that of the wild type (Fig. 2). In all cases,
RNAs from mutant and wild-type cells were separated on the
same gels and probed together, so transcript abundance could
be compared directly (Fig. 6).

As shown in Fig. 6, although mutation of SWI4 and MBP1
had definite effects on expression of the cell cycle-regulated
genes CLNI, RNRI, HTBI, and FKS1, none of the changes
were superimposable with the pattern observed in the pafIA
strain. For example, CLNI expression was reduced in all three
mutants. Timing of CLN1 expression was similar to that of the
wild type in paflA and mbplA, but abundance was reduced
significantly more in pafIA (more than fivefold) than in mbp1A
(more than threefold) throughout the cell cycle. In contrast,
CLNI1 expression in swi4A was both significantly reduced and
altered in timing. RNRI expression was shifted in time in both
swi4A and mbplIA, but not pafIA. Consistent with the results
seen in the asynchronous cells (Fig. 5), the abundance of the
RNRI transcript was not significantly reduced in swi4A, but it
decreased more than threefold in pafiA. None of the muta-
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FIG. 6. The gene expression profiles of swi4A and mbpIA strains do not mimic the cycling profiles seen in a pafIA strain. RNA from
synchronized wild-type (YJJ755), pafIA (YJI756), swi4A (YJJ1173), and mbpIA (YJJ1239) cells was fractionated and probed for the indicated
transcripts. The graphs show the amount of normalized mRNA for the indicated genes over a period of 1.5 doublings for wild-type versus pafIA,
swi4A, and mbpIA strains. The mRNA/18S rRNA units are arbitrary phosphorimager counts and are not comparable between probes. However,
each individual panel represents equal amounts of RNA from wild type and the indicated mutant strains fractionated on the same gels for a direct

comparison.

tions seemed to affect the timing of HTB1 expression, but both
swi4A (3.7-fold) and mbpIA (4.6-fold) reduced the abundance
of this transcript significantly more than did the paf/A muta-
tion (2.2-fold). Finally, the FKSI transcript that was previously
shown to be dependent on Swi4 for cyclic expression (23),
demonstrated both a change in cycling and a dramatic (nearly
fivefold) increase in expression in the swi4A strain; neither
effect was seen in pafIA.

Genetic evidence suggests that Pafl functions in both the
Swi4- and Mbpl-controlled pathways. Combining a mutation
in PAF1 with mutations in MBPI or SWI4 could potentially
give us additional information about whether they are func-
tioning in the same, or possibly parallel, pathways to regulate
expression of cell cycle genes. If the double mutant combina-
tions are similar in phenotype to the most severe single mutant,
in this case the pafIA strain, then the two genes may be func-
tioning in the same pathway. However, an enhanced pheno-
type would indicate that the two proteins might have functions
in independent pathways (16). This analysis is complicated by
the fact that Swi4 and Mbpl perform partially overlapping
essential functions, and the fact that the factors interact with
Swi6 which provides a transcriptional activation function to
both DNA binding proteins (reviewed in reference 34). De-
spite these caveats, we found that loss of Pafl is equivalent to
loss of Mbpl1 in that a pafI A swi4A double mutant was inviable,

and a paflIA mbplA combination was viable and not signifi-
cantly impaired relative to the paf] A strain (Fig. 7 and data not
shown).

Despite the fact that loss of both Swi4 and Mbpl is lethal, a
mutant lacking Swi6, which is the associated transcription ac-
tivation component of both factors, is viable (1). However,
swi6A swi4A is lethal, while a swi6A mbplA mutant is viable
(27). The viability of a swi6A mbpIA mutant may be due to the
ability of Swi4 to activate transcription in the absence of Swi6
(11). We found that, like a swi4A swi6 A mutant, a pafl A swi6A
mutant is not viable (Fig. 7). Pafl may therefore be required
for the essential residual transcription activity of Swi4 in the
absence of Swib.

Overexpression of Swi4 or Mbp1 suppresses some, but not
all, pafi1A phenotypes. If the Pafl complex is required for full
expression of Swi4- and Mbpl-dependent genes, then overex-
pression of one or both of the factors might suppress pafiA
phenotypes. We found that increased expression of Mbp1 sup-
pressed the ts phenotype of pafiA at 35.5°C (Fig. 8). Overex-
pression of Mbp1 also suppressed the cell wall defects of paflA
on caffeine and the sensitivity to HU caused by reduced ex-
pression of RNRI (Fig. 8). Overexpression of Swi4 also sup-
pressed the ts defect and sensitivity to HU but was no better
than vector alone for suppression of caffeine sensitivity (Fig.
8). Not all pafiA phenotypes are corrected by increased ex-
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FIG. 7. paflA swi4A and paflA swi6A, but not pafl A mbpIA, are synthetically lethal. Heterozygous diploids containing pafIA and swi4A, pafl A
and swi6A, or pafl A and mbplA mutations were sporulated, and tetrads were dissected onto YPD plates containing 1 M sorbitol and incubated
at 30°C. Tetrads were also dissected onto YPD plates and onto YPD plates at low temperature (23°C) with similar results. Representative tetrads
are shown. Spore genotypes are indicated below each tetrad: W, wild type; p, pafIA; s, swi4A or swi6A as appropriate; m, mbplA; pm, pafl A mbpIA.

Genotypes were scored as described in Materials and Methods.

pression of Mbpl or Swi4; for example, neither factor can
correct the inability of pafIA to grow on 30 pg of hygromy-
cin/ml (data not shown). The ability of both transcription fac-
tors to suppress some paflA phenotypes strongly supports the
model that they are involved in the same pathway as the Paf1-
RNAP II complex.

CLNI and FKS1 promoter/reporter constructs are not sen-
sitive to loss of Pafl. The Pafl complex is associated with both
initiation factors (TFIIB and TFIIF) and factors linked to
elongation (Rtfl and Spt5). To determine which step in tran-
scription of the cell cycle-regulated genes is dependent on
Pafl, we made luciferase constructs containing promoters for
two genes whose expression is reduced two- to threefold in
paflA, FKS1, and CLNI. Both promoters are bound by SBF in
vivo (24). In addition, we made a GLKI promoter construct as
a negative control, because abundance of the GLK]I transcript
is not decreased in pafI A (data not shown). As shown in Fig. 9,
expression from this strong promoter is not diminished in
pafIA. If Pafl is acting at initiation, then luciferase activity
driven by CLNI and FKSI promoters should be decreased in
paflA compared to that in the wild type. In contrast, we ob-
served that expression from neither the CLNI nor FKSI pro-
moter/reporter constructs is decreased in paflA versus wild-
type cells. However, the CLN1 promoter is sensitive to loss of
Swi4, demonstrating a 5- to 10-fold decrease in swi4A. In ad-
dition, expression from the FKSI promoter is slightly increased
in swi4A and mbplA, matching the small increases in FKSI
expression we observed by RNA analysis (Fig. 5). We conclude
that, although full CLNT transcript abundance is dependent on

YPD 30°C
WT +v1 . . .‘0.
pafiA+vil TR TSR
IZreN Il @ & % S ¢
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both Pafl and Swi4, these factors are acting at different stages
of transcription.

DISCUSSION

Layers of overlapping controls act to protect the expression
of genes critical for cell cycle regulation. The complexity of
these promoters and regulatory factors is perhaps an obvious
consequence of the importance of maintaining proper regula-
tion of cell division. In this work we have added a new player
to the roster of cell cycle regulatory factors. We have shown
that a functional form of the yeast Pafl-RNAP II complex is
required for normal levels of expression of many cell cycle-
regulated genes, including the G, cyclin CLN! and the essen-
tial RNRI gene encoding ribonucleotide reductase. The genes
analyzed in this study included examples of periodic expression
that peak in the G, (CLNI, RNRI, FKS1, and HO), S (HTBI),
S/G, (SPC25 and SAS3), and M (STP4, CYBS, and FARI)
phases of the cell cycle. In the absence of Pafl, transcript
abundance from these genes is reduced from 2- to 6-fold in
asynchronous cells, and from 2- to 13-fold during a synchro-
nous cell cycle (Fig. 1 and 3). Pafl therefore does not seem to
interfere with a unique stage of the cell cycle, nor does its loss
result in arrest in a particular phase.

Our results are consistent with those of Koch and coworkers,
who found that another component of the Pafl complex, Ctr9,
is required for full expression of the G, cyclin gene CLN2 (28).
Mutation of either CTR9 or PAF1 results in identical pheno-
types under a variety of growth conditions, including temper-

+ 6 mM caffeine + 100 mM HU

FIG. 8. Both Mbpl and Swi4, when overexpressed, can partially suppress pafIA. Spot assays were performed as described in Materials and
Methods. WT + v1, YJJ662 transformed with YEp24; pafiA + v1, YJJ664 transformed with YEp24; pafIA + Mbpl, YJJ664 transformed with
BK72; pafIA + v2, YJJ664 transformed with YEp352; paflA + Swi4, YJJ664 transformed with B327. Spots from left to right were made by applying
4 pl of a cell suspension containing 107, 10°, 10°, 10%, and 10* cells/ml. Similar results were obtained with two independent sets of transformants.
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FIG. 9. Output of promoter/reporter constructs does not correlate
with measurements of RNA abundance. Constructs containing the
GLK1, FKS1,and CLNI promoters driving expression of the luciferase
gene were transformed into wild-type (YJJ662) and pafIA (YJJ664)
strains. The FKSI and CLNI constructs were also transformed into
swi4A (YJJ1233) and mbplA (YJJ1067) strains. Extracts were made
and luciferase activity was measured as described in Materials and
Methods. The bars represent the average and standard error derived
from two independent experiments, with the activity of each construct
measured in quadruplicate in each assay. Data are presented as rela-
tive luciferase units per milligram of total protein from the extract.

CLN1

ature sensitivity (4, 28). When arrested ctr9A or pafIA cells are
released from a-factor at the nonpermissive temperature of
37°C, Koch found that the normal appearance of the CLN2
transcript in G, is blocked in both strains (28). We have ex-
tended this analysis of cells cultured under lethal conditions to
show that when pafIA cells are synchronized under conditions
where they are still viable (30°C), CLNI expression, and the
expression of many other cell cycle-regulated genes, is reduced
dramatically throughout the cell cycle (Fig. 3).

CLNI and CLN2 are coordinately regulated in G, (9, 45,
53), and their expression requires many of the same transcrip-
tion factors (reviewed in reference 34). Of particular interest is
the report that the TATA-binding protein-associated factor
Taf145 is essential for G, cyclin expression (51). However, a
subsequent microarray analysis demonstrated that the reduc-
tion in CLNI and CLN2 expression is not a primary effect of
Taf145 depletion. Instead, there is first a dramatic (sevenfold)
reduction in CTR9 expression within 45 min of Taf145 shutoff,
apparently followed by the loss of CLNI and CLN2 expression
(22). Therefore, Taf145 is required for expression of Ctr9 and
a functional form of the Pafl complex. Without the Pafl com-
plex there are defects in G, cyclin expression.

Connections between Pafl and known cell cycle regulatory
factors. Loss of Pafl affects genes expressed throughout the
cell cycle, but Pafl is not required for proper expression of all
periodic genes. For example, the M/G, phase-expressed PIR3
gene is expressed normally in both asynchronous and synchro-
nized cultures of a pafiA strain (Fig. 1 and 3). When compar-
ing the pattern of genes that depend on Pafl to the expression
patterns for known transcription factors, we see statistically
significant, but by no means complete, overlap with genes
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known to be targets of the SBF and MBF cell cycle regulatory
factors (24, 34). For example, mutations in Pafl affect the SBF
targets CLNI and the HO gene (Fig. 3), as well as CLN2 (28),
but Pafl does not appear to be required for the coordinately
expressed CLB5 gene (Chang et al., unpublished). Similarly,
Pafl is required for full expression of the MBF target RNRI,
but not POLI. These data must, however, be considered pre-
liminary since they are based on analyses of RNA from asyn-
chronous cultures. We have found, as reported by other inves-
tigators (23, 27), that many effects on the expression of cell
cycle-regulated genes are much more clearly seen in samples
from synchronized cells. For example, we found that CLNI
expression is reduced about threefold in asynchronous pafiA
cells (Fig. 1), but the effect is greater than fivefold in synchro-
nized cells (Fig. 3).

Ideally, an accurate comparison of the overlaps between
genes affected by loss of Pafl and loss of Swi4 or Mbpl, the
selective DNA-binding components of SBF and MBF, respec-
tively, awaits a complete genomic assay using multiple samples
from synchronous cultures. Lacking that comprehensive infor-
mation, we compared a small number of genes throughout the
cell cycle in isogenic wild-type, pafiA, swi4A, and mbplA
strains. We found that the effects of neither the swi4A nor the
mbplA mutation exactly matched that of paf/A (Fig. 6). In
general, the effect of the pafl/A mutation was to reduce abun-
dance without altering the timing of the residual cyclic expres-
sion. In contrast, we found that the swi4A mutation more often
affected the timing of expression, as observed previously by
Igual et al. (23). In some cases the effect of swi4A was to reduce
expression, as seen with CLNI and HTB1, but loss of Swi4 also
lead to a dramatic increase of FKSI expression. Mutation of
Mbpl also results in complex patterns: we found that expres-
sion of CLNI and HTBI is reduced, but cycling is normal, and
RNRI expression is both reduced and shifted in time in syn-
chronized cells. The lack of a perfect overlap in expression
patterns is undoubtedly due to the fact that when Mbpl is
missing, Swi4 can perform many of its functions and vice versa
(reviewed in reference 34). In addition, Swi4 possesses a Swi6-
independent transcription activation function that may result
in unique patterns of expression (11).

Finally, our observation that loss of Pafl acts at a different
transcriptional stage than Swi4 or Mbpl helps to explain both
the nonidentical effects on gene expression and the suppres-
sion of some pafIA phenotypes by overexpression of Swi4 or
Mbpl. Perhaps the increased abundance of the transcriptional
activators drives increased activation that partially overcomes
the defects in later stages of transcription caused by lack of
Pafl.

The observed similarities in effects on gene expression seen
in paflA, swi4A, and mbplA strains are consistent with our
genetic analysis of interactions between mutations in the PAFI,
SWI4, MBPI1, and SWI6 genes (Fig. 7). Loss of Pafl behaves
genetically like loss of Mbpl in that it is lethal in combination
with loss of Swi4. It also acts like loss of Swi4 in its lethality in
combination with loss of Swi6. Loss of Pafl results in reduced
levels of CLN1 (and other genes), and loss of Swi4 or Swi6 also
reduces CLN1 levels at a different transcriptional stage. There-
fore, combining these mutations would be predicted to reduce
expression of CLNI (or other essential genes) to a lethal level.
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FIG. 10. The Pafl complex is required for full expression of many SBF- and MBF-regulated genes. The model, described further in the
Discussion, summarizes the genetic and molecular analyses in this work. Mutation of PAF1 results in reduced expression of Swi4 targets like CLNI
and Mbpl targets like RNRI. The synthetic lethality of pafIA in combination with swi4A or swi6A indicates that the Pafl complex has essential
functions that are redundant with these factors. High-copy suppression of pafiA phenotypes by SWI4 and MBP]I is consistent with these factors
acting downstream of the Pafl complex, or at a different stage of transcription.

Other transcription factors that are important for cell cycle
regulation include the essential Mcml protein that acts
through the early cell cycle box (ECB) to control expression of
several genes, including CLN3, FARI, and CDC47 at M/G,
(30, 33). Although we have shown that FARI expression is
significantly reduced in a pafIA strain (Fig. 1 and 3), microar-
ray data indicate that other ECB-regulated genes, including
CLN3 and CDC47, are not Pafl dependent (Chang et al.,
unpublished). However, these data derived from asynchronous
samples are subject to the same caveats described above. In
addition, because they significantly reduce the expression of
CLN1 and CLN2, pafIA and ctr9A are lethal in combination
with cln3A (28). These data are consistent with the model
shown in Fig. 10, in which a major function of the Paf1 complex
is downstream of Cdc28/CIn3 at the level of stimulating the
second wave of G, cyclin synthesis as well as genes important
for cell wall biosynthesis and DNA replication.

Since the phenotype of a pafl A mutant is much more severe
than the phenotypes of either mbpIA or swi4A single mutants,
it is clear that there must be other genes dependent on the Pafl
complex (Fig. 10). Potential targets include genes regulated by
Rim1, Xbpl, Stbl and Fkhl and -2. RIm1 is a MADS box
transcription factor thought to act downstream of the Pkcl
pathway (14, 52). Because combining mutations in RLM1 and
PAF]I does not lead to an enhanced phenotype (4), these two
factors may function in the same pathway. However, the rela-
tively small number of genes controlled by RIm1 (26) make it
unlikely that this factor is a major contributor to the defects
seen in a paflA strain. Xbpl is a transcriptional repressor
related to Swi4 and Mbpl that is involved in CLNI gene
expression during meiosis (32). The Stb1l protein interacts di-
rectly with the Swi6 transcriptional activator portion of SBF
and MBF (20). Stb1 is a phosphorylation target of Cdc28/Cln,

and in the absence of CIn3 the loss of Stb1 leads to defects in
progression through G, (20). Finally, the forkhead transcrip-
tion factors Fkh1 and Fkh2 play an important role in cell cycle
regulation as well as in control of cell morphology and gene
silencing (21, 55). It is possible that the Pafl complex is acting
at genes controlled by one or more of these factors.

Multiple layers of cell cycle control. Although it is clear that
MBF and SBF are among the most important players in cell
cycle regulation, even their roles have been difficult to define
due to the apparently redundant controls for each periodic
promoter. For example, distinct DNA-binding sequences have
been identified for Mbpl (ACGCGTNA) and Swi4 (CACGA
AA), yet the two proteins can cross-recognize each other’s
DNA elements in vitro and apparently in vivo (reviewed in
reference 34). In fact, in the CLNI promoter the MBF sites are
controlled by Swi4, but not by Mbpl1 (27, 38). In addition, MBF
sites in the RNRI promoter are responsive to mutation of
MBPI, but not of SWI4 (13), and when the same sequences are
assayed in a reporter construct, mutation of SWI4 affects ex-
pression (49). In this regard it is interesting that we observed
that overexpression of either Swi4 or Mbp1 suppresses the HU
sensitivity of pafI A caused by reduced expression of Rnrl (Fig.
8). The recent genomic analysis of Swi4 and Mbpl in vivo
binding sites is a first step towards resolving this issue (24).
There are sites where only one or the other factor is bound,
plus many genes where both factors reside. However, informa-
tion about where, for example, Swi4 is bound when Mbpl is
absent is still not available. Even when all of the obvious MBF
and SBF sites have been removed from the CLNI promoter,
expression is still cyclic (38). It is therefore perhaps not sur-
prising that mutations in PAFI do not exactly resemble muta-
tions in either SWI4 or MBPI. As shown in Fig. 10, the Pafl
complex probably acts at genes controlled by both of these
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factors, plus others, at a subset of the promoters under their
control.

Recently, the Nasmyth lab reported a temporal dissection of
the events at the HO, CLN1, and CLN2 promoters leading to
transcriptional activation in G, (10, 11). They found that bind-
ing of transcription factor SwiS leads to the recruitment of
chromatin remodeling complexes, which facilitates binding of
SBF. Bound SBF recruits the Srb-mediator complex in the
absence of RNAP II. Recruitment of RNAP II occurs in a
subsequent step that requires activation of Cdc28. It will be
interesting to determine whether the Paf1-RNAP II complex is
playing a unique role at these promoters that are subject to
such complex controls.
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