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In recent years it has become apparent that the cellu-
lar machinery governing cell cycle progression and
transcription control are often homologous in yeast and
mammalian cells. We and others have previously shown
that the SP family of mammalian transcription factors
regulates the transcription of a number of genes whose
activities are governed by the product of the retinoblas-
toma (Rb) susceptibility gene, including c¢-FOS, ¢-MYC,
TGFg-1, IGF-I1, and c-JUN. To determine whether a sim-
ilar pathway of transcriptional regulation may function
in yeast, we explored the possibility that transcription
factors with nucleotide-binding specificities akin to
those of the SP family are expressed in Saccharomyces
cerevisiae and Schizosaccharomyces pombe. Here we re-
port the detection of novel yeast proteins (S. cerevisiae,
p180; S. pombe, p200) that specifically bind Rb-regulated
promoter elements in vitro dependent on nucleotides
that are also required for binding and frans-activation
by SP family members in vivo. Our results indicate that
the S. cerevisiae retinoblastoma control element-bind-
ing activity 1) requires zinc for association with DNA; 2)
does not bind to SCB, MCB, or E2F sites in vitro; 3) is cell
cycle-regulated in a SWI6-independent fashion; and 4)
maximally stimulates retinoblastoma control element-
mediated transcription in early- to mid-S phase. Taken
together, these data suggest that p180 may regulate the
transcription of a subset of yeast genes whose expres-
sion is coincident with the onset and/or progression of
DNA replication.

DNA in a sequence-nonspecific fashion, Rb regulates transcrip-
tion indirectly via its physical or functional interaction with
trans-acting factors that specifically bind to DNA (3). To date,
nearly a dozen sequence-specific DNA-binding proteins have
been shown to be targets of Rb function in vivo. Interestingly,
the functional consequence of Rb’s interaction with these tran-
scription factors is dependent on the factors themselves and the
cell types in which their interaction is analyzed.

The transcriptional response of a subset of Rb-regulated
genes, including ¢-FOS, ¢-MYC, TGFB-1, IGF-II, and c-JUN, is
dependent on GC-rich promoter elements termed retinoblas-
toma control elements (RCEs, Refs. 3-8). At least three ubig-
uitously expressed nuclear proteins (retinoblastoma control
proteins, RCPs), including SP1 and SP3, bind to RCEs in vitro,
and the interaction of one or more of these proteins with RCEs
in vivo is required for RCE-mediated transcription (7, 9-11).
Co-expression of Rb and SP1 or SP3 in transient transfection
assays leads to a marked stimulation of RCE transcription, a
phenomenon we have termed “superactivation” (10, 11). Re-
gions of Rb that are targets of mutation in human tumors are
required for Rb-mediated superactivation, suggesting that the
functional interaction of Rb with SP1/SP3 plays a significant
role in the regulation of cell ¢ycle progression (11). The mech-
anism(s) by which Rb stimulates SP-mediated transcription
has yet to be clearly defined. Physical interactions between Rb
and members of the SP family of transcription factors have not
as yet been detected in vitro or in vivo perhaps suggesting that
Rb interacts with these transcription factors in the context of a
large macromolecular complex Cons1stent w1th this supposi-
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including retinoblastoma, osteosarcoma, and breast, bladder,
and small cell lung carcinomas (for reviews see Refs. 1, 2). The
Rb protein is believed to control cell proliferation at least in
part via the transcriptional regulation of a wide variety of
growth-related genes. Although capable of associating with
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tive regulators or by indirectly brldgmg their trar
domains to components of the basal transcription
12, 13). Trans-activation mediated by transcrip
such as ATF-2, NF-IL6, MYOD, and myogenin is
lated and/or facilitated by Rb in vivo (14-17). Unlil
members, Rb forms physical complexes with thes
tors although the mechanism by which Rb aug
transcriptional activity has not as yet been det
contrast to these functional effects, interactions
transcription factors such as E2F, ELF-1, and UBI
suppression of transcriptional activity (18-20). R
cycle-regulated complexes with factors such as E2]
in vivo, sequestering their trans-activation domair
ponents of the basal transcription complex (18, 19
Rb is believed to control the transcription of at les
cycle-regulated genes via periodic interactions wit
specific DNA-binding proteins.

The Rb protein is phosphorylated in concert w
gression of the mammalian cell cycle. Quiescent
mitotic cells, and cells in early G, carry un- or un
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TABLE 1

Yeast strain list and source

Strain

Relevant genotype

S. cerevisiae

YRC1 MATa ura3 his3 leu2 TRPI ade8 ras1::HIS3 barl:LEU2 RAS2 CAN cyh™ (this study)
BY600 MATa swi6 ATRP1-197 ade2 holacZ ura3 leu2-3,-112 trpi-1 canl-100 met~ (Linda Breeden, University of Washington)
BY602 MATa SWI* (Linda Breeden)
BY606 MATa swid4 Aleu2-194 (Linda Breeden)
H6C1A1 MATa ural his7 cdc6 (Daniel Burke, University of Virginia)
H13C1A1 MATa ural his7 cdc13 (Daniel Burke)
H28C1A5 MATa his7 hom3 canl cdc28 (Daniel Burke)
H16C1A2 MATa ural his7 cde16-2 (Daniel Burke)
H23C1A1 MATa ural his7 cde23-1 (Daniel Burke)
H17C1A1 MATa ural his7 cde17-1 (Daniel Burke)
H2C2A2 MATa ural his7 cdc2-2 (Daniel Burke)
MSY272 MATa barl his6 cdc7-1 leu2,3,112 ura3-52 trpl-287 (Daniel Burke)
7546-22 MATa ura3 cde14 his7 canl cyh2 (Daniel Burke)
753F16 MATa ura3 cdcl5 his7 canl cyh2 (Daniel Burke)
DLY204 MATa cin2::LEU2 ura3 trpl his2 adel barl (Daniel Lew, Duke University)
S. pombe
972h~ (Thomas Chappell, I.C.R.F., UK)

]td Rh nrg__gyg,,___O 9025) JIn.

syeling. onlle

i

mﬁu Bﬂé,élﬁmmfuté!m" u{"ggmml 1l

sed
ne,
ns-
re-
).4,
for
pes
ASE.

initiation of DNA: s}

27). In addition, a novel cell cycle-regulated Rb and histone H1
kinase has recently been described that associates with the Rb
amino terminus in G,/M phases (28, 29). Given that the initi-
ation of DNA synthesis occurs subsequent to Rb phosphoryla-
tion, it is widely suspected that phosphorylation of Rb is a
necessary step for normal cells to transit through the G,/S
boundary. This view is consistent with the observations that 1)
transcription factors that control gene expression at the G,/S
boundary, such as E2F, are bound exclusively by un- or
underphosphorylated Rb; and 2) phosphorylation of Rb by
cdks in vitro inactivates Rb as an inhibitor of E2F-mediated
transcription (18, 21, 30).

The recent identification of homologues of E2F and Rb in
Drosophila and suggestions of an Rb-like protein in plants
serves to support the contention that a conserved pathway of
transcriptional regulation may operate in many, if not all,
eukaryotic cells (31-35). To date, a structural homologue of Rb
has not been identified in yeast, but proteins that are similar to
mammalian targets of Rb function have been noted. For exam-
ple, a 47-kDa factor in Saccharomyces cerevisiae that specifi-
cally binds E2F sites in a cell cycle-dependent fashion has been
reported, and a similar factor has been detected in Schizosac-
charomyces pombe (36, 37). In concert with these findings,
when expressed in S. cerevisiae Rb is phosphorylated by yeast
cdks at sites that are targets of phosphorylation in mammalian
cells (38). Moreover, Rb phosphorylation in yeast appears to be
temporally controlled in a manner that is similar to that which
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ACGCGTNA 3 ) dlrect the transcrlptlon of a vanety of ge
including many required at the G,/S boundary for entry int
phase, such as thymidylate synthase (TMP1) and B-type «
lins (CLB5 and CLB6). SBF is composed of the SWI4 and SV
proteins, whereas active MBF complexes result from the }
erodimerization of MBP1 and SWI6 proteins. Transcript
factors that are structurally and functionally similar to SW
SWI6, and MBP1 have also been isolated from S. pombe (:
Given that RCEs share limited sequence homology (5'-GC(
CACC-3’) with yeast SCB and MCB elements, we hypothesi
that RCEs might represent a related family of cell cycle-re
lated yeast promoter elements. Furthermore, we specula
that yeast RCE-binding proteins might be functionally,
perhaps structurally, homologous with mammalian RCPs.
this report we characterize the biochemical and functio
properties of a novel cell cycle-regulated RCE-binding prot
pl180, that is synthesized in S. cerevisice and whose DI
binding domain is functionally homologous to that of SP1, S
and perhaps other members of the SP family of mammal
transcription factors.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions—Table I lists the yeast strains u
in this study. Cells were grown in YEPD (1% yeast extract, 2% peptc
2% dextrose) at 30 °C or in selective SDmin media for strains trz
formed with URA3-based plasmids. For cell cycle studies, temperatt
sensitive cdc mutants were grown in YEPD at 23 °C to an Agq, .., Of'
pelleted, resuspended in prewarmed YEPD, and incubated at 37 °C
5 h. Arrest was confirmed by documenting terminal arrest phenoty

occurs in mammalian cells; Rb is phosphorylated prior to the
"""""" nthesis: in. yeast coincident with-the: cell.

v G, (32 °Cr and Were treated at'38 °C 1T this: study (“41I)'I T

cycle checkpoint termed “Start” (27). Given these observations,
it is tempting to speculate that yeast may harbor proteins
functionally analogous to Rb that integrate progression of the
cell cycle with transcriptional regulation. Yet, exogenous ex-
pression of human Rb in yeast does not appreciably alter cell
cycle progression, suggesting that should yeast carry Rb-like
proteins their targets of function may not be closely related to
their mammalian counterparts (37).

In S. cerevisiae, cell cycle-regulated transcription of a num-
ber of critical genes has been shown to be at least partly
dependent on two heterodimeric transcription factors, SBF and

Plasmid Constructions—A high copy, URA3-based plasmid (pJLB;
42) containing a UAS-less cytochrome ¢ (CYCI) promoter upstream of
the LACZ gene was a kind gift from Stephen Johnston (University of
Texas-Southwestern, Dallas, TX). A synthetic oligonucleotide and its
complement carrying three tandem copies of an octameric p180-binding
site (pNUT; 5'-TCGAGCGCCACCGCGCCACCGCGCCACC-3') or a
mutated derivative and its complement lacking a p180-binding site
(pWEE; 5'-TCGAGCTTCACCGCTTCACCGCTTCACC-3') were cloned
upstream of the CYCI promoter at a unique Xhol site. Plasmids con-
taining one or two copies of pNUT or one to three copies of pWEE
upstream of LACZ were identified by double-stranded DNA sequencing
(43) and named pNUT1, pNUTZ2, pWEE1, pWEE2, and pWEE3, respec-
tively. To further differentiate between independent clones that were
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TaBLE II
Wildtype and mutated oligonucleotides

Nucleotides required for binding of relevant transcription factors are underlined. Mutated nucleotides are denoted by italics.

Name Sequence Reference

Fos 5'-CCCGCGCGCCACCCCTCTGGCGCCACCGTG-3' 9

5'RCP- 5'-CCCGCAAAAAACCCCTCTGGCGCCACCGTG-3' This study
3'RCP- 5'-CCCGCGCGCCACCCCTCTGAAAAAACCGTG-3' This study
dbl RCP- 5'-CCCGCAAAAAACCCCTCTGAAAAAACCGTG-3' 10

dbl E2F- 5'-CCCGCGTTCCACCCCTCTGAAGCCACCGTG-3’ This study
3'Fos-WT 5'-CCCTCTGGCGCCACCGTG- 3’ 9
5'Fos-WT 5’'-CCCGCGCGCCACCCCTCT-3! 9

5'Fos-8 5'-CTTGCGCGCCACCCCTCT-3' 9

5'Fos-4 5’ -CCCTTGCGCCACCCCTCT-3' 9

5'Fos-3 5'-CCCGCTTGCCACCCCTCT-3' 9

5'Fos-2 5’ -CCCGCGCTTCACCCCTCT -3’ 9

5'Fos-1 5'-CCCGCGCGCTTCCCCTCT -3/ 9

5'Fos-5 5'-CCCGCGCGCCATTCCTCT-3' 9

5'Fos-6 5'-CCCGCGCGCCACCTTTCT -3/ 9

5'Fos-7 5'-~CCCGCGCGCCACCCCAAT-3' 9

RCE7 (5'-GCCACCCCTCT-3') X 6 This study
pNUT 5’ -TCGAGCGCCACCGCGCCACCGCGCCACC-3! This study
pWEE 5'-TCGAGCTTCACCGC TTCACCGC TTCACC-3' This study
HIP 5'AATTCTGCGATTTCGCGCCAAACTTGACG-3' 49

E/J 5'AATTCTGCGATTTC TCGCAAAACTTGACG- 3’ 49

MCB 5'-GACGCGTCTCGAGACGCGTC-3' 58

SCB 5'-GACATGTGCGTCACGAAAAAAGAAATCAATC-3' 59

AP-1 5’'-GATCTAAAATGAGTCAAGTGG-3' 60

GCN4 5'-CTAGACGGGCGATGACTCATCGCCCGT -3’ 46

HIS3 5'-TCGAGCGGATGACTCTTTTTTTTTC~3' 61

examined for B-galactosidase activity, a lowercase letter was appended
to each plasmid name (e.g. pNUT2b is a second clone with two copies of
a wild-type trimer). Cell transformations and B-galactosidase assays
were performed using previously described protocols (44). To quantify
p180-mediated transcription as a function of cell cycle progression, a
mutated derivative of the CLN2 gene (Cln2x/s; a kind gift of David
Stuart, Scripps Research Institute, La Jolla, CA) encoding a nonfunc-
tional protein was cloned downstream of a p180-dependent promoter by
linking together a 1.5-kb DNA fragment containing the pNUT2b pro-
moter, a 1.5-kb DNA fragment of pUC19CLN2x/s,®> and plasmid
pRS306, a single copy URA3-containing vector (45). A plasmid depend-
ent on a promoter lacking a p180-binding site, pWEE3a, was prepared
in a similar manner. The resulting plasmids, pNUT2bCLN2x/s and
pWEE3aCln2x/s, carry the defective CLN2 gene in the same transcrip-
tional orientation as URA3. High copy plasmids carrying these CLN2
reporter genes were prepared by transferring pNUT- or pWEE-depend-
ent genes to plasmid pRS202, a URA3-containing vector,® producing
plasmids P5CIn202 and W1Cln202, respectively.

Protein-DNA Binding Assays—Yeast extracts were prepared by
bead-beating 1 X 10° cells for 30 min at 4 °C following their suspension
in 1.0 M Tris-HCI (pH 7.5), 0.2 M NaCl, 5 mm EDTA, 20% glycerol, 90 mm
B-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 20 ug/ml pep-
statin A and leupeptin (Sigma). This suspension was clarified by cen-
trifugation at 16,000 X g at 4 °C. Supernatants were transferred to
tubes containing an equal volume of 0.5 M HEPES (pH 7.4), 30 mm KCl,
0.4 mm EDTA, 20% glycerol, 1 mwm dithiothreitol, 1 mM phenylmethyl-
sulfonyl fluoride, 20 pg/ml pepstatin A, and 20 pg/ml leupeptin; protein
concentrations were determined by a colorimetric assay (Bio-Rad), and

nucleotides typically employed a 50-200-fold molar excess of DNA
relative to radiolabeled probes. Following resolution on polyacrylamide

2 D. Stuart, unpublished data.
3 P. Hieter, personal communication.

gels and transfer to paper, protein-DNA binding assays were exposed to
film (Kodak XAR-5) for 2 days at —80 °C or directly analyzed in a
PhosphorImager (Molecular Dynamics, Inc., Sunnyvale, CA).

Photoaffinity Labeling—A plasmid carrying six copies of the se-
quence 5'-GCCACCCCTCT-3' (RCE7, Table II) was cleaved with EcoRI
and Xbal liberating a DNA fragment that was used as a template for
primer extension from the EcoRI end of the probe. Primer extension
was carried out using a synthetic primer (5'-CGAGCTCGCCC-3’), bro-
modeoxyuridine (BUdR, Sigma), dTTP, dATP, radiolabeled dGTP and
dCTP (3000 Ci/mmol; ICN Biomedicals, Inc., Irvine, CA), and Klenow
enzyme (New England BioLabs, Beverly, MA) as described elsewhere
(9). A BUdR-substituted probe (12 X 10°® cpm) with a specific activity of
10° cpm/ng was employed in a protein-DNA binding assay with 35 ug of
yeast proteins. Following resolution on a polyacrylamide gel, protein-
DNA complexes were irradiated by UV light in sifu and visualized by
exposure of the gel to film, and excised complexes were applied to an
SDS-polyacrylamide gel. Following electrophoresis, dried gels were ex-
posed to film for 2 days at —80 °C. Apparent molecular weights of
resulting protein-DNA complexes were determined by comparison with
molecular weight markers resolved in parallel.

Synchronization of Yeast Cells with o Factor—Yeast cultures were
grown in YEPD to approximately Agy o, = 0.5 at 30 °C, and a factor
pheromone (Sigma) was added to a final concentration of 10 ng/ml.
After 2.5 h of incubation, cell cycle arrest was confirmed by microscopic
examination. Cells were then pelleted, resuspended in 3 ml of sterile
deionized water, sonicated, and added to fresh, prewarmed YEPD me-
dia. Subsequently, 50 ml of cells were collected by centrifugation at
15-min intervals for the preparation of protein extracts or RNA. Small

anjuots of Ced-wereraidohiXediif 4-voliiiies of 377 % totimaidényad; 0115~

M NaCl to establish a budding index by microscopic inspection. Fresh,

prewarmed YEPD was added every 45 min during synchronous growth
eIty aTivHTY el sicelld tonta i)

high"copy ‘reporter plasmids were ‘grown in YEPD ‘because synchrony.

(as determined by replica plating onto YEPD and selective minimal
media plates) lost their respective plasmids during synchronous growth
in YEPD.

Northern Blot Analysis—RNA extracts were obtained using a modi-
fication of a previously described procedure (47). Briefly, cells were

T
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unterpart in S. pombe extracts.
RCE-binding Proteins Require Iden-
¢ for DNA Binding—To extend our
an and yeast RCE-binding proteins
‘are important for protein-DNA com-
NA binding assays were performed in
panel of synthetic oligonucleotides
ties have been previously established
racts (9). As shown in Table II, these
es carry hexanucleotide or dinucle-
| discrete portions of the ¢c-FOS RCE.
ious results for SP1, the slowly mi-
plex detected in S. cerevisiae extracts
tion experiments with the 5’ (5'Fos-
) octameric repeats of the ¢-FOS RCE
results indicate that as for SP1, both
he ¢-FOS RCE are bound by_veast

is supported by evidence that muta-
ctameric sites (dbl RCP—) generates
ttle or no protein-binding activity,
in either the 5’ (5'RCP-) or 3’
s result in oligonucleotides that func-
2A). To further map the nucleotides
ding activity, synthetic oligonucleo-
de mutations within the 5’ 18 bases
employed as competitor DNAs. An
, -2, -3, and -5, which contain dinu-
the octameric repeat, were unable to
n of the single yeast protein-DNA
lusion of synthetic oligonucleotides
stitutions outside the octameric site
nd -8) did not diminish RCE-binding
1ese data indicate that the minimum
for binding of yeast RCE-BPs is the
-3’ sequence. A similar series of ex-
n S. pombe extracts gave identical
"o confirm that mutated oligonucleo-
> substitutions retained or lost their
-BPs, a panel of wild-type and mu-
les were examined directly for yeast
Each oligonucleotide was radiola-
1 yeast extracts, and protein-DNA
by electrophoresis. Consistent with
ling assays, those oligonucleotides

RCPs, we employed two mutated RCE oligonucleotides that
have previously been shown to strongly interact (Fig. 1,
5'Fos-4) or not interact (Fig. 1, 5'Fos-5) with SP1 and SP3 (9).
As shown in Table II, oligonucleotides 5'Fos-4 and 5'Fos-5
include 18 nucleotides derived from the 5’-half of the ¢c-FOS
RCE and carry dinucleotide substitutions that respectively in-
crease or abolish mammalian RCP-binding activity relative to
wild-type sequences. Akin to our previous result with mamma-
lian RCPs, the abundance of the slowest migrating yeast pro-

n-NMNA comnlaves wae ahnhﬂhnd }“( ny']nmnr\ of.an avease of
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FiG: Protem-DNA binding assays with S. cerevisi
pombe cell extracts and a radiolabeled i¢-FOS RCE oligonucleo-

radiolabeled and incubated with yeast cell extracts alone (—) or in
conjunction with a 200-fold molar excess of unlabeled competitor oligo-
nucleotides that carry (+Fos, +5'Fos-4) or lack (+AP-1, +5'Fos-5)
mammalian RCP-binding activity. Following resolution on a native 4%
polyacrylamide gel and transfer to paper, protein-DNA complexes were
visualized by autoradiography for 2 days at —80 °C.

resuspended in a sodium acetate buffer and treated with 1% SDS.
Phenol equilibrated in sodium acetate buffer was added to disrupted
cells and incubated at 70 °C for 4 min with periodic agitation. The
mixture was cooled rapidly for 10-15 s in an ethanol/dry ice bath and
subsequently clarified by centrifugation. The aqueous phase was re-
extracted with phenol and finally with chloroform, and RNA was pre-
cipitated and resuspended in distilled H,O. Following quantification by
UV spectroscopy, 10 ug of RNA was resolved in a 1.8% agarose-form-
aldehyde gel as described previously (48) and then transferred to Bio-
Trans+ filters (ICN Biomedicals, Inc. Irvine, CA). Blots were baked,
prehybridized, and hybridized with 2 X 10® cpm/ml (specific activity of
0.8-1.0 X 10° cpm/pg DNA) of radiolabeled probe. Radiolabeled probes
used for these studies were prepared from a 1.5-kb BamHI fragment of
pUC19CIn2x/s, a BamHI-Bglll fragment of pSKACT1 (ACTI probe),
and a HindIII fragment of pMS202 (copy II of the yeast histone H4
gene; Ref. 49). Probes were prepared using a random primer kit follow-
ing instructions of the manufacturer (Promega, Inc., Madison, WI).
Following washing, blots were quantified by PhosphorImaging (Molec-
ular Dynamics) and subjected to autoradiography (Hyperfilm-MP, Am-

sestlane Orpe.) Rl stavesesssctppea brmic statbusd it eSapprlare == .
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tary probes by agitating in several exchanges of oiling 0.1% SDS.
Analysis of S. cerevisiae Genome Data Base—The S. cerevisiae
genome data base maintained by the Stanford University Depart-
ment of Genetics was examined for the occurrence of RCE sites by
employing the FASTA algorithm (50) available at their website
(http://genome-www.stanford.edu/Saccharomyces/).

RESULTS

Proteins That Specifically Bind Retinoblastoma Control Ele-
ments (RCEs) Are Expressed in S. cerevisiae and S. pombe —To
determine whether S. cerevisiae and/or S. pombe express RCE-
binding proteins (RCE-BPs), a 31-base pair oligonucleotide cor-
responding to the human ¢-FOS RCE was radiolabeled and
employed with yeast extracts in protein-DNA binding (“gel-
shift”) assays. As shown in Fig. 1, several protein-DNA com-
plexes resulted when this oligonucleotide was incubated with
either yeast extract. To determine if one or more of these
protein-DNA complexes results from the specific association of
yeast proteins with the ¢-FOS RCE, excess unlabeled homolo-
gous or heterologous oligonucleotides were added as competitor
DNAs. For both S. cerevisiae and S. pombe extracts, a single
slowly migrating protein-DNA complex is eliminated by excess
unlabeled homologous oligonucleotides (Fig. 1, +Fos) but not
by an irrelevant oligonucleotide carrying binding sites for the
transcription factor AP-1 (Fig. 1, +AP-1). The abundance of
additional faster migrating protein-DNA complexes was not
appreciably affected by the inclusion of either competitor oli-
gonucleotide, and we have found that their abundance in yeast

tide. Full-length'c-FOS RCE oligoniu¢ledtides (FOS: in Table II) were'
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FiG. 2. Protein-DNA binding assays with S. cerevisiae cell extracts and radiolabeled wild-type and mutated c-FOS RCE oligonu-
cleotides. Protein-DNA binding assays were performed as in Fig. 1. A, radiolabeled wild-type c-FOS oligonucleotides were incubated with yeast
cell extracts alone (—) or in conjunction with a 200-fold molar excess of competitor oligonucleotides that carry (+Fos, +5'Fos-WT, +3'Fos-WT,
+5'Fos-4, +5'Fos-6, +5'Fos-7, +5'Fos-8, +5'RCP—, +3'RCP—, +dbl E2F—) or lack (+AP-1, +5'Fos-1, +5'Fos-2, +5'Fos-3, +5'Fos-5, +dbl RCP—)
mammalian RCP-binding activity. B, wild-type (WT) and mutated ¢c-FOS RCE oligonucleotides were radiolabeled and incubated with cell extracts
as above. C, effect of zinc chelation of the formation of yeast protein-RCE complexes. Yeast extracts were incubated with (+EDTA) or without (—)
EDTA for 10 min at room temperature prior to addition of radiolabeled wild-type ¢-FOS RCE oligonucleotides supplemented with excess ZnCl,
(+Zn) or MgCl, (+Mg). Final concentrations of ZnCl, and MgCl, were 1 mM and EDTA was 0.25 mm.

that do not function as competitors (mutants 5'Fos-1, -2, -3,
and -5) also did not form protein-DNA complexes when exam-
ined as radiolabeled probes (Fig. 2B). Additionally, mutated
oligonucleotides that function as competitors had wild- type

cleotide (E2-WT) derived from the E2 promoter diminished
protein-RCE complexes; however, a mutated derivative (E2-
Mut) in which the E2F sites were destroyed could also effec-
tively compete for DNA-binding activity (52). Taken together,

these data indicate that the DNA-binding_domains. of veast_

RCE-binding proteins are not lik
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tnd trans- actlvatlon of SCB ‘and MCB elements may be
saryufor-yeast-RCE-bitiding:activity; extracts~were-ipre-

from yeast strains carrying disruptions of SWI4 or SWI6, suggest that the DNA-binding domains of yeast and mamma- pared
1ese extracts were employed in protein-DNA binding as- lian RCE-binding proteins are functionally, and perhaps struc- and t
As shown in Fig. 3B, disruption of these genes had no turally, conserved. Consistent with the notion that yeast RCE-  says.
nible effect on the abundance or mobility of protein-DNA BPs may be structurally related to SP family members, disce
exes. Thus, we conclude that 1) under the conditions we addition of potent zinc chelating agents, such as EDTA or comp.
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Fic. 3. Protein-DNA binding assays with S. cerevisiae cell extracts and radiolabeled wild-type ¢-FOS RCE oligonucleotides and
photoaffinity labeling of yeast RCE-binding proteins. Protein-DNA binding assays were performed as in Fig. 1. A, radiolabeled 5'Fos-4
oligonucleotides were incubated with yeast cell extracts alone (=) or in conjunction with a 50- or 100-fold molar excess of competitor oligonucleo-
tides that carry (+5'Fos-4) or lack (+5'Fos-2) mammalian RCP-binding activity, oligonucleotides that carry wild-type (+HIP, +E2 WT) or mutated
(+E/J, +E2 Mut) E2F sites, or oligonucleotides that carry wild-type SCB (+SCB) or MCB (+MCB) yeast promoter elements. B, radiolabeled
5'Fos-4 oligonucleotides were incubated with extracts prepared from wild-type (YRC1, WT; BY602, swi4/6) yeast cells or cells carrying gene
disruptions (BY600, swi6; BY606, swi4). Extracts of BY606 were also examined for 5'Fos-4 binding activity in the presence of unlabeled competitor
oligonucleotides (+5'Fos-4, +5'Fos-3). C, photoaffinity labeling of S. cerevisiae (left) and S. pombe (right) RCE-binding proteins covalently linked
to radiolabeled, BUdR-substituted RCE7 oligonucleotides. Molecular mass markers are indicated on the right.

pl180) was recovered from S. cerevisiae extracts. Consistent
with the lessened relative mobility of protein-DNA complexes
produced by extracts prepared from S. pombe, similar cross-
linking assays performed with S. pombe extracts resulted in
the detection of a single protein-DNA complex of approximately
200 kDa (Fig. 3C). The simplest interpretation of these data is
that S. cerevisiae and S. pombe express a single large RCE-
binding protein that may be cross-linked to DNA. However, we
are mindful of the possibility that additional yeast proteins
may participate in RCE protein-DNA complexes that were not
detected by UV cross-linking. The remaining studies in this
report were performed with S. cerevisiae cells and extracts.
RCE-mediated Transcription Is Dependent on an Intact
p180-binding Site—To determine if an intact p180-binding site
is required for RCE-mediated transcription, a multimer carry-
ing three tandem copies of the octameric site shown to be a
target for 1)180 binding (oNUT: Fig. IILIA and T:ahle 10 or a

T ORI

dlrected by ai basahCYCf}‘i

(data not shown). Asynchronously growing populations of yeast
transformed with either construction or the parent plasmid
were permeabilized with SDS and chloroform and assayed for
B-galactosidase activity. As shown in Fig. 4B, plasmids carry-
ing one or two copies of the pNUT trimer increased B-galacto-
sidase activity 31- and 370-fold, respectively, relative to the
parent plasmid lacking a p180-binding site. Similar levels of
pNUT trans-activation were also obtained in cells lacking SWI6
function (BY600; data not shown). pNUT-mediated trans-acti-
vation was also independent of the orientation of the octameric
repeat cloned upstream of B-galactosidase (Fig. 4B). In contrast
to results with pNUT, one to three copies of the pWEE trimer
resulted in little or no increase in B-galactosidase activity (Fig.
4B). We conclude from these results that an intact p180-bind-
ing site is required for RCE-mediated yeast transcription.
Given that a dinucleotide substitution that ablates p180-bind-
ing activity in vitro also inactivates transcriptional activity in
vivo, these data also strongly suggest that p180 can function as

a stimulatory transcription factor.

p180 Abundance and/or DNA-binding Activity and Result-
ing Transcription Is Cell Cycle Regulated — Should RCEs func-
tion as transcriptional targets of a Rb-like pathway in yeast, we
speculated that p180 DNA-binding and/or transcriptional ac-
tivity might vary in concert with cell cycle progression. This
speculation was buoyed by the observation that extracts pre-
pared from cells arrested with nocodazole showed significantly
lower p180 DNA-binding activity relative to extracts prepared
from asynchronously growing cultures (data not shown). To
further examine the abundance of p180 DNA-binding activity
during the cell cycle, extracts were prepared from a panel of S.
cerevisiae temperature-sensitive cdc mutants grown at the per-
missive and nonpermissive temperatures. All cde mutant
strains grown asynchronously at the permissive temperature
(30 °C) contained significant amounts of p180 DNA-binding
ar‘.tiv_ii (Fy . ]:%)F.EmLSS“Z?

”leIIIIIIIIIII

mutants whose functlons are requlred in early to mid-S phase
(cdc6, cdc7, and cdc17) contained wild-type levels of p180 DNA-
binding activity. Interestingly, a distinct S phase mutant, cdc2,
did not have detectable p180 DNA-binding activity at the non-
permissive temperature for function (Fig. 5, center row of left
panel). Importantly, the abundance of p180-DNA complexes
were not appreciably altered in extracts prepared from a wild-
type strain grown at either temperature. Although these re-
sults suggested that p180 abundance and/or DNA-binding ac-
tivity is maximal during early to mid-S phase, we were
concerned that these results might be compromised by artifacts
induced by cell cycle arrest and wished to perform similar
analyses with synchronously growing cell populations. Thus,
cells were synchronized by incubation with o factor, exten-
sively washed and incubated in growth medium, and protein
extracts were prepared in 15-min intervals. Equivalent
amounts of total cell proteins were subsequently examined in
protein-DNA binding assays (Fig. 64). Microscopic inspection
of a factor-treated cells showed that greater than 95% of cells
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F1c. 4. Intact p180-binding sites are

required for RCE-mediated tran-
scription in vive. A, sequence of oligo-
nucleotides cloned in single copies or as
multimers upstream of the CYCI pro-
moter and LACZ that carry (pNUT) or
lack (pWEE) p180-binding sites. Mutated
nucleotides that abrogate pl80-binding
activity are underlined in pWEE. B, -ga-
lactosidase activities of cells transformed
w1th plasmids

Mutated sites

carrymg single (e.g.
v

(pNUT) or do not (pWEE) bind p180 in
vitro. Measurements presented represent
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F16. 5. Protein-DNA binding assays using extracts prepared
from wild-type and cdc strains grown at the permissive (30 °C)
or nonpermissive (38 °C) temperatures for function. Radiolabeled
5'Fos-4 or GCN4 oligonucleotides were incubated with cell extracts, and
protein-DNA complexes were detected as indicated in Fig. 1. Cdc
strains used for these studies as well as the approximate cell cycle
position within which their functions are required are indicated at the
top left panel of the figure. Protein-DNA complexes resulting from cell
extracts from a wild-type strain (YRC1) grown at 30 and 38 °C are
shown in the leftmost lane of the left panels for comparison. Left panel,
extracts prepared from strains grown at the permissive temperature
(top row) and the nonpermissive temperature (center row) for function
were examined for p180 binding activity. As a control for extract in-
tergrity, extracts prepared from strains grown at the nonpermissive
temperature were also examined for GCN4 DNA-binding activity (bot-
tom row). Right panel, extracts prepared from wild-type cells were
incubated with radiolabeled GCN4 oligonucleotides alone (—) or in the
presence of a 200-fold molar excess of unlabeled homologous (+ GCN4,
+HIS3) or heterologous (+5'Fos-4, 5'Fos-5, +MCB) competitor
oligonucleotides.

entered S phase synchronously during the course of two popu-
lation doublings (Fig. 6B). Consistent with evidence from
growth-arrested cdc mutants, maximal p180 DNA-binding ac-
tivity was detected at time points that immediately precede the

—D>C— G PWEE 2 -
—-——»—»pWEE 2a -
<¢—PWEE 1fa -
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WT pl80 binding site pNUT =GCGCCACCGCGCCACCGCGCCACC
Mutated binding site pWEE

=GCITTCACCGCITCACCGCTITCACC

<{._pNuT 1b-~
<&—pNUT 12 -

Vector pJLB -

T \\I\\ 1 T
03 .04 0.3 04
B-gal activity

OD 420nm/ml cells/min
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during cell cycle progression, becoming maximal during S

phase, we wished to determine whether p180-mediated tran-

scription was similarly regulated. The promoter regions from

pNUT2b, containing six coples of a w1ld -type p180- b1nd1ng s1te
nstream.nd,

4“

from cells containing either:constructioriwere: examined:
exogenous CLN2 mRNA with a CLN2-specific probe. DLY204
has previously been shown to express an unstable CLN2
mRNA of 0.6 kb.* Each transformed yeast strain expressed a
minor transcript of 2.0 kb (Fig. 7A, top panel; asterisk) whose
synthesis was independent of the integrity of plasmid-borne
p180-binding sites. In contrast, a single prominent transcript of
3.0 kb was expressed exclusively in cells carrying plasmids
with intact p180-binding sites (Fig. 7A, top panel; CLN). To
determine whether the abundance of the 3.0-kb pair mRNA
was cell cycle-dependent, cells containing P5CIn202 were syn-
chronized with « factor and then incubated in growth medium.
Total RNA was isolated from synchronized cells at 15-min
intervals; CLN2 expression was examined with a CLN2-spe-
cific probe, and the abundance of the 3.0-kb CLN2 mRNA was
directly quantified in a PhosphorImager and normalized to the
abundance of actin mRNA (Fig. 74, middle panel). In succes-
sive experiments, the abundance of pl180-dependent CLNZ2
mRNA varied by an average of 3-4-fold during the cell cycle
with peaks of transcription occurring coincident with maximal
p180 DNA-binding activity (compare Figs. 6B and 7B). In con-
trast to these results, the abundance of the 2.0-kb CLN2-
related mRNA was largely unchanged during the course of
these exp eriments (Fig. 7A, . fop panel). As an additional meas-
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Fic. 6. Cell cycle regulation of p180-DNA complex abundance
in synchronized populations of cells. A, protein-DNA binding as-
says. Extracts prepared from asynchronously growing cells (—), cells
arrested with « factor (a), or a factor-treated cells that were washed and
incubated in growth medium for varying lengths of time were examined
for the abundance of p180-DNA complexes using radiolabeled 5'Fos-4
oligonucleotides. Equal quantities of yeast cell proteins were examined
in each lane. B, quantification of p180-DNA complexes as a function of
cell cycle progression. The abundance of p180-DNA complexes in the
assay shown in A was determined directly using a PhosphorImager and
plotted (indicated by ¢riangles) against the percentage of budded cells
(indicated by squares) at each time point following « factor arrest.

the abundance of histone H4 message. With the exception of
RNA harvested from « factor-arrested cells, maximal amounts
of p180-dependent CLN2 mRNA were detected coincident with
the accumulation of histone H4 mRNA (Fig. 7A, bottom panel,;
Ref. 53). We do not as yet understand why residual CLN2
mRNA is apparent in o factor-arrested cells. Nonetheless, for
populations of synchronously growing cells, cell cycle-regulated
fluctuations in p180 DNA-binding activity in vitro are tempo-
rally correlated with periodicity in the abundance of RCE-
mediated transcription in vivo. Moreover, RCE-mediated tran-
scription is maximal during early- to mid-S phase.

DISCUSSION

The promoters of a number of Rb-responsive genes (e.g. c-
FOS, c-MYC, TGFB-1, IGF2, IL6, c-JUN, and c-NEU) carry
GC-rich sequences, termed retinoblastoma control elements
(RCEs) that are necessary and sufficient for Rb-mediated tran-
scriptional regulation (3). Previous analyses have determined
that RCEs are bound by several mammalian proteins (RCPs) in
vitro, and these proteins have been revealed to be members of
the SP family of transcription factors. To determine if an RCE-
like pathway of transcriptional control exists in lower eu-
karyotes, we sought to identify RCE-binding proteins (RCE-
BPs) in yeast cells. We reasoned that if RCEs are evolutionarily
conserved promoter elements then yeast RCE-BPs may be
functional homologues of Rb-targeted transcription factors (e.g.
SP1 or SP3), and the activities of such proteins might be reg-
ulated by a yeast Rb-like molecule. This report characterizes a
novel transcription factor expressed in S. cerevisiae, termed
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Fic. 7. Cell cycle regulation of RCE-mediated transcription in
synchronized populations of cells. As in Fig. 6, cells arrested with
« factor were washed and incubated in growth medium for varying
lengths of time. A, Northern blots of RNAs prepared from asynchronous
(Asynch) and synchronized cells. CLN2 transcripts synthesized by cells
carrying plasmids driven by a wild-type RCE, P5CIn202 (pNUT), or
mutated RCE, W1CIn202 (pWEE), are depicted in the left panel. Sizes
of resulting CLNZ2 transcripts are depicted on the left. Total cell RNA
was prepared from a factor-arrested cells (a) or synchronized popula-
tions of cells at the indicated time intervals and examined by Northern
blotting. The Northern presented was hybridized with a CLN2-specific
probe and then subsequently hybridized with actin and histone H4
probes. An asterisk indicates a CLN2-specific transcript whose synthe-
sis is independent of RCE integrity and cell cycle position. B, quantifi-
cation of mRNA abundance in synchronized populations of cells. The
abundance of each mRNA was determined directly using a Phospho-
rImager. Levels of RCE-mediated CLN2 transcripts (indicated by ¢ri-
angles) were normalized to those of actin and plotted against the per-
centage of budded cells (indicated by squares) at each time point
following a factor arrest. The relative abundance of CLN2 mRNA at the
15-min time point was arbitrarily assigned a value of 1.0. The abun-
dance of histone H4 mRNA is also indicated (circles) as a function of cell
cycle progression.

p180, that specifically binds to RCEs during early- to mid-S
phase utilizing nucleotides that are required for binding and
trans-activation by SP1/SP3. Directly correlated with this bind-
ing activity is a cell cycle-regulated stimulation of RCE-medi-
ated transcription in vivo. We also report that a 200-kDa RCE-
binding protein (termed p200) with similar RCE-binding
activity is expressed in S. pombe.

Based on photoaffinity labeling experiments, a single high
molecular weight RCE-binding protein expressed in S. cerevi-
siae and S. pombe may be cross-linked to DNA in vitro. We note
that these data do not preclude the possibility that additional
yeast proteins participate in p180-DNA and p200-DNA com-
plexes or that RCEs are bound and regulated by as yet unde-
tected proteins in vivo. However, given the tight correlation
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between the nucleotide binding specificity of p180 in vitro and
the transcriptional activity of wild-type and mutated RCEs in
vivo, this latter possibility is unlikely. Consistent with our
cross-linking results, preliminary affinity chromatography ex-
periments indicate that RCE-binding activity in S. cerevisiae
extracts co-fractionates with a polypeptide of approximately
180 kDa as well as several smaller proteins.® Determining
whether one or more of these proteins account for p180 DNA-
binding activity will require additional rounds of protein puri-
fication. We also note that the large apparent molecular weight
of yeast RCE-binding proteins is not without precedent as a
number of S. cerevisiae transcription factors ranging between
170 and 220 kDa have previously been noted, including MOT1,
RIF1, SIN3, and SNF2 (54, 55).
p180 and p200 bind RCEs via nucleotides that are identical
stathers haned hwnSPL,and SDR Nivvialontidsanabet rdins e

3', within the ¢-FOS RCE dramatically alter the recovery of
yeast protein-RCE complexes in vitro and perturb RCE-medi-
ated transcription in vivo. For example, several dinucleotide
substitutions within the RCE (5'Fos-1, -2, -3, -5) ablate the
binding of p180/p200 and SP family members to RCEs, and a
single dinucleotide substitution (5'Fos-4) increases their DNA-
binding activity concordantly. That identical mutations simi-
larly affect the DNA-binding activities of yeast and mamma-
lian RCE-binding proteins strongly suggests that their DNA-
binding domains are functionally homologous. It is less certain,
however, that their respective DNA-binding domains are
closely related in structure. Consistent with the notion that
yeast and mammalian RCE-binding proteins may be structur-
ally related, we have shown that each requires zinc for DNA-
binding activity. The SP family of transcription factors are well
characterized “zinc-finger” proteins carrying three tandem
zinc-binding motifs of the Cys,-His, class (56). Although likely
to be metalloproteins, whether p180/p200 will be “zinc-finger”
proteins of the same or a similar class will require their even-
tual cloning and sequencing. Despite their common nucleotide
specificities and zinc requirement, three additional observa-
tions suggest that the primary sequence of the SP family mem-
bers are not likely to be closely related to that of p180 or other
yeast transcription factors. First, using polyclonal antisera pre-
pared against the entirety of the SP1 trans-activation domain,
we have been unable to deplete yeast extracts of p180.% Second,
the expression of SP1 in S. cerevisiae does not result in the
trans-activation of reporter genes regulated by several SP1-
binding sites (57). Moreover, co-expression of a component of
the human basal transcription complex, TATA-box binding pro-
tein, did not facilitate SP1-mediated yeast transcription. This
latter result may indicate that yeast lack one or more general
transcription factors necessary for SP1-mediated transcription,
~ perhaps co-activators that bridge glutamine-rich ¢rans-activa-
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the following reasons. First, our trans-activation assays were
performed with a promoter construct carrying a wild-type c-
FOS RCE cloned upstream of a basal promoter. It is not as yet
clear that the ¢-FOS RCE is an optimal binding site for p180,
and it is possible that small perturbations in sequence can
greatly affect p180-mediated transcription. For example, dinu-
cleotide substitutions at two distal positions within the RCE
(5'Fos-4) result in a substantial increase in p180 DNA-binding
activity and resulting trans-activation in vivo.> Second, it is
also likely that the promoter context of p180-binding sites and
their juxtaposition to other trans-acting factors and the site of
transcriptional initiation may play important roles in the reg-
ulation of periodic p180-mediated transcription. Thus, a more
definitive cell cycle analysis of p180-mediated transcription
will require the identification of genes regulated by p180 and a
svarerafidsscomardino hdin Srrasretsraa Ve an i o ALRAR .

binding activity and RCE-mediated transcription are confined
to a temporal “window” of early- to mid-S phase, it is tempting
to speculate that p180 may play a role in the trans-activation of
1) genes associated with the biogenesis of DNA and/or 2) other
S phase genes, such as histones and the B-type cyclins CLB3
and CLB4 (58, 59). Although sequences closely related to the
¢-FOS RCE are not contained within the promoters of these S
phase genes, evaluating whether p180 plays a role in their
regulation will require the cloning and functional characteriza-
tion of p180. Interestingly, a computer-assisted search of the S.
cerevisice genome data base with the ¢-FOS RCE revealed
predicted sites of pl80 binding upstream of the KIPI and
UBC13 genes. KIP1 is a kinesin-related protein required for
spindle assembly, and its abundance is maximal in M phase
(60).% UBC13 is thought to encode a ubiquitin-conjugating en-
zyme; however, it is not known whether its expression is cell
cycle-regulated. Whether p180 plays a direct role in the syn-
thesis of these genes remains to be determined. Since p180 does
not bind SCB and MCB elements in vitro or require SWI4/
SWI6 proteins for DNA-binding or transcriptional activity, we
hypothesize that p180 may function as a regulator of a novel
subset of periodically transcribed RCE-dependent yeast genes.
However, since it is possible that our in vitro DNA binding
assays may be insensitive to weak interactions of p180 with
SCB/MCB elements, p180-mediated transcription may also
partially account for cell viability in the absence of cell cycle
regulators such as MBF (39).
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