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In vivo studies have previously shown that Saccharomyces cerevisiae ribosomal protein (RP) gene expression
is controlled by the transcription factor repressor activator protein 1 (Raplp) in a TFIID-dependent fashion.
Here we have tested the hypothesis that yeast TFIID serves as a coactivator for RP gene transcription by
directly interacting with Raplp. We have found that purified recombinant Raplp specifically interacts with
purified TFIID in pull-down assays, and we have mapped the domains of Raplp and subunits of TFIID
responsible. In vitro transcription of a UAS ,,; enhancer-driven reporter gene requires both Raplp and TFIID
and is independent of the Fhllp-Ithlp coregulator. UAS,,p;, enhancer-driven transactivation in extracts
depleted of both Raplp and TFIID is efficiently rescued by addition of physiological amounts of these two
purified factors but not TATA-binding protein. We conclude that Raplp and TFIID directly interact and that
this interaction contributes importantly to RP gene transcription.

Eukaryotic mRNA gene transcription is controlled by the
action of modular enhancer-binding transactivators, proteins
composed of separable DNA binding domains (DBD) and
activation domains (AD). DNA-bound transactivators func-
tionally interact with the mRNA gene transcription machinery,
the so-called general transcription factors (GTFs) TFIIA, -B,
-D, -E, -F, and -H plus RNA polymerase II (RNAP II), to
stimulate formation and/or function of the RNAP II preinitia-
tion complex (PIC) (67). Activators also collaborate with one
or more factors termed coactivators, proteins that serve as
receptors for the transfactor-AD activation signal. Coactiva-
tors link transactivator-enhancer DNA binding to the PIC (43)
and can be divided into several classes: those that are chroma-
tin active, the mediator complex, and the individual compo-
nents of the mRNA gene transcription machinery itself.

One of the first and likely rate-limiting steps in mRNA gene
transcription is the binding of TFIID to the promoter (36, 40,
47). TFIID is a multisubunit assembly composed of 15 evolu-
tionarily conserved (86) subunits, the TATA-binding protein
(TBP) and 14 TBP-associated factors (TAFs) (72). This GTF
displays high-affinity, sequence-specific promoter DNA bind-
ing activity. Two classes of yeast mRNA-encoding genes have
been defined with respect to TFIID TAF function; the first,
which is TAF dependent (TAF,,,), requires TAF function for
transcription, while the second and smaller group is TAF in-
dependent (TAF,.q) (29, 31, 45, 58, 81, 92). Both types of
genes require TBP for wild-type (WT) levels of transcription,
but in the case of the TAF,,, genes, TBP appears to be re-
cruited via mechanisms distinct from TFIID (4, 80).

When mRNA-encoding genes are monitored for TBP and
TAF occupancy by chromatin immunoprecipitation (ChIP) as-
say, TAF,., genes exhibit higher TAF/TBP occupancy ratios
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than TAF,,4 genes (39, 45). Three models for TAF function
have been proposed (22, 23): TAFs mediate core promoter
recognition; TAFs provide essential catalytic activities that
modulate PIC formation and/or function; and finally, TAFs
may serve as coactivators, by providing a direct molecular
bridge between enhancer-bound transactivators and the other
components of the mRNA gene transcription machinery.
These functions of TAFs likely operate in gene-specific trans-
factor-directed ways, and potentially multiple TAF modalities
could be utilized on a single transcription unit.

Ribosomal protein genes (RPGs) are TAF dependent and
require TAF function in vivo for normal levels of transcription
(45, 58, 81, 92). TFIID associates with RPG promoters, result-
ing in high Taflp/TBP ChIP occupancy ratios. RPGs often
contain TATA-less promoters, a feature that may contribute to
their TAF,., nature (9, 53); TFIID functions primarily at
TATA-less promoters (3). An essential regulatory element of
the RPGs is the upstream activating sequence (UAS) or en-
hancer. Nearly all of the 137 RP gene enhancers contain mul-
tiple binding sites for repressor activator protein 1 (Raplp)
(42, 93), and most of these UAS,p; clements appear to be
bound by Raplp in vivo (48). Mutation of UASy p; sites dis-
rupts Raplp binding in vitro and in vivo, concomitantly de-
creasing Taflp and TBP occupancy at the promoter. In the
case of the RPGs, this leads to a significant drop in RPG
transcription. These and other observations have led to the
hypothesis that the recruitment of TFIID to the RPGs is driven
by Raplp (46, 53), though the molecular mechanism by which
this occurs is unknown.

Raplp, encoded by a single-copy essential gene in yeasts, is
an abundant (ca. 10* molecules/cell) DNA-binding protein that
plays multiple roles in vivo. It is both a key transcriptional
activator of many coregulated genes (83) and a repressor that
silences transcription at HML, HMR, and telomeres (41). Ad-
ditionally, Raplp contributes to telomere length modulation
(59) and maintenance of recombination hot spots (11) and can
provide barrier function by preventing the spread of silenced
chromatin (5, 17). Most Raplp binding sites are devoid of
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FIG. 1. Raplp drives UASyp;-directed transcription in vivo. (A) Raplp domain structure and reporter genes. The diagram illustrates the
localization of Raplp domains (top) and the various reporter genes used in this study (bottom). (B) Requirement for Raplp binding for both
TFIID recruitment and transcription in vivo. Raplp occupancy (top), Taflp occupancy and Taflp/TBP occupancy ratio (middle), and in vivo
transcription (bottom) of three reporter genes (UASgpss4-HIS3, UASg 4p,-HIS3, and UASg 4p;p-HIS3) and two control genes (TAF,, RPS84 and
TAF,,q PYKI) are shown. Occupancy was calculated as percent enrichment of a gene segment in the IP relative to the input. Background occupancy
was estimated as enrichment of the same proteins on the POLI gene and was subtracted. Transcription was assessed following reverse transcription
of the mRNAs by quantitative real-time PCR. Error bars indicate standard deviations. (C) Dependence of RP, but not PGK, gene transcription
on TFIID-Tafp function. Cells carrying the indicated TAF*” alleles were cultured at 23°C to mid-log phase and split, and half of the culture was
incubated at 23°C while the other half was shifted to 37°C. Total RNA was extracted after 2 h and purified, and then PGK, RPS5, and U3 RNA
levels were scored by primer extension. Extension products were gel fractionated, and the sequencing gel was exposed to an imaging screen for
quantitation (the scanned screen image is shown [top]; odd-numbered lanes, 23°C cultures; even-numbered lanes, 37°C cultures). The RPS5 RNA
level was normalized to U3 RNA and graphed as percent of WT at 23°C. (D) Effect of deletion of Raplp domains on Raplp-driven transcription
in vivo. Steady-state mRNA levels for the three indicated genes (RPS84, RPS5, and the UAS 4p,-HIS3 reporter) in the strains expressing the four
indicated variants of Raplp shown were determined by Q-RT-PCR analyses as for panel B.

nucleosomes (93). Mapping studies have identified Raplp rates with transcription factors Gerlp and Ger2p only on the
DNA bending, BRCT, DBD, toxicity, noncanonical AD, and TAF,,4 glycolytic enzyme-encoding genes (10). By contrast,

silencing domains (60) (Fig. 1A). ribosomal protein, but not glycolytic enzyme, gene transcrip-

Raplp plays a critical role in yeast physiology by activating tion is dependent on the H4-histone acetylase Esalp (66).
the expression of the most vigorously transcribed mRNA-en- DNA-bound Raplp thus selectively interacts with a variety of
coding genes, such as those encoding ribosomal proteins, ribo- cofactors, in a context-dependent manner, for the purpose of

some biogenesis (RiBi) regulon proteins (33, 90), translation activating unique sets of genes. Raplp also functions with
factors, and glycolytic enzymes, all of which are required for several other proteins that modulate RPG and RiBi regulon
rapid cell proliferation (69, 93). It has been estimated that gene regulation, transcription factors Fhllp, Ifhlp, Crflp,
Raplp drives nearly 40% of all RNA polymerase II-mediated Sfplp, and Hmolp (15, 26, 33, 49, 50, 70, 77, 91, 99). These
transcription events (48). Raplp utilizes different mechanisms factors are thought to integrate and transduce growth regula-
of activation for each of these coordinated, complex regulatory tory signals to the RP/RiBi genes, and together with Raplp
events. For example, while Raplp is required for transcription they modulate expression of the many genes important for
of both RP- and glycolytic enzyme-encoding genes, it collabo- ribosome production, cell division, and growth. Interestingly,
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TABLE 1. Yeast strains

Strain Genotype

SAR229-MYCsWT............... MATa ade2::hisG leu2::PET56 met17-A0 trp1-63 ura3-A0 HA;TAF1 UAS gpgs.(220-RPS8A corp-HIS3::TRP1::DED1
URA3::UAS 4 RPL25,,,.-RAPI(pRS415-UAS 4, pj-MYCs—RAPI)

SAR41-MYCsWT................. MATa ade2::hisG leu2::PET56 met17-A0 trp1-63 ura3-A0 HA;TAF1 UASgpgsac41y-RPS8A corp-HIS3::TRP1::DEDI
URA3::UAS 4, RPL25,.,,,-RAPI (pRS415-UAS g 4p,~MYCs—RAPIAN)

SAR4IM-MYCsWT ............. MATa ade2::hisG leu2::PET56 met17-A0 trp1-63 ura3-A0 HA;TAF1 UAS gpssaqingyRPS8A corp-HIS3::TRP1::DEDI
URA3::UAS 4 ;RPL25,,,.-RAPI(pRS415-UAS  , pj-MYCs—RAPI)

SAR41-MYCsAN.......coueueee. MATa ade2::hisG leu2::PET56 met17-A0 trp1-63 ura3-A0 HA;TAF1 UASgpgsac41y-RPS8A corp-HIS3::TRP1::DEDI
URA3::UAS 41 RPL25,.,,,.-RAP1(pRS415-UAS g 4p,—MYCs—RAPIAN)

SAR41-MYCAC.........e.... MATa ade2::hisG leu2::PET56 met17-A0 trp1-63 ura3-A0 HA;TAF1 UASgpgsac41y-RPS8A corp-HIS3::TRP1::DED1
URA3::UAS 4 ;RPL25,,,.-RAPI(pRS415-UAS 4 p;~MYCs—RAPIAC)

SAR41-MYC;DBD............... MATa ade2::hisG leu2::PET56 met17-A0 trp1-63 ura3-A0 HA;TAF1 UAS gpssaca1yRPS8A corp-HIS3::TRP1::DED1
URA3::UAS 4, RPL25..,,,.-RAP1(pRS415-UAS g 4p;—~MYC s—RAP1DBD)

YSLSIS e MATo ura3-52 lys2-801°"*"ade2-101°"" tafl A::TRPI his3-A200 leu2-A1(pRS313-HA,TAF130)

YPH252.. MATa ura3-52 kys2-801"**"ade2-101°°"" trp1-Al his3-A200 leu2-Al

W303a FHLIA:HIS3 IFHI A:G418"
W303a

MATo ura3-1/ura3-1 his3-11,15/his3-11,15 ade2-1/ade2-1 leu2-3,112/leu2-3,112 trpI1-1/trp1-1 canl-100/canl-100

YLSTAFT oo .MATa TAFI-TAP, s-KAN" leu2 trpl ura3-52 prb1-1122 pep4-3 prel-451 gal2

Raplp occupancy on UASg ,p; sites in vivo does not appear to
vary significantly with transcription rate, suggesting either that
non-Raplp coregulators turn RP gene transcription on and off
or that modification of Raplp and/or other factors controls
transcription levels of these genes (see references 63 and 69 for
recent reviews). The choice of Raplp interaction partner may
be directed by Raplp conformation or other UASg ,p,-deter-
mined features, which in turn may be dictated either by the
exact sequence of the UASy ,p; site bound or by neighboring
DNA sequences that provide docking sites for other transfac-
tors (26, 63, 69, 99). It has been proposed that these multiple
protein-protein interactions may occur on the nuclear matrix
(8, 55, 78). Though the details of the many regulatory interac-
tions described above remain to be elucidated, it is clear that
both Raplp and TFIID play central roles in the process (46,
53). For all of these reasons, RPGs are among the most at-
tractive genes in yeast for analyzing the molecular mechanisms
by which TFIID might function as a transcriptional coactivator.

The goal of the studies described here was to analyze the
mechanism behind the previously characterized functional in-
teraction between Raplp and TFIID on the ribosomal protein
genes. We tested the hypothesis that TFIID plays a key coac-
tivator role on RPGs by making direct, specific interactions
with Raplp. We have found that Raplp and TFIID do indeed
directly interact, and we mapped Raplp and TFIID domains
that contribute importantly to their interaction. These data
represent the first demonstration of direct and specific inter-
actions between a purified yeast transactivator and the purified
yeast TFIID holocomplex, and they set the stage for the dis-
section of the coactivator function(s) of the multisubunit
TFIID TBP-TAF complex.

MATERIALS AND METHODS

Yeast strains. We reconstructed several of the SPY-ADE strains of Mencia et
al. (53). These strains express an HAj-tagged variant of Taflp and various
UAS-HIS3 reporter genes (see Table 1 and Fig. 1A for construct details); re-
porter genes were sequenced prior to integration. We introduced two additional
genetic modifications into these yeast strains. First, a UAS 4, -controlled WT
RAPI allele, derived from strain SCR101 (21), was integrated into the RAPI
locus. Second, these strains were transformed with pRS415 expressing Mycs-
tagged forms of Raplp (WT [amino acids {aa} 1 to 827], AN [aa 361 to 827], AC
[aa 1 to 596], or DBD [aa 361 to 596]) controlled by the normal RAPI enhancer-

promoter (i.e., RAPI position —437 to +3 [21]). These modifications of the
SPY-ADE strains allowed us to switch from expression of the chromosomal WT
RAPI copy to expression of to the plasmid-borne RAPI variants by changing the
carbohydrate source in the growth medium from galactose to glucose.

Protein expression and purification. RAPI sequences encoding Raplp WT (aa
1to 827), AN (aa 361 to 827), AC (aa 1 to 596), DBD (aa 361 to 596), and ADBD
(aa 1 to 361 fused to Raplp aa 596 to 827) were amplified by PCR, introducing
EcoRI and Xhol restriction endonuclease cleavage sites at the N-terminal and
C-terminal ends of amplified open reading frame (ORF) DNA fragments. After
restriction endonuclease digestion, these fragments were cloned into EcoRI-
Xhol-digested pET28™" and introduced into Escherichia coli BL21(DE3), and the
proteins were expressed following IPTG (isopropyl-B-p-thiogalactopyranoside)
addition. The resulting Hiss-tagged recombinant proteins were purified with
Ni-nitrilotriacetic acid-agarose and either HiTrap SP HP (Rap1WT, RaplAN,
RaplAC, and RaplDBD) or HiTrap Q HP (RaplADBD) ion-exchange chro-
matography. Proteins were eluted from the ion exchange columns by using a 150
to 1,000 mM NaCl gradient in a buffer containing 20 mM HEPES (pH 7.6), 10%
(volvol) glycerol, 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM benzamidine, and 0.001% (vol/vol) Nonidet P-40. Recombinant
Hisg-Tafdp, Hiss-Taf5p, and Hisg-Tafl12p were purified as described previously
(73). Glutathione S-transferase (GST)-Taf12p fusion proteins were generated by
PCR by inserting BamHI (upstream) and Sall (downstream) sites flanking the
TAF12 ORF-carrying segments in all PCR primers. After digestion with BamHI
and Sall, the resulting fragments were cloned into a similarly digested pET27b
derivative expression plasmid. This Kan™-marked plasmid has had the DNA
sequence encoding its normal pelB periplasmic targeting sequence replaced with
a DNA fragment expressing, in frame, His,-GST and a protease 3C cleavage
sequence upstream of the TAFI2 OREF insertion site. Plasmids were introduced
into E. coli and induced with IPTG, and GST-fusion proteins were purified by
glutathione agarose affinity chromatography. TAP-tagged Taflp TFIID was pu-
rified from yeast strain YLSTAF1 by immunoglobulin G (IgG)-Sepharose, cal-
modulin-agarose, and Mono-S fast protein liquid chromatographies (Bio-Rad
Uno-S1) (unpublished data). TFIID was >95% pure as assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Pull-down assays. Yeast strain YSLS18 (74), which contains a single hemag-
glutinin (HA) epitope at the N terminus of Taflp, was used for the preparation
of a Bio-Rex 70 1 M fraction containing partially purified TFIID; as a control, an
untagged Bio-Rex 70 1 M fraction was prepared from strain W303a. TFIID from
1.2 ml of each 1 M Bio-Rex 70 fraction (12.5 mg total protein) was incubated with
100 pl anti-HA—protein A-Sepharose beads (2.5 wg monoclonal antibody [MADb]
12CAS IgG/ul beads) as described previously (72). After overnight binding at
4°C, beads were washed five times with 1.5 ml buffer B,,, (20 mM HEPES [pH
7.6], 10% [vol/vol] glycerol, 200 mM potassium acetate, 1 mM dithiothreitol, 0.1
mM PMSF, 1 mM benzamidine, and 0.002% [vol/vol] Nonidet P-40), and then
15-pl aliquots of beads were distributed to individual 70-pl (final volume) bind-
ing reaction mixtures in B,,,. Bovine serum albumin (BSA) (Sigma) was added
to a final concentration of 0.5 mg/ml prior to addition of a 3X molar excess
of Raplp (2.25 fmol) to TFIID (0.75 fmol). Binding was allowed to proceed
for 30 min at room temperature. The beads were washed five times with 600
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wl buffer B,,, and then TFIID, along with the TFIID-bound proteins, was
eluted with 50 wl of 2 mg/ml of HA peptide in B,,. Aliquots of the input and
HA-peptide eluate were fractionated by SDS-PAGE, blotted to polyvinyl-
idene difluoride (PVDF) membranes, and probed with polyclonal antibodies
against Raplp and Tafl3p; antibody-antigen complexes were detected by
chemiluminescence (73, 74).

Determination of K, ,,, values for the interaction of Raplp and TFIID. The
apparent K, (K, ,p,) Was calculated using the formula K, ,,, = [TFIID][Rap1p]/
[TFIID-Raplp]. The concentration of the TFIID-Raplp complex was deter-
mined by calculating the fraction of total Raplp bound to TFIID {percent
binding = 100[PD(Rap1p)/IN(Raplp)], where PD is the pull-down fraction and
IN is the input fraction) corrected for the efficiency of elution of TFIID from the
protein A-MAb 12CAS5 IgG beads. The amounts of TFIID and Raplp in the
input, beads, and pull-down fractions were determined by quantitative immuno-
blotting using dilution series of known quantities of purified TFIID and Raplp
electrophoresed in parallel lanes of SDS-polyacrylamide gels, polyclonal anti-
Tafp, and anti-anti-Rap1p IgGs. Quantitation was performed using a Bio-Rad
Chemi-Doc imager and Bio-Rad QuantityOne software to measure chemilumi-
nescence signals from Western blots. The average K, ., values determined in
three independent experiments are presented.

In vitro transcription and primer extension analysis of RNAs. Woontner
whole-cell extracts (WCEs) (95) were prepared, antibody depleted, and assayed
by primer extension as described previously (35, 72, 79). mRNA’S3 transcribed
from the UASgp;-HIS3 reporter was scored using >*P-labeled primer ATCGC
AATCTGAATCTTGGTTTCATTTGTAATACGC (specific activity, ~6,700
cpm/fmol; 25 fmol primer/reaction); extension produced a cDNA of 107 nucle-
otides. Extension products were detected with X-ray film and quantitated via
imaging (Kodak K-screen; Bio-Rad Molecular Imager FX and Bio-Rad Quantity-
One software) and corrected for recovery by quantitation of a 3?P-labeled 330-
nucleotide internal recovery control DNA added to each reaction mixture with
the transcription stop mix. Quantitative immunoblotting using known amounts of
purified Hisg-Rap1p, Hisg-TBP, and TFIID was used to determine the content of
these proteins in the WCE utilized for the experiments of Fig. 2; ~270 fmol
Raplp/ul WCE, 125 fmol TBP/pul WCE, ~32 fmol TFIID/ul WCE, and 4 pl (or
4-pl equivalents) of WCE were used for these in vitro transcription assays.

Electrophoretic mobility shift Raplp DNA binding assays. Purified recombi-
nant Raplp proteins (20, 40, 80, 100, 200, 400, 600, 100, 2,000, and 4,000 fmol)
were incubated with 20 fmol *?P-labeled double-stranded DNA (6,400 cpm/
pmol) containing the Raplp consensus binding site (boldface) ATATACACCC
ATACATTGA in 20 pl of 20 mM HEPES (pH 7.6), 10% vol/vol glycerol, 100 mM
KCl, 5 mM MgCl,, 0.1 mM EDTA, 1 mM dithiothreitol, 1 mM PMSF, 25 pg/ml
BSA, 2.5 pg/ml poly(dG-dC), and 2.5 mM B-mercaptoethanol for 30 min room
temperature. Reaction products were fractionated on 6% polyacrylamide Tris-
borate-EDTA gels, dried, and exposed to X-ray film and imaging screens for
quantitation.

Chromatin immunoprecipitation assay. Yeast strains were grown to approx-
imately 2 units of optical density at 600 nm/ml on synthetic complete medium
(82) with 2% galactose without leucine and uracil (SC-LU) at 30°C. Cells were
collected, washed with H,O, and used to inoculate SC-LU cultures containing
2% glucose. Cells were then grown to log phase (1 unit of optical density at 600
nm/ml) and cross-linked with 1% (vol/vol) formaldehyde (30 min room temper-
ature). Cross-linking was terminated by the addition of glycine (125 mM final
concentration; 5 min). Cells were harvested by filtration, resuspended in immu-
noprecipitation (IP) buffer (50 mM HEPES [pH 7.6], 140 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 1 mM PMSF, 1 pg/ml leupep-
tin, 1 wg/ml pepstatin), and disrupted by 10 1-min pulses in a 96-well Midi-beater
(Bio-Spec Products, Bartlesville, OK). Chromatin was purified and sheared as
described by Kuras and Struhl (40). IPs were performed for 18 h at 4°C with 1 mg
of protein extract and the following antibodies: 30 pg anti-TBP, 10 pg anti-
RNAPII C-terminal domain MAb (8WG16), 60 g anti-HA MAb (12CAS), 30
pg anti-myc MADb (9E10), and 30 pg rabbit IgG (Sigma) as a negative control. All
IgGs were cross-linked to protein A-Sepharose beads (Sigma). The amount of
UAS or core promoter fragments from the RPS8A, RPS5, PYKI, or HIS3 reporter
genes in input and IP samples were determined by quantitative real-time PCR
(Q-RT-PCR) amplification using the IQ SYBR green Supermix and iCycler
system (both from Bio-Rad Laboratories). Chromatin enrichment for each gene
was calculated as 100(IP/input). Background, estimated for the POLI ORF in
each IP, was subtracted. Each value represents the average from at least three
independent experiments. PCR oligonucleotides used were RPS5-UAS (CAGCCT
TGAGTTCTCAAATTTGC and AAAGAATTCTCCTTCCCCGTAGC), RPS5-
Core (GGCCAACTTCTACGCTCACGTTAG and CGGTGTCAGACATCTTT
GGAATGGTC), RPS5-ORF (GGTCCAAGAGAAGACACCACCAGAG and
CGGTTAGACTTGGCAACACGTTCC), RPS84-UAS (GGGACAAGGATAG
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GTGAACATTTG and GTGTAAGGGTGTTAAAGAGGGTGTATGG),
RPS8A4-Core (CACACCAGGACAAAAAGTATGTGCT and AAAGAACGT
ACAAAAGTTGCGGAA), RPS84-ORF (AAAGATCCGCTACCGGTGC
CAAG and TCTTGGAGATACCTTCAGAAGCCC), PYKI-UAS (CGCCCTG
GTCAAACTTCAGAAC and GAGATACAGACATCACACGCCATAG),
PYKI-Core (TGGTAAATGAATGCTTGTGATGTCTT and TTGTTTTGATT
GGTGTCTTGTAAATAGAAA), PYKI-ORF (CCAACCTCCACCACCG
AAAC and GGGCTTCAACATCATCAGTCCA), REPORTER 5,-UAS (G
CTGAACTGGTGTCCATGTCGC and GTGTAAGGGTGTTAAAGAGGGT
GTATGG), REPORTERg¢44-Core (GCTTGAGGGCTTTCTCTTACGC and
GGGCTTTCTGCTCTGTCATCTTTG), REPORTER 4p,UAS (CTGTCGTA
ACCTTCAGTTCATCG and CCCTTGGTTAGAAGAAAAGAGTGTG),
REPORTERgp;.Core (CACACTCTTTTCTTCTAACCAAGGGG and TGG
GAAGATCGAGTGCTCTAT), HIS3-ORF (TAACGTCCACACAGGTATAG
GGTTT and AGCCTTGAACGCACTCTCACTAC), and POLI-ORF (TGCA
CCAGTTAATTCTAAAAAGGCA and AAAACACCCTGATCCACCTCT
GAA).

RNA analysis. Total RNA was prepared from equal numbers of yeast cells by
using hot phenol (38). One microgram of in vitro-synthesized RNA from the E.
coli ycxA gene (88) was added prior to RNA extraction and used as a recovery
control. DNase I-treated total RNA was used for RT-PCR assessment of RPS84,
RPSS5, PYKI, and HIS3 gene expression. Reverse transcription was performed
with the Bio-Rad iScript cDNA synthesis kit; cDNAs produced were quantitated
by Q-RT-PCR. The number of transcripts was estimated by comparison to a
standard curve generated with known amounts of yeast genomic DNA amplified
in parallel during the PCR. Alternatively, specific RNAs were measured by
primer extension analyses as described previously (33).

Protein blotting assays. Purified TFIID and recombinant Tafps were fraction-
ated on 4 to 12% polyacrylamide gradient denaturing gels (Invitrogen or Bio-
Rad). Following electrophoresis, gels were equilibrated for 10 min in transfer
buffer (30 mM Bicine, 25 mM bis-Tris, 1 mM EDTA, 60 uM chlorobutanol, 20%
[vol/vol] methanol) and then electrotransferred to a PVDF membrane (Immo-
bilon-P, 0.45 pm; Millipore) for 2 h at 12 V. Blots were blocked in binding buffer
(20 mM HEPES KOH [pH 7.6], 75 mM KClI, 2.5 mM MgCl,, 0.1 mM EDTA,
0.05% NP-40, 1 mM dithiothreitol, 1% BSA [Sigma, A-2153, lot 98H1450]) for
1.5 h at 4°C, followed by incubation at 4°C overnight in binding buffer containing
7.3 nM recombinant Raplp (~120 pl/cm?). Blots were then washed at room
temperature (five times for 15 min; 100 ml/wash) in binding buffer without BSA.
Tafp-bound Raplp was detected by incubation for 60 min at room temperature
with affinity-purified anti-Raplp IgG (1:30,000) in Tris-buffered saline-0.1%
Tween 20 plus 1% nonfat dry milk. Primary antibody was removed by washing
(four times for 10 min; 100 ml/wash) in Tris-buffered saline-0.05% Tween 20,
and antibody-antigen complexes were detected using horseradish peroxidase-
conjugated goat anti-rabbit IgG(F,.) (Pierce) and Lumi Light (Roche) reagent.
Binding-competition assays were performed as described above except a 5- or
10-fold mole excess of either Tafl12p or human PDESA (100 kDa and pI 5.67
[versus Raplp, 92.4 kDa and pl 4.68]) was added to the binding reaction mix-
tures. Binding was qualitatively visualized with X-ray film and quantitatively
detected with a Bio-Rad Chemi-Doc imager and Bio-Rad QuantityOne software.

RESULTS

Raplp collaborates with TFIID in vivo to drive UASy p;-
directed transcription. Promoter-enhancer swap and mutagen-
esis experiments have demonstrated that the R4PI-containing
UASgpg is required for RP gene transcription activation and
that the RAPI elements of this enhancer are sufficient to in-
duce TAF dependency upon a TAF, 4 core promoter (45, 46,
53, 87). We confirmed these findings by reconstructing and
analyzing several chimeric HIS3 reporter genes (Fig. 1A) char-
acterized previously by Mencia et al. (53). The first reporter
gene, designated UASgpgs4-HIS3, contains a 229-bp RPSS8A
enhancer fragment fused to the RPS8A4 core promoter, driving
transcription of the HIS3 gene. The other two chimeras con-
tain either WT or doubly mutant versions of a 41-bp subfrag-
ment of the RPS8A UAS composed of just two Raplp binding
sites; the tandem RAPI sites are fused to the PGK core pro-
moter and drive transcription of the HIS3 reporter. These two
minimal enhancer-reporter genes are termed UASy ,p,-HIS3
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and UASg,p12-HIS3, respectively. All reporter genes were
integrated at the HIS3 locus.

We scored transcription and occupancy of Raplp, Taflp,
and TBP on the HIS3 reporter genes and, in parallel, on two
control Raplp-driven genes, the TAF,, RPS84 gene and the
TAF,,q PYKI gene. Protein occupancy was measured by ChIP
and Q-RT-PCR. As expected (53) all genes carrying intact
RAPI sites exhibit high-level occupancy of Raplp (compare
Raplp occupancy on UASgp;a With Raplp occupancy with
all other genes tested [Fig. 1B, top]). Raplp occupancy on the
UAS gpssq and UASg,p; reporters, although significant, was
approximately half that of the authentic RPS84 gene (Fig. 1B,
top panel), presumably because these two genes both lack
some of the positive-acting cis elements present in the intact
gene; this is also likely the explanation for why transcription of
these genes is 5- to 10-fold lower than that of RPS8A (Fig. 1B,
bottom panel). TFIID and TBP occupancy was high and
tracked with Raplp on the UASypgs-HIS3, UAS , p,-HIS3,
and RPS8A genes (Fig. 1B, middle panel). By contrast, muta-
tion of both RAPI sites in the UASg. p;a-HIS3 reporter
gene resulted in a drop in Raplp, Taflp, and TBP occu-
pancy and transcription. Nonetheless, the Taf1p/TBP occu-
pancy ratio remained high on this R4PI-mutated reporter,
indicating that TFIID recruitment still occurs on the cis-
linked promoter, although at a reduced level. This result is
consistent with the idea that it is the binding of Raplp to the
UAS . 4p; enhancer of these genes that drives TFIID recruit-
ment and PIC formation.

To further support this conclusion we analyzed specific
mRNA gene transcription in yeast strains carrying mutant al-
leles of either the Raplp-encoding (deletion mutations) or
Tafp-encoding (temperature conditional mutations) genes.
For the TFIID functional tests, cells were grown at permissive
and nonpermissive temperatures, total RNA extracted, and
both mRNA”“® and mRNAR"$? quantitated by primer exten-
sion. Transcription of the RP but not the TAF, -PGK gene
was significantly reduced in all the 13 tested TAF" strains when
cells were shifted to the nonpermissive temperature (Fig. 1C;
compare RPS5 mRNA and PGK signals). Similarly, transcrip-
tion of RPS5, RPS8A, and the UASg ., p,-HIS3 reporter gene
were all dramatically reduced in strains expressing certain
RAPI truncation mutations (Fig. 1D; compare AC and DBD
with WT). Together these data (Fig. 1B to D) show that Raplp
binding to UASg4p;, TFIID recruitment, TFIID function, PIC
formation, and RP gene transcription are all interdependent,
results that are consistent with the idea that TFIID serves as
coactivator for Raplp on the RPGs.

In vitro transcription of the UAS, ,»;-driven reporter gene is
both Raplp and TFIID dependent. We next asked whether we
could recapitulate the UASg,p;/Raplp/TFIID dependency
seen in vivo with a WCE in vitro transcription system. WCE
was efficiently and specifically depleted of either Raplp (Fig. 2A,
compare lanes 1 to 4 with lane 5), or TFIID (Fig. 2C, compare
lanes 1 to 4 with lane 5) when incubated with anti-Raplp IgG
or with anti-Tafdp IgG coupled to protein A beads. Approxi-
mately 90% of Raplp and TFIID was removed by antibody
depletion. Activated transcription dropped to basal levels
when either Raplp (Fig. 2B, compare lanes 1 to 4 with lane 8)
or TFIID (Fig. 2D, compare lanes 1 to 4 with lane 8) was
removed. However, activated transcription could be specifi-
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cally and efficiently rescued by readdition of either purified
Raplp in the Raplp-depleted WCE (Fig. 2B, lanes 9 to 11) or
purified TFIID in the case of TFIID-depleted WCE (Fig. 2D,
lanes 10 and 11) when physiological levels of these proteins
were added back to the two depleted WCEs. Importantly, TBP
addition was ineffective at transcription rescue in the TFIID-
depleted WCE (Fig. 2D, lane 9 versus lanes 10 and 11).

To explore the WCE transcription system in more depth, we
performed two additional experiments. In the first, we immu-
nologically depleted the WCE of both Raplp and TFIID and
then tested for transcription reconstitution, while in the sec-
ond, we generated WCE from a yeast strain carrying null
mutations of FHLI and IFHI, genes that encode the potent
heterodimeric DNA binding transactivator of RP gene tran-
scription, Ifthlp-Fhllp (50, 70, 77, 91). These two experiments
more rigorously tested the in vitro collaborative involvement of
TFIID and Raplp and also probed the possible role of the
Ithlp-Fhllp coactivator in Raplp- and TFIID-dependent
transactivation of the UASy 4p,-driven reporter gene.

When WCE was doubly depleted of Raplp and TFIID (Fig.
2E, compare control [lanes 1 to 4] with doubly depleted WCE
[lane 5]), readdition of both proteins was required for efficient
reconstitution of UASg,p;-activated transcription (Fig. 2F,
lane 15 versus lanes 10, 11, and 13). Importantly, as with the
singly TFIID-depleted WCE (Fig. 2D), TBP could not collab-
orate with Raplp to restore transcription (Fig. 2F, compare
lane 14, +Rapl and TBP, with lane 15, Raplp and TFIID),
suggesting that Raplp and TFIID might physically interact
through Raplp-Tafp interactions. Finally, the UAS p,-HIS3
reporter was efficiently transcribed in WCE derived from yeast
strain DR35 (70), cells that carry null mutations in AFHL1I and
AIFHI and hence are genetically depleted of the Fhllp-Ifhlp
complex (Fig. 2G, compare lanes 1 and 2) (transcript levels
produced in the WCE prepared from the Afal Aifh cells were
87% of those in the WT WCE). Together these data argue that
the in vitro transcription profiles we observe result from pos-
itive, potentially direct interactions between Raplp and
TFIID.

Raplp interacts directly with TFIID. Having documented
important in vivo and in vitro functional interactions between
Raplp and TFIID, we next asked whether these two proteins
physically interact. To test this hypothesis, we performed a
TFIID-Raplp pull-down experiment; this experiment both en-
abled us to test for direct interaction and allowed us to esti-
mate the relative affinity of such interaction. In this assay
TFIID was specifically loaded onto anti-HA-coated protein A
beads by incubation with the Bio-Rex fractions derived from
either HA-TAFI or TAFI cells (see purity and specificity of
TFIID loading in Fig. 3A, lanes 1 and 2). Purified recombinant
Raplp was added to both sets of beads (Fig. 3B, lanes 1 and 2),
and then TFIID, along with TFIID-bound proteins, was eluted
from the beads with HA-peptide. The TFIID and Raplp con-
tents of the control (TAFI) (Fig. 3B, lane 4) and TFIID (HA-
TAF1I) (Fig. 3B, lane 3) pull-down samples were measured by
immunoblotting. The results of this assay show that Raplp
interacts directly with TFIID and that binding appears rather
tight (we estimate the apparent binding affinity, K, ,,,,,, for the
interaction between Raplp and TFIID to be ~300 nM). This
experiment was repeated using several different preparations
of similarly purified TFIID or with TFIID purified through an
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FIG. 2. Raplp and TFIID are both necessary for UASy,p;-driven WCE in vitro transcription. (A) Efficacy and specificity of Raplp immu-
nodepletion. WCEs were treated as indicated: no treatment (WCE), with protein A beads alone (Protein A), subjected to incubation but with no
additions (Mock), with nonimmune rabbit IgG bound to protein A beads (Non-Imm IgG), or with anti-Raplp IgG bound to protein A beads
(a-Raplp IgG). Equivalent amounts of each of these WCEs, along with 2 ng purified recombinant His¢-Raplp as a positive control, were subjected
to SDS-PAGE and blotted, and the blots were probed with anti-Raplp antibody (Raplp and Hise-Raplp are indicated by arrows). (B) Tran-
scription of UASy 4p;-HIS3 is Raplp dependent and rescued in Raplp-depleted WCE by readdition of purified recombinant Raplp. The control
(lanes 1 to 7) and immunodepleted (lanes 8 to 11) WCEs of panel A, with either no additions (lanes 1, 2, 3, 4, 8, 12, and 13) or the addition of
the indicated amounts of purified recombinant Rap1p were used for in vitro transcription experiments with a plasmid carrying the UAS ,p,-HIS3
reporter gene as a template (Fig. 1A). Transcription of the UASy,p;,-HIS3 reporter gene was monitored by primer extension analysis using an
mRNA/3_complementary probe. Primer extension of specific in vitro transcription products (mRNA/"3; arrow, left) comigrated with the
extension product produced from authentic, in vivo mRNA®$3 produced from the integrated UASg ,p,-HIS3 reporter gene (arrow, right, lane 14).
Additional control reactions (lanes 12 and 13) used untreated WCE and were performed in the absence of template DNA (lane 12) or in the
presence of 10 wg/ml a-amanitin (lane 13). (C) Efficacy and specificity of TFIID immunodepletion. WCE was treated as for panel A except that
anti-Taf4p IgG was used as the specific antibody. Equivalent amounts of each of these WCEs, along with 2.5 ng purified TFIID as a positive control,
were subjected to SDS-PAGE and blotted, and the blots were probed with antibodies recognizing the indicated proteins (Taf7p, Tafdp, and
Taf13p). (D) Transcription of UAS,p;-HIS3 is TFIID dependent and rescued in TFIID-depleted WCE by readdition of purified TFIID but not
by addition of TBP. Transcription experiments were conducted with control and anti-Taf4p IgG/TFIID-immunodepleted WCEs, as shown, in the
presence and absence of the indicated amounts of TBP or TFIID. All WCEs, controls, depletions, and transcription assays were as for panels A
and B. (E) Efficacy and specificity of TFIID/Rap1p double immunodepletion. WCE was treated as for panels A and C except that both bead-bound
anti-Taf4p IgG and anti-Raplp were used. Equivalent amounts of each of the resulting WCEs, along with 0.8 ng purified TFIID, 2 ng Hiss-Raplp,
and 0.8 ng Hiss-TBP, were run in parallel as positive controls. Proteins were subjected to SDS-PAGE and blotted, and the blots were probed with
antibodies recognizing the indicated proteins (Raplp, Taf7p, Taf4p, Taf13p, and TBP). (F) TFIID and Raplp, but not TBP, can efficiently rescue
specific transcription in doubly depleted WCE. Transcription experiments were conducted with control and anti-Taf4p/anti-Raplp IgG doubly
immunodepleted WCEs, as shown, in the presence and absence of the indicated amounts of Raplp, TBP, or TFIID. All controls, depletions, and
transcription assays were as described above. (G) The UAS, p;-driven HIS3 reporter gene is efficiently transcribed in the absence of the
Fhl1p-Ifhlp coactivator complex. WCEs were prepared in parallel from WT (YPH252) and AFHLI AIFH doubly deleted yeast (DR35). Equivalent
amounts of protein from these two extracts (WT WCE and AFHL1/AIFH1 WCE) were tested for in vitro transcription of the UAS ,p,-driven HIS3
reporter gene. Controls were as for panels B, D, and F. Transcription was quantitated by imaging as for Fig. 1C.
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FIG. 3. Direct, high-affinity binding of Raplp with TFIID.
(A) Specificity of loading of HA-Taflp-tagged TFIID beads for pull-
down assay. Equivalent volumes of TFIID purified from HA-tagged
Bio-Rex 70 1 M fraction (HA-TAF1) and untagged control Bio-Rex 70
1 M fraction (TAFI) were fractionated by SDS-PAGE and stained with
Sypro Ruby, and TFIID subunits were visualized using a Bio-Rad FX
fluorescence scanner; the image is shown. (B) Purified recombinant
Raplp interacts with TFIID. Anti-HA MADb beads were specifically
loaded with TFIID (In) (A). The resulting control and TFIID-contain-
ing beads were washed extensively and incubated with a threefold mole
excess (relative to TFIID) of purified E. coli-expressed Raplp. Raplp
specifically TFIID bound was eluted with HA-peptide and detected by
immunoblotting with anti-Raplp IgG (pull-down [PD]); recovery of
TFIID in the eluate was scored by probing for Taf13p.

additional Mono-S fast protein liquid chromatographic step
(68), with equivalent results. We conclude from the experiment
of Fig. 3 that Raplp binds TFIID directly, specifically, and with
high affinity.

Mapping the Raplp domains mediating TFIID binding.
Having shown that Raplp binds directly to TFIID, we next
mapped the domain(s) of Raplp responsible by using in vitro
(TFIID pull-down) and in vivo (ChIP) assays. The purity of the
reagents used for the pull-down studies is illustrated in Fig. 4A,
where purified TFIID and five E. coli-expressed variants of
Raplp (WT, AN, AC, ADBD, and DBD; see Fig. 1A for Raplp
domain organization) were fractionated by SDS-PAGE and
visualized with Sypro Ruby. The various purified recombinant
proteins were analyzed by gel shift for in vitro DNA binding
activity and in vitro transactivation potential by using Raplp-
depleted WCE; all but the ADBD variant were active in these
two functional tests (Table 2). The TFIID-Raplp pull-down
assay demonstrated that all Raplp variants bound to TFIID
but with various affinities: AN ~ DBD > WT >> AC ~ ADBD
(Fig. 4B). Quantitation of these and similar experiments (not
shown; see Materials and Methods for details) allowed us to
calculate Raplp-TFIID binding affinities, relative to WT
Raplp, for the interaction of these five forms of Raplp with
TFIID as follows: AN and DBD variants, 2.1; WT, 1.0; ADBD,
0.2; and AC, 0.16.

To provide an in vivo correlate of these data, we next per-
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FIG. 4. Mapping of Raplp domains responsible for Rap1p-TFIID
complex formation. (A) Purity of TFIID and Raplp variants. Purified
TFIID (~2,000 ng) and ~100 ng of the five forms of purified Raplp
(WT, AN, AC, DBD, and ADBD) indicated (arrows) were fractionated
by SDS-PAGE and detected by Sypro Ruby staining. (B) Binding of
Raplp variants to TFIID. The five forms of Raplp were tested for
TFIID binding as detailed for the experiment of Fig. 3B; TFIID-
Raplp binding was quantitated as detailed in Materials and Methods.

formed ChIP assays using yeast cells expressing the WT, AN,
AC, and DBD forms of Raplp. Because the ADBD form of
Raplp fails to bind DNA, either in vitro or in vivo, it is unable
to support viability and thus could not be analyzed in these in
vivo assays (19). For this set of ChIP experiments, we con-

TABLE 2. Relative activities of WT and truncated forms of Raplp

UASgap; Tre Uati
Rfaplp [Raplp] ~ DNA ;‘:t?rfgm;o“ Raplp-TFIID  Predicted
orm  invivo®  binding Vitrof (Ky) transcription
in vitro”
WT 1.00 1.00 1.00 1.00 1.00
AN 0.35 1.00 1.80 2.14 1.35
AC 0.90 1.00 0.20 0.17 0.03
DBD 022 050 0.30 2.14 0.07

¢ In vivo steady-state Raplp concentration determined by quantitative immu-
noblotting.

® Relative DNA binding affinity determined by gel mobility shift assay using a
32P-labeled 19-mer probe, ATATACACCCATACATTGA (the RAPI site is in
boldface).

¢ Raplp transactivation potential determined by in vitro transcription assay
using anti-Raplp IgG-depleted WCE. Assays performed as for Fig. 2B.

@ Relative Rap1p-TFIID binding values determined by pull-down assay; data
are taken from the experiment of Fig. 4 (see text).

¢ Product of multiplying the values in the previous four columns.
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FIG. 5. Contribution of Raplp domains to PIC formation and transcription in vivo. (A) Effect of Raplp truncations on ChIP occupancy and
transcription. ChIP assays were used to determine the in vivo occupancy of Raplp and Taflp/TFIID, TBP, and RNAP II on RPS8A, PYKI, and
the UASg,p,-HIS3 reporter gene. Occupancy was calculated as percent enrichment in the IP over the input. Transcription (TRXN) was assessed
by real time Q-RT-PCR as for Fig. 1D. Error bars indicate standard deviations. B, Assessment of the relative efficiencies of Raplp variants in the
promotion of PIC formation and transcription. Data for Taflp, TBP, and RNAP II occupancy and transcription from panel A were normalized
to Raplp occupancy and plotted relative to WT Raplp set to a value of 1.0; data trends are indicated by dashed lines (see text).

structed pseudodiploid yeast strains that express both a chro-
mosomal WT RAPI allele under control of the UAS,, en-
hancer and a plasmid-borne Mycs-tagged version of either the
WT, AN, AC, or DBD RAPI allele, all under the control of the
normal chromosomal RAPI enhancer-promoter sequences.
These pseudodiploid yeast cells were grown in galactose, con-
ditions where transcription of the plasmid-borne RAPI en-
hancer-promoter-controlled Mycs-tagged RAPI alleles was au-
torepressed (20). After shifting cells to glucose medium to
repress the chromosomal UAS ,,-RAPI allele and activate

transcription of the Mycs-RAPI alleles, cells were grown for
seven doublings to allow for the complete degradation of the
untagged WT Raplp (data not shown). Aliquots of the cul-
tures were then removed for determination of Mycs-Raplp
protein and mRNA levels, while the remainder was processed
for ChIP.

Cells expressing all the variants as the sole source of Raplp
were viable; cells expressing Raplp-AN grew like the WT,
while strains expressing Rap1p-AC or Raplp-DBD alone grew
very slowly (19). Moreover, the strains expressing Raplp-AC
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and Raplp-DBD both exhibited total protein and total RNA
levels that were reduced two- to threefold compared to WT
levels. We conclude that these dramatic effects on growth,
RNA synthesis, and total protein synthesis are a direct conse-
quence of decreased Raplp function, because steady-state lev-
els of these two truncated Raplp proteins are similar to those
for the WT and AN Raplp variants (Table 2).

In order to assess the effects of the truncation mutations on
Raplp function in vivo, we performed ChIP on the yeast
strains expressing the WT, AN, AC, and DBD forms of Raplp.
ChIP immunoprecipitates were probed by Q-RT-PCR to mea-
sure Raplp, TFIID, TBP, and RNAP II occupancy on RPS8A4,
PYK1, and UAS 4 p;-HIS3. Presented in Fig. SA are occupancy
values for each protein as well as normalized transcription
levels for each gene in the four different strains. Full-length
Raplp efficiently bound the RAPI enhancer sites in all three
genes (Fig. 5A), and deletion of Raplp N-terminal sequences
did not change this pattern of occupancy on any gene (Fig.
5A). By contrast, deletion of the C terminus of the protein (i.e.,
in either the AC- or DBD-alone Raplp variant) dramatically
reduced Raplp binding to the RPS84 and UAS g p,-HIS3 en-
hancers (Fig. 5A, top and middle panels). Surprisingly, though,
on the TAF,,4, PYKI gene we found that while AC-Raplp
bound with reduced efficiency, the DBD variant actually bound
the UASpyx; RAPI sites as well as full-length WT Raplp,
suggesting the possibility of potential Raplp intramolecular
regulatory interactions. However, in spite of the high Raplp
occupancy levels of the Raplp DBD on the PYKI enhancer,
occupancy of TBP and RNAP II on this gene, and indeed on
all genes tested, was lower than for the full-length and AN-
Raplp proteins, indicating that the Raplp DBD is deficient in
promoting PIC formation and transcription of all three genes
(Fig. 5A).

Importantly, even though overall Taflp and TBP occupan-
cies are reduced in strains expressing the AC and DBD Raplp
variants, Taflp/TBP occupancy ratios on the two TAF,,
genes, RPS8A and UASg,p;-HIS3, remained high, indicating
that all four forms of Raplp are indeed capable of recruiting
TFIID to these two TAF,,,, promoters, albeit with apparent
reduced efficiency (but see below). Lastly, as expected, we
observe low Taflp occupancy and a correspondingly low
Taflp/TBP ratio on the TAF,; , PYKI gene (Fig. 5A, bottom
panel).

Next, we wanted to more directly assess whether either the
efficiency of TFIID and RNAP II recruitment or transcription
of these genes was affected by the deletion of Raplp domains.
In order to measure this we normalized the values of the
different parameters (i.e., Taflp, TBP, and RNAP II occu-
pancy and transcription) to the amount of Raplp variant DNA
occupancy and then expressed these values relative to that for
the WT full-length Raplp set as 1.0. When these data was
plotted (Fig. 5B), three general patterns (dashed lines) were
observed. First, with the RPS8A4 gene, within error (except for
the AC variant), the normalized efficacies of TFIID and RNAP
II occupancy and transcription were roughly equal to (or
slightly higher than) WT for all Raplp forms tested (Fig. 5B,
top panel). This result indicates that each Raplp variant, once
UAS xpss4 €nhancer bound, is at least as efficient as full-length
Raplp at recruitment of the PIC and activation of transcrip-
tion on this gene. These results might reflect compensation by
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other cis/trans elements of the intact RPS8A enhancer. Second,
in the case of the UAS ,p,-HIS3 reporter gene, the normalized
efficiency of recruitment of TFIID and RNAP II and transcrip-
tion, were approximately equal in the case of the WT and
AN-Raplp forms, but both values were lower for the strains
expressing Raplp-AC and Raplp-DBD (Fig. 5B, middle
panel). These data are consistent with our in vitro Raplp-
TFIID interaction data (Fig. 4B) that show that all Raplp
truncations can bind to TFIID. Third, with the TAF, , PYKI
gene, TBP and RNAP II occupancy and transcription de-
creased linearly for the AN, AC, and DBD forms of Raplp
(Fig. 5B, bottom panel), suggesting that on this TAF, , gene,
different functions of Raplp are utilized during PIC formation
and activation of transcription.

Finally we considered several factors, such as relative affinity
for UASg4p;, in vivo protein levels, in vitro transactivation
potential, and TFIID binding affinity, in order to calculate a
predicted value for the expression of the Rap1p-driven TFIID-
dependent UASg,p; reporter gene (Table 2, predicted tran-
scription). These predictions were made under the assumption
that Raplp occupancy on the UASy ,p; enhancer was the dom-
inant driver of PIC formation and transcription. Interestingly, the
unique pattern of occupancy and transcription of the UASg ,p;-
HIS3 reporter gene seen in vivo (Fig. 5) was very close to that
predicted (Table 2), consistent with our hypothesis that on this
model chimeric reporter gene the Raplp-TFIID activator-co-
activator module does indeed drive transcription.

Mapping the TFIID subunits responsible for binding
Raplp. Protein blotting was used to globally assess the bind-
ing of Raplp to all TFIID subunits in a single experiment.
Duplicate samples of purified TFIID, partially purified re-
combinant Hiss-tagged Taf5p, and highly purified recombi-
nant His,-Taf12p and Hiss-Taf4p were fractionated by SDS-
PAGE. Half of the gel was stained directly to indicate the
mobility of the respective proteins (Fig. 6A, left panel), and
the other identical half was blotted to a PVDF membrane
and incubated with Raplp and the resulting Raplp-Tafp
complexes were detected using anti-Raplp IgG (Fig. 6A,
right panel); Raplp bound preferentially to Tafl2p. We
determined that this binding was dose dependent, was sat-
urable (not shown), and specifically competed with excess
Taf12p (Fig. 6B; compare Tafl2p and PDES competition
curves). Moreover, the “specific activity” of Raplp binding
to Taf12p binding was roughly equivalent to that for both
TFIID-Taf12p and E. coli-expressed Taf12p. Together these
data suggest that the binding of Raplp to TFIID is domi-
nated by interactions between Raplp and the Tafl12p sub-
units of TFIID, though Raplp also clearly binds, with
slightly reduced affinity, to Taf4p and Taf5p.

In order to determine which region of Taf12p interacts with
Raplp, we generated a systematic family of N- and C-terminal
truncation variants of Tafl2p. These deletion mutants were
cloned and expressed as GST fusion proteins in E. coli (Fig. 7,
top left panel). We assessed the binding of Rap1p to this family
of Tafl2p proteins by protein blotting (Fig. 7, bottom left
panel). Raplp bound to all Taf12p variants containing the
C-terminal residues of conserved homology block 1 (Fig. 7,
right panel), indicating that this domain of Taf12p contributes
importantly to the interaction with Raplp.
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FIG. 6. Mapping of TFIID subunits capable of binding Raplp. (A) Protein blotting test of Raplp-Tafp interaction. Purified TFIID and
recombinant Hisg-tagged Tafps were fractionated by SDS-PAGE. The gel was loaded with molecular weight (MW) standards (lane 1), ~2,000 ng
purified TFIID (lanes 3 and 7), ~250 ng E. coli-expressed His,-Taf5p (lanes 2 and 6), ~200 ng Hisg-Taf12p (lanes 4 and 8), and ~100 ng E.
coli-expressed Hiss-Taf4p (lanes 5 and 9). One part of the gel (lanes 1 to 5) was excised and stained directly with Sypro Ruby (Sypro Gel) to indicate
the mobility of TFIID subunits and recombinant Tafps, while the other identical part (lanes 6 to 9) was blotted to a PVDF membrane and probed
with Raplp. Tafp-bound Raplp was detected by immunoblotting with anti-Rap1p IgG (Bound). (B) Specificity of Rap1p binding to Taf12p. Equal
amounts of E. coli-expressed Hiss-Taf12p (250 ng) were fractionated by SDS-PAGE and blotted to PVDF, and individual lanes were excised from
the blot and incubated with Raplp in combination with 5- or 10-fold mole excess of either E. coli-expressed Hisg-Taf12p (inset lanes 2 and 3) or
purified bovine phosphodiesterase 5 (PDES5) (inset lanes 4 and 5). No exogenous competitor was added to Rap1p (inset lane 1) to determine 100%,
control binding to Taf12p. PVDF-bound Taf12p was detected by staining the membrane slices with Coomassie blue (CB-Stain), while Rap1p-
Taf12p complex was detected by immunoblotting with anti-Raplp IgG (Bound) as for panel A. Raplp binding was quantitated and graphed

relative to binding in the absence of competitor. Averages of results from two replicate assays are plotted.

DISCUSSION

In this report we describe our efforts to test the hypothesis
that TFIID serves as coactivator on ribosomal protein-encod-
ing genes by making direct, specific interactions with the mul-
tifunctional DNA binding transcription factor Raplp. We
found that these two proteins do interact, both in vivo and in
vitro. This is the first demonstration of direct transfactor bind-
ing to the yeast TFIID holocomplex, and it sets the stage for a
detailed dissection of the molecular mechanism of action of
the coactivator function of TFIID.

Raplp and TFIID functionally interact to drive transcrip-
tion of authentic RP genes and a chimeric UASy ,p,-driven
reporter gene in vivo. Using mutant forms of Raplp, TFIID-
Tafp subunits, and reconstructed RAPI " and RAPI~ versions
of a minimal UAS ,p,-driven HIS3 reporter gene, we confirm
and extend the observations of others (46, 53, 87) by demon-
strating a biochemical and genetic requirement for Raplp,
UAS g4p;» and TFIID function for efficient RP gene transcrip-
tion in vivo (Fig. 1). Most importantly, these data indicate that
the simple chimeric UASy p,-HIS3 reporter gene accurately
recapitulates the critical features of authentic Raplp-con-
trolled RP gene regulation noted above (i.e., dependence/re-
cruitment on Raplp, RAPI, and TFIID) and therefore could
appropriately be utilized for in vitro studies designed to probe
the molecular mechanisms of the functional in vivo interplay
between Raplp and TFIID.

Raplp and TFIID functionally interact to drive UASy; p;-
directed gene transcription in vitro. We were able to repro-
duce the efficient and accurate RNAP II-catalyzed transcrip-
tion of the UASg,p;-driven chimeric HIS3 reporter gene in
vitro with a WCE transcription system (Fig. 2). The UASg4p;
enhancer used to drive HIS3 reporter gene transcription in
vitro consists only of 41 bp of the RPS8A enhancer, CTTTAC
ATCCATACACCCTCTTTAACACCCTTACACTTTTA, and is
comprised of just two 14-bp high-affinity Raplp binding sites
(boldface) separated by 6 bp of DNA and flanked by 3 bp
upstream and 4 bp downstream. This fact minimizes the pos-
sibility that other known RP gene transcription factors, such as
Fhllp-Ithlp, Hmolp, or Sfplp, might contribute to our tran-
scription results. It is important to emphasize then that due to
the minimal constitution of this chimeric gene, both our in vivo
(Fig. 1 and 5) and in vitro (Fig. 2) transcription experiments
that utilize the UAS g 4p,-HIS3 gene are reporting interactions
between just Raplp and the transcription machinery.

Specific transcription of the UASy ,p,-driven reporter gene
in vitro depends upon both Raplp and TFIID, since immu-
nodepletion of either protein dramatically decreases specific
transcription to basal, non-Raplp-activated levels. Impor-
tantly, UASp,;-directed gene transcription could be rescued
in the depleted extracts by the addition of the appropriate
purified protein, and in the case of the TFIID-depleted WCE,
TBP was unable to reconstitute Raplp-activated transcription.
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FIG. 7. Mapping of the Raplp binding domain of Taf12p. Serial truncations from the N or C terminus of Taf12p were expressed as GST fusion
proteins and purified by glutathione-agarose chromatography. Proteins were fractionated on two identical SDS-polyacrylamide gels and blotted to
PVDF membranes; one blot was directly stained with Coomassie blue (CB Stain), while the other blot was probed with Raplp, and Taf12p-bound
Raplp was detected with anti-Raplp IgG (Raplp Blot). A schematic of Taf12p indicating the locations of two conserved amino acid sequence
blocks, block 1 (highly conserved among Saccharomyces cerevisiae sensu stricto strains) and block 2 (the histone fold domain [HFD]), are indicated,

as is a summary of the binding data (right).

Doubly depleted extracts (i.e., without both Raplp and
TFIID) required the readdition of both purified proteins for
rescue of UASg,p,-driven reporter gene transcription. The
Fhllp-Ith1p coactivator complex was not required for efficient
transcription in our in vitro system (Fig. 2).

We draw a number of conclusions from these in vitro tran-
scription experiments that corroborate and complement our in
vivo studies. First, the reconstitution results indicate that the
component that was antibody depleted was the targeted mol-
ecule (i.e., Raplp or TFIID) and not other RPG transcription
factors. Second, the purified proteins added to the depleted
WCEs were highly active, since Raplp and TFIID were added
back to approximate their levels in the initial WCE and at
these levels efficiently reconstitute activated transcription.
Third, the fact that TFIID, but not TBP, reconstitutes Rap1p-
driven transactivation of transcription argues that Raplp in-
teracts with a Tafp(s) within the context of the TFIID holo-
complex. This idea is underscored by the fact that while =90%
of TFIID Tafps are immunodepleted from treated WCE,
=15% of WCE TBP was removed by anti-Tafdp IgG (72).
Fourth, TFIID and Raplp appear to be in excess in the WCE,
because addition of these purified proteins to control WCE has
no dramatic stimulatory effect upon transcription. Fifth, effi-
cient Raplp-driven transactivation does not obligatorily re-
quire nuclear matrix tethering. Sixth, functional Rap1p-TFIID
interaction can occur independent of nucleosomes and/or

chromatin, since naked DNA was used as the template in all
reactions. Finally, these data argue that if posttranslational
modifications (PTMs) are mandatory for complementing
activity, such PTMs must be catalyzed by WCE-endogenous
activities, because Raplp was purified from E. coli.
Rapl1p-TFIID functional collaboration is mediated by di-
rect, specific, high-affinity protein-protein interactions be-
tween transactivator and TFIID holocomplex. We found that
Raplp bound directly and with high affinity (K, ,,, in the
nanomolar range) to purified TFIID (Fig. 3B). PTMs are not
required for the interaction of pure Raplp with pure TFIID.
Given the probable minimal 10 wM intranuclear concentra-
tions of both Raplp and TFIID (i.e., roughly 5 to 10,000
molecules of each in 20 X 10" liter) and our estimate of a
binding constant for Raplp-TFIID complex formation the
nanomolar range, these two proteins could readily bind in vivo.
TFIID pull-down and ChIP studies with Raplp variants
support the idea that specific Raplp domains directly and
specifically recruit TFIID to RP and UASg,p,-HIS3 genes
(Fig. 4 and 5), a proposition supported by the results of Raplp-
Tafp protein blotting experiments (Fig. 6). These data indicate
that primary contacts between TFIID and Raplp are mediated
through a C-terminal domain (aa 597 to 827) and DBD (aa 361
to 596) of Raplp and a domain within the N-terminal half of
the Taf12p subunit of TFIID (Fig. 7). N-terminal Taf12p se-
quences have been shown by others to contribute to transcrip-
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tional readout in several other in vivo contexts (27, 56, 96). In
addition to the tight binding of Raplp to Tafl2p, we repro-
ducibly detect somewhat lower-affinity binding of Raplp to
Taf4p and Taf5p. It is notable that when all the parameters
vis-a-vis Raplp and TFIID are taken into account (Table 2),
we are able to make a reasonable prediction as to UASg ,p;-
HIS3 reporter gene transcriptional readout (Fig. 5B and Table
2), a result consistent with the hypothesis that the TFIID-
Raplp interactions identified here are physiologically relevant
and likely contribute significantly to activating ribosomal pro-
tein gene transcription in vivo.

The Taf4p-Tafl2p heterodimer: a nexus for transfactor-
TFIID interactions? It is interesting that we observe Raplp-
Taf12p and Raplp-Taf4p interactions in our direct protein
binding assays (Fig. 6 and 7); transfactor-Taf12p and transfac-
tor-Taf4p interactions have been observed previously (16, 25,
27, 28, 37, 65). Indeed, to date, transfactor-Taf4p interactions
are arguably the most frequently observed interactions be-
tween DNA binding transfactors and TFIID. Factors Spl,
CREB, RAR, HP1, CBF, RanBPM, simian virus 40 small t
antigen, NFAT, AhR, and c-Jun have all been reported to
interact with Taf4p (1, 6, 7, 13, 18, 19, 28, 32, 34, 54, 68, 71, 89,
94). Given these numerous Taf4p-Tafl2p-transfactor interac-
tions, it will be interesting to dissect the molecular details of
Raplp-Tafp binding. For example, is there a single domain, or
multiple domains, within the Taf4p or Taf12p subunits that can
bind the transfactor? Are there multiple pathways by which
transfactor-Tafp interaction results in transactivation?

What is the mechanism by which Rap1p-TFIID interaction
results in RP gene activation? Examination of our earlier elec-
tron microscopy (EM)-based TFIID subunit mapping data
(44) shows that Taf12p, which heterodimerizes with Taf4p (64,
85) and is present in two copies/TFIID molecule (72), localizes
to both B and C lobes of the TFIID holocomplex. Interestingly,
Taf5p (either its N terminus in lobe C or its C terminus in lobe
B) also colocalizes with the Taf12p-Taf4p heterodimer. Thus,
our observation that Raplp binds tightly to Taf12p, and some-
what more weakly to both Taf4p and Taf5p, is likely to be
physiologically important. Since TFIID contains two molecules
of Taf4p-Taf12p per holocomplex and most RPGs contain two
binding sites for Raplp, it is possible that these two UAS p;-
bound Raplp molecules simultaneously interact with both
Taf12p subunits of TFIID, resulting in more efficient interac-
tion with the TFIID coactivator. Such multiple Rap1p-Taf12p/
TFIID interactions could contribute to the substantial tran-
scription rates of this gene family.

How might the direct binding of Raplp to TFIID-Taf12p
stimulate PIC formation and transcription? The first potential
mechanism we considered was that Rap1p-TFIID cooperative
interactions would stimulate binding to DNA, as has been
observed in the case of the interaction of two Drosophila trans-
factors with Drosophila TFIID (75, 76). However, under the
conditions tested, numerous attempts to reproducibly detect
such cooperative interactions between Raplp and TFIID were
unsuccessful (not shown). Consequently, we hypothesize that
the interaction of DNA-bound Raplp with TFIID either in-
duces a specific conformational change in TFIID or, alterna-
tively, results in the covalent modification of these or other
proteins comprising the PIC.

Nogales, Tjian, and colleagues have used EM to show that
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FIG. 8. Model depicting Raplp-TFIID interaction in RP gene
transcription. Line 1, hypothetical RP gene with TFIID bound to the
core promoter and two molecules of Raplp bound to tandem RPG
UAS4p; enhancer sites. Illustrated within the trilobed (lobes A, B,
and C) TFIID holocomplex (44) are the locations of TBP (red), Taflp
(yellow), and the Raplp-interacting Tafps identified here: the two
heterodimers of Taf4p-Taf12p (green) and the two molecules of Taf5p
(blue). Line 2, interactions between the Raplp DBD and C-terminal
domain and the Taf12p/Taf4p and Taf5p subunits of TFIID (jagged
red/yellow lines and small black curved lines). Line 3, the RP gene in
the state of active transcription (wavy lines). Also shown are the ad-
ditional known RP gene coregulators (i.e., Fhllp-Ifthlp, Sfplp,
Hmolp, Esalp-NuAd4, etc.) (light gray oval) and RNAP II plus GTFs
(dark gray).

VP-16 and SREBP activators, as well as the RNAP II CTD,
can induce distinct conformational changes in the CRSP me-
diator complex (61, 84). Moreover, very recently these same
workers utilized cryo-EM methods to demonstrate that human
TFIID exhibits conformational heterogeneity, and they have
suggested that the different forms of TFIID observed could be
involved in integrating multiple gene regulatory cues from
DNA-bound transfactors (24); such may be the case for yeast
TFIID and Raplp.

TFIID either contains intrinsic catalytic activities/functional
domains or associates with proteins known to contain such
activities (i.e., acetyltransferase, bromodomains, kinase, and
ubiquitin ligase/protease) (2, 12, 14, 51, 52, 57, 62, 97, 98).
Thus, it is possible that Rap1p-TFIID-DNA ternary complex
formation could trigger covalent modification of either Raplp,
TFIID, or other components of the basal transcription machin-
ery (30), resulting in (more) efficient PIC formation and/or PIC
function and leading ultimately to enhanced rates of RPG



VoL. 27, 2007

transcription. Of course, some combination of both a triggered
conformational change(s) and a triggered covalent modifica-
tion(s) could be operative in the Rap1p-TFIID system. Finally,
it should be noted that both models are consistent with the fact
that Raplp occupancy does not appear to dramatically change
over a wide range of RP gene transcription rates (70, 77, 91).
Additional biochemical, genetic, and EM studies that utilize
mutant forms of Raplp and TFIID (i.e., variant forms of
Taf12p, Taf5p, and/or Taf4p) will be required to definitively
distinguish which, if any, of these models are correct.

Summary and perspectives. Together, our results are con-
sistent with a model for RP gene activation wherein UAS 4p;-
bound-Raplp directly interacts with the Taf12p subunit(s) of
TFIID (Fig. 8). This interaction in turn leads to more efficient
PIC formation (or function) and hence RP gene transcription.
How TFIID is recruited and what signals/molecules trigger
productive/activating interactions between the two proteins re-
main to be elucidated. Our future work will be aimed at study-
ing the molecular details of the various protein-protein inter-
actions described here. Equally important will be to
undertake experiments to illuminate how the Rap1p-TFIID
activator-coactivator module interacts with the other known
RPG regulatory proteins such as NuA4, Fhllp-Ithlp, Sfplp,
and Hmolp, molecules that play essential roles in RP gene
regulation. Finally, from a more global point of view, the
ideas and approaches outlined here should prove useful in
formulating testable hypotheses regarding how TFIID
mechanistically contributes to the regulation of transcrip-
tion of the other 90% of yeast mRNA-encoding genes that
are also TFIID dependent (3).
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