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ABSTRACT

The cap-binding complex (CBC) binds to the cap
structure of mRNA to protect it from exonucle-
ases as well as to regulate downstream post-
transcriptional events, translational initiation and
nonsense-mediated mRNA decay. However, its
role in regulation of the upstream transcriptional
events such as initiation or elongation remains
unknown. Here, using a formaldehyde-based
in vivo cross-linking and chromatin immunopre-
cipitation assay in conjunction with transcriptional,
mutational and co-immunoprecipitational analyses,
we show that CBC is recruited to the body of yeast
gene, and then stimulates the formation of pre-
initiation complex (PIC) at several yeast promoters
through its interaction with Mot1p (modifier of tran-
scription). Mot1p is recruited to these promoters,
and enhances the PIC formation. We find that
CBC promotes the recruitment of Motip which
subsequently stimulates PIC formation at these
promoters. Furthermore, the formation of PIC is
essential for recruitment of CBC. Thus, our study
presents an interesting observation that an mRNA
binding factor exhibits a reciprocal synergistic
effect on formation of PIC (and hence transcriptional
initiation) at the promoter, revealing a new pathway
of eukaryotic gene regulation in vivo.

INTRODUCTION

Gene regulation, which turns on and off the expression of
specific RNA polymerase II (RNAPII) genes in response

to environmental changes during cell differentiation and
development, occurs widely at the level of transcriptional
activation which is initiated by the promoter-specific acti-
vators. A typical activator contains a promoter-targeting
region, which is often a sequence-specific DNA binding
domain, and a distinct activation domain. A variety of
studies indicates that activator interacts directly with one
or more components of the transcription machinery to
stimulate the assembly of general transcription factors
(GTFs) such as TFIIA, TFIIB, TFIID, TFIIE, TFIIF,
TFIIH and RNAPII for formation of the pre-initiation
complex (PIC) at the core promoter of RNAPII gene to
initiate transcription which is followed by elongation, and
subsequently termination to generate mRNA (1-11).

The mRNA has a characteristic 5-end consisting of a
7-methylguanosine cap structure attached by a 5-5
phosphotriester linkage to the first encoded nucleotide.
The cap-binding complex (CBC) binds to the cap structure
to protect mRNA from 5 — 3 exonucleases. CBC is
composed of two different proteins, namely, Cbp20p
and Cbp80p. Cbp20p has a structure common to many
RNA binding proteins and is tightly bound to Cbp80p in a
way that leaves the RNA binding surface of Cbp20p
exposed. Such an RNA binding surface, which is highly
conserved in evolution from yeast to human, first binds
to the cap, and then the flexible ends of Cbp20p keep the
cap in place by folding over it with the help of Cbp80p
(12—17). Thus, neither Cbp20p nor Cbp80p has been bio-
chemically found to bind to the capped RNA alone (18).
The homologs of both CBC proteins have been identified
in all eukaryotes examined so far (16-23).

Both yeast and human CBC play analogous roles in
pre-mRNA splicing. The efficiency with which U1l small
nuclear ribonucleoprotein particle (snRNP) binds to the
cap-proximal 5 splice site is stimulated by CBC, and thus,

*To whom correspondence should be addressed. Tel: +1 618 453 6479; Fax: +1 618 453 6440; Email: sbhaumik@siumed.edu

Present address:

Abhijit Shukla, Department of Pathology, Massachusetts General Hospital and Harvard Medical School, Richard B Simches Building,

185 Cambridge Street, Boston, MA 02114, USA.

The authors wish it to be known that, in their opinion, the first four authors should be regarded as joint First Authors.

© The Author(s) 2010. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



the rate of recognition and splicing of the cap-proximal
intron is enhanced (18,20,24-26). Further, formaldehyde-
based in vivo cross-linking and chromatin immunopre-
cipitation (ChIP) studies have demonstrated that CBC is
necessary for co-transcriptional spliceosome assembly at
an intron-containing gene in yeast (27), indicating an
essential link between CBC and spliceosome assembly
in vivo. CBC has also been implicated recently in pre-
mRNA splicing and alternative splicing in Arabidopsis
thaliana (28,29). Like splicing, the 3’-end formation of
pre-mRNA is regulated by CBC in vertebrates (30-36).
For example, the depletion of CBC from HelLa cell
nuclear extract strongly reduces the endonucleolytic
cleavage step of the cleavage and polyadenylation
process at the 3’-end of pre-mRNA. Unlike vertebrates,
yeast strains lacking CBC do not biochemically exhibit
defects in the 3’-end formation of pre-mRNA (26,37).
However, a recent study (38) has demonstrated the role
of CBC in regulation of the 3’-end formation of yeast
pre-mRNA in vivo. Like RNA splicing and 3’-end forma-
tion, the export of the capped RNAs is stimulated by CBC
(39-41). For example, CBC in vertebrates mediates the
effect of the cap structure in the export of U snRNA,
providing a direct evidence for the involvement of a
cellular RNA-binding factor in the transport of RNA to
cytoplasm. Further, Shen er al. (42) have demonstrated
the genetic and physical interactions between CBC and
Npl3p (an mRNA export factor) in yeast, indicating the
role of CBC in mRNA export. Recently, Nojima et al. (43)
have also demonstrated the interaction of CBC with RNA
export factor in HeLa cells for stimulation of mRNA.
Thus, besides protecting mRNA from the exonucleases,
CBC also regulates the downstream post-transcriptional
events such as RNA splicing, 3’-end formation and
export (18,20,24-45). Further, CBC is involved in
controlling translational initiation and nonsense-mediated
mRNA decay (46-51). Intriguingly, the recent studies
have also implicated CBC in processing primary
microRNAs, and regulating histone H2B ubiquitylation,
RNA interference and cell proliferation (22,52-55).
Together, these studies reveal that CBC plays crucial
roles in diverse biological processes to maintain normal
cellular functions.

Although the function of CBC in regulation of down-
stream post-transcriptional events is well-documented, it is
not yet known whether CBC plays any role in controlling
the upstream transcriptional events such as initiation or
elongation. Here, using a ChIP assay in conjunction with
transcriptional, mutational and co-immunoprecipitational
analyses, we demonstrate in Saccharomyces cerevisiae that
CBC stimulates the PIC formation (and hence transcrip-
tional initiation) at several promoters via its interaction
with Motlp (modifier of transcription), thus providing a
novel function of CBC in eukaryotic gene regulation.

MATERIALS AND METHODS
Plasmids

The plasmid pFA6a-13Myc-KanMX6 (56) was used for
genomic myc-epitope tagging of the proteins of interest.
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The plasmid pFA6a-3HA-His3MX6 (56) was used for
genomic HA-epitope tagging of the proteins of interest.
The plasmids, namely pRS416 and pRS413, were used in
the PCR-based gene disruption.

Yeast strains

Yeast (S. cerevisiae) strains harboring temperature-
sensitive (ts) mutation in SPTI5 and its isogenic
wild-type equivalent were obtained from the Struhl labora-
tory (Kevin Struhl, Harvard Medical School). The cegl-ts
(cegl-63; YSB230) and cet-ts (cet1-438; YSB717) mutants
and their isogenic wild-type equivalents (YSB242 and
YSB540, respectively) were obtained from the Buratowski
laboratory (Stephen Buratowski, Harvard Medical School)
(57,58). The motl-ts (MY603) and its wild-type (MY2 or
KY804) equivalent were obtained from the Collart labora-
tory (Martin Collart, CMU, Switzerland). FY67 and
FY1097 strains were obtained from the Winston labora-
tory (Fred Winston, Harvard Medical School) (59,60).
The strains MY 3 (Cbp80p-myc in sptl5-ts) and SGY 177
(Cbp80p-myc in wild-type W303a strain) were generated by
insertion of multiple myc-epitope tags at the original
chromosomal locus of CBPS0 in sptl5-ts and W303a, re-
spectively (56). The endogenous CBP20 gene of SGY177
was disrupted using a PCR-based gene knockout method
(61) to generate NSY14 (chp20A::URA3, Cbp80p-myc).
Similarly, the endogenous CBP80 gene of W303a was
disrupted to generate NSY15 (chbp80A::HIS3). Multiple
myc-epitope tags were added at the original chromosomal
loci of CBP20, RPB3, SRB4, SPT20, MOTI, RAD3 and
SNF2 in NSY15 to generate NSY27 (chpS8OA::HIS3,
Cbp20p-myc), NSY30 (chpSOA::HIS3, Rpb3p-myc),
PBY9 (cbpSOA::HIS3, Srb4p-myc), PBYo6
(cbp8OA::HIS3, Spt20p-myc), SLY3 (cbpS8OA::HIS3,
Motlp-myc), ASY2 (cbp80A::HIS3, Rad3p-myc) and
ASY10  (¢hpSOA::HIS3, Snf2p-myc), respectively.
Similarly, multiple myc-epitope tags were added at the
original chromosomal loci of CBP20, RPB3, SRB4,
SPT20, MOTI, RAD3 and SNF2 in W303a to generate
NSY26 (Cbp20p-myc), NSY17 (Rpb3p-myc), PBYS
(Srb4p-myc), ASY10 (Spt20p-myc), SLY2 (Motlp-myc),
ASY41 (Rad3p-myc) and ASY39 (Snf2p-myc), respective-
ly. Multiple HA-epitope tags were added at the original
chromosomal locus of CBP20 in SLY2 and SLY3 to
generate SLY8 (Cbp20p-HA and Motlp-myc) and SLY9
(Cbp20p-HA, Motlp-myc; chbp80OA::HIS3). The strains
bearing HA-tagged Cbp80p (SLYI14a) and Motlp
(SLY13a) were generated by separately adding multiple
HA-epitope tags in the chromosomal loci of CBP80 and
MOTI in W303a. Multiple myc-epitope tags were added to
MOTI in FY67 (SPT20 wild-type), FY1097 (Aspt20), and
SPT15 wild-type and ts mutant strains to generate GDY?7,
GDYS8, GDYS5 and GDY6, respectively.

Growth media

For the ChIP studies at ADHI, both the wild-type and
deletion mutant strains were grown in YPD (yeast
extract-peptone plus 2% dextrose) up to an optical
density at 600nm (ODgg) of 1.0 at 30°C prior to
formaldehyde-based in vivo cross-linking. For the studies
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at the GALI gene in the wild-type and deletion mutant
strains, yeast cells were first grown in YPR (yeast
extract-peptone plus 2% raffinose) up to an ODggo of
0.9, and then transferred to YPG (yeast extract-peptone
plus 2% galactose) for various induction time periods at
30°C  prior to formaldehyde-based cross-linking.
However, the sptl5-ts and motl-ts mutant strains and
their isogenic wild-type equivalents were grown in YPG
at 23°C up to an ODy, of 0.85, and then transferred to
37°C for 1 h before cross-linking. For cetl-ts and cegl-ts
mutant strains and their wild-type equivalents, yeast cells
were grown in YPG at 30°C up to ODyg of 0.85, and then
transferred to 37°C for 1 h (for cet/-ts and its isogenic
wild-type strains) or 4hr (cegl-ts and its isogenic
wild-type strains) prior to cross-linking. Similar growth
conditions were used for the GAL7, GALIO and GAL?2
genes. For the studies at HSP26 and other heat-shock
genes (e.g. SSA3 and SSA4), yeast strains were grown in
YPD at 23°C up to ODyggg of 0.9, and then switched to
39°C for 30min prior to cross-linking. The CUPI gene
was induced by I mM CuSO4 for 15min in synthetic
complete medium (yeast nitrogen base and complete
amino acid mixture plus 2% dextrose) at 30°C.

ChIP assay

The ChIP assay was performed as described previously
(62-65). Briefly, yeast cells were treated with 1% formal-
dehyde, collected and resuspended in lysis buffer.
Following sonication, cell lysates (400 ul lysate from
50 ml of yeast culture) were precleared by centrifugation,
and then 100ul lysate was used for each immunopre-
cipitation. Immunoprecipitated protein-DNA complexes
were treated with proteinase K, the cross-links were
reversed, and then the DNA was purified.
Immunoprecipitated DNA was dissolved in 20 ul TE 8.0
(10mM Tris—HCI, pH 8.0, and 1 mM EDTA), and 1 ul of
immunoprecipitated DNA was analyzed by polymerase
chain reaction (PCR). PCR reactions contained
[¢-32P]dATP (2.5uCi for each 25-ul reaction) and the
PCR products were detected by autoradiography after
separation on a 6% polyacrylamide gel. As a control,
‘input” DNA was isolated from 5l lysate without going
through the immunoprecipitation step and was suspended
in 100l TE 8.0. To compare PCR signal arising from
the immunoprecipitated DNA with the input DNA, 1 ul
of input DNA was used in PCR analysis. Serial dilutions
of the input and IP DNAs were used to assess the linear
range of PCR amplification as described previously (66).
The PCR data presented in this article are within the
linear range of PCR analysis.

For analysis of Motlp and Snf2p recruitment, we
modified the above ChIP protocol as follows (65).
Lysate (800pul) was prepared from 100ml of yeast
culture. Lysate (400 ul) was used for each immunopre-
cipitation (using 10 ul of anti-HA or anti-myc antibody
and 100l of protein A/G plus agarose beads from
Santa Cruz Biotechnology Inc.), and immunoprecipitated
DNA sample was dissolved in 10ul TE 8.0 for PCR
analysis. In parallel, the PCR for ‘input’” DNA was

performed wusing 1ul DNA that was prepared by
dissolving purified DNA from 5 pl lysate in 100 pul TE 8.0.
Primer-pairs used for PCR analysis were as follows:

ADHI(UAS):  5-GAGTTTCCGGGTGTACAATATGG-3
5-CTATTGTATATCTCCCCTCCGC-3'
ADHI(Core):  5-GGTATACGGCCTTCCTTCCAGTTAC-3

5'-GAACGAGAACAATGACGAGGAAACAAAAG-3
ADHI(ORFI1): 5-CTGGTTACACCCACGACGGTTCTT-3'

5-GCAGACTTCAAAGCCTTGTAGACG-3'
ADHI(ORF2): 5-CGGTAACAGAGCTGACACCAGAGA-3¥

5-ACGTATCTACCAACGATTTGACCC-3'

GALI(UAS):  5-CGCTTAACTGCTCATTGCTATATTG-3'
S-TTGTTCGGAGCAGTGCGGCGC-3'
GALI(Core): 5-ATAGGATGATAATGCGATTAGTTTTTTAGCCTT-3'

5-GAAAATGTTGAAAGTATTAGTTAAAGTGGTTATGCA-3'
GALI(ORF1): 5-CAGTGGATTGTCTTCTTCGGCCGC-3'
5'-GGCAGCCTGATCCATACCGCCATT-3'
GALI(ORF2): 5-CAGAGGGCTAAGCATGTGTATTCT-3'
5-GTCAATCTCTGGACAAGAACATTC-3
5-TCTTCTAGAAGCAAAAAGAGCGATG-3
5-CGCTGAACATTTTATGTGATGATTG-3
5-GCTAAAATGTGGAGATAGGATAAGT-3
5-TGAATAAGGTGCATAATGAAGAGCA-3
5-CTATGTTCAGTTAGTTTGGCTAGC-3
5-TTGATGCTCTGCATAATAATGCCC-3
GALIO (Core): 5-GCTAAGATAATGGGGCTCTTTACAT-3
5S'-TTTCACTTTGTAACTGAGCTGTCAT-3
HSP26 (Core): 5-AATAGGACCTCCATTAGTTAGAGAT-3
5-TGGACTGTTAAATGACATGTTAATTTGTTTAG-3'

CUPI(Core):
GAL2 (Core):

GAL7 (Core):

SSA3 (Core):  5-ATATTGCACAATTGGAAACGAATGG-3
5-AGCGTTTAGTACCTATTCTATCCGT-3'

SSA4 (Core):  5-GGAAGCACCAAGAAAAAAGGAAG-3
5-GTGGTTTTTATTCGAAAGTTGTGGAGAAAG-3

Chrom-V: 5-GGCTGTCAGAATATGGGGCCGTAGTA-3

5-CACCCCGAAGCTGCTTTCACAATAC-3

Autoradiograms were scanned and quantitated by the
National Institutes of Health image 1.62 program.
Immunoprecipitated (IP) DNAs were quantitated and
presented as the ratio of IP to input. Chrom-V, a
non-transcribed region in chromosome V.

We have performed each set of the ChIP experiments
multiple times, and consistent results were obtained. Most
of our ChIP data in this manuscript are presented in the
form of a histogram or line with error bars. Some of
the ChIP data are presented as autoradiogram. In such
presentation of autoradiogram, the quantitation of that
particular autoradiogram is shown below the band, as
has also been shown in our previous studies (62,65,606).

Whole-cell extract preparation and analysis

For analysis of global levels of TBP, Rpblp and Rpb3p in
the CBP80 deletion mutant and its isogenic wild-type
equivalent, the yeast strains were grown in 50ml YPR
up to an ODggyy of 0.9, and then induced for 60 min in
YPG. The harvested cells were lysed and sonicated to
prepare the whole-cell extract with solubilized chromatin
following the protocol as described previously for the
ChIP assay (62-65). The whole-cell extract was run on
SDS-polyacrylamide gel, and then analyzed by western
blot. The anti-TBP (obtained from Michael R. Green,
University of Massachusetts Medical School), anti-Rpbl
(8WG16; Covance) and anti-myc (9E10; Santacruz
Biotechnology Inc.) antibodies against TBP, Rpblp and
myc-tagged Rpb3p, respectively, were used for western
blot analysis.



Total mRNA preparation

The total mRNA was prepared from yeast cell culture as
described by Peterson et al. (67). Briefly, 10 ml yeast culture
of a total ODggo of 1.0 in YPD was harvested, and then was
suspended in 100 ul RNA preparation buffer (500 mM
NaCl, 200mM Tris—HCI, 100mM Na, EDTA and 1%
SDS) along with 100pul phenol/chloroform/isoamyl
alcohol and 100 pl volume-equivalent of glass beads (acid
washed; Sigma). Subsequently, yeast cell suspension was
vortexed with a maximum speed (10 in VWR mini-
vortexer; Cat. No. 58816-121) for five times (30 s each).
Cell suspension was put in ice for 30 s between pulses.
After vortexing, 150pul RNA preparation buffer and
150 pl phenol/chloroform/isoamyl alcohol were added to
yeast cell suspension followed by vortexing for 15 s with a
maximum speed on VWR mini-vortexer. The aqueous
phase was collected following Smin centrifugation at a
maximum speed in microcentrifuge machine. The total
mRNA was isolated from aqueous phase by ethanol
precipitation.

Primer extension analysis

Primer extension analysis was performed as described
previously (64). The primer used for analysis of GALI
mRNA was as follows:

GALI: 5-CCTTGACGTTACCTTGACGTTAAAGTATAG
AGG-3

Formaldehyde-based in vivo cross-linking and
co-immunoprecipitation assay

The co-immunoprecipitation assay was performed as
described previously (68). Briefly, yeast strains carrying
myc-tagged Motlp and HA-tagged Cbp20p in the CBPS80
deletion and wild-type strains were grown in YPG up to an
ODgqg of 1.0, and then cross-linked by formaldehyde. The
whole-cell extract was prepared by lysing and sonicating
the cross-linked yeast cells. Immunoprecipiation was per-
formed using an anti-HA antibody and protein A/G plus
agarose beads. Anti-Flag was used as a non-specific
antibody. After immunoprecipitaion, the agarose beads
were washed as in the ChIP assay. The washed A/G plus
agarose beads were boiled in the SDS-PAGE loading
buffer, and supernatant was analyzed by SDS-PAGE and
western blot. The anti-myc antibody was used in the
western blot analysis. The input is 1.25% of the lysate
that was used for immunoprecipitation.

Immunopurification of Cbp20p and Cbp80p

The yeast strains expressing HA-tagged Cbp20p or
Cbp80p were grown in 100ml YPD up to an ODggy of
1.0, and then were harvested. Subsequently, 800 ul WCE
was prepared from the culture of each strain.
Immunoprecipitation was performed using anti-HA
antibody attached to sepharose beads (mono-HA.11
clone 16B12 monoclonal antibody affinity matrix,
AFC-101P; Covance Inc.) for 4 h at 4°C. 400 ul WCE
and 100 pl sepharose beads (~50ul bed volume) were
used for each immunoprecipitation. The sepharose beads

Nucleic Acids Research, 2011, Vol.39, No.6 2191

following immunoprecipitation was washed under high
stringent washing conditions as in the ChIP assay
(62-65), but 0.5 M NaCl, instead of 1 M NaCl, was
used in the second and third washes of the beads. Then
the beads were equilibrated by buffer E (50 mM Tris-base,
250 mM NaCl, 1% NP-40, I mM EDTA; pH 8.5) before
elution of HA-tagged protein by HA peptide. The
immobilized protein (HA-tagged Cbp20p/Cbp80p) on
sepharose beads was eluted by incubating the beads in
two bed volumes (100pul) of buffer E containing HA
peptide with a final concentration of 1 mg/ml. The beads
were incubated for 30 min at 25°C on rotor. Elution was
performed three times. Buffer E (100 ul) with HA peptide
was used for each elution. The eluted HA-tagged protein
was analyzed by silver staining and western blot. An
anti-HA antibody was used as a primary antibody in the
Western blot analysis.

Protein interaction assay in vitro

To analyze the interaction of Cbp20p with Motlp, the
yeast strain expressing myc-tagged Motlp was grown in
100ml YPG up to an ODgyy of 1.0, and subsequently
800 ul WCE was prepared. WCE (400 pl) was used for
immunoprecipitation as in the ChIP assay using 10 pl
anti-myc antibody and 100 ul protein A/G plus agarose
beads. The immobilized Motlp on beads was thoroughly
washed under high stringent washing conditions as in the
ChIP assay (62-65), and then the washed beads with
immobilized Motlp was incubated with immunopurified
Cbp20p in buffer E containing HA peptide and aprotinin
for 15min at 25 °C. Subsequently, the beads were washed
by buffer W (50mM Tris-base, 2mg/ml BSA, 250 mM
NaCl, 1% NP-40, ImM EDTA; pH 8.5) containing
aprotinin for four times (1 ml each time). Last wash was
performed using buffer E containing aprotinin. The
washed beads were then boiled in SDS-PAGE loading
buffer, and the supernatant was subsequently analyzed
by SDS-PAGE and western blot to determine the inter-
action between Cbp20p and Motlp. An anti-HA antibody
was used in the western blot analysis. Likewise, the inter-
action of Cbp80p with Motlp was analyzed using
myc-tagged Motlp and immunopurified Cbp80p. Similar
experimental protocol was also used to analyze the inter-
action of Cbp20p with Cbp80 and Spt20p. For analyzing
the interaction of Cbp20p with Cbp80p, myc-tagged
Cbp80p and immunopurified Cbp20 were used. Myc-
tagged Spt20p and immunopurified Cbp20p were used to
analyze Cbp20p—Spt20p interaction.

RESULTS AND DISCUSSION

CBC is co-transcriptionally recruited to the coding
sequences of the active genes

To determine the role of CBC in regulation of transcrip-
tional initiation or elongation, we first analyzed its asso-
ciation with an active gene, GALI, using a ChIP (62-65)
assay. In this direction, both the Cbp20p and Cbp80p
components of CBC were tagged by multiple myc-epitopes
in their chromosomal loci. Different sets of specific
primer-pairs [(69), ‘Materials and Methods’ section]
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targeted to the UAS (upstream activating sequence), core
promoter and two different locations (ORF1 and ORF2;
towards the 5'- and 3’-ends of ORF, respectively) of the
open reading frame (ORF) or coding sequence (bottom
panel; Figure 1A) were used for PCR analysis of the
immunoprecipitated DNA samples. Figure 1A (Top
panel) shows that both the Cbp20p and Cbp80p compo-
nents of CBC were predominantly recruited to the GALI
coding sequence. However, these components were not
recruited to the GALI promoter (top panel, Figure 1A).
This was expected since CBC recruitment is dependent on
nascent mRNA following transcriptional initiation and
subsequent elongation. Consistently, we show that
CBC (Cbp80p) was not recruited to GALI (right panel;
Figure 1B) when RNAPII (Rpblp, the largest subunit
of RNAPII) was absent at the GALI core promoter
in the ts mutant strain of SPT15 (that encodes TBP,
TATA-box binding protein) (left panel; Figure 1B).
Thus, CBC is co-transcriptionally recruited to GALI in
an RNAPII-dependent manner.

Next, we asked whether the recruitment of Cbp20p and
Cbp80p are mutually dependent. To address this question,
we analyzed the recruitment of Cbp20p and Cbp80p to the
GALI ORF in the chp8OA and cbp20A strains, respective-
ly. If these proteins are functionally dependent on each
other in recognizing the cap-structure of mMRNA,
Cbp20p and Cbp80p will not be recruited to the GALI
ORF in the c¢hp80OA and cbp20A strains, respectively.
Indeed, the recruitment of Cbp20p was completely lost
in ¢chp8OA (left panel; Figure 1C). Similarly, Cbp80p was
not recruited to the GALI ORF in chp20A (right panel;
Figure 1C). However, the stabilities of Cbp20p and
Cbp80p were not altered in ¢hpS8OA and cbp20A, respect-
ively (Figure 1D). Thus, Cbp20p and Cbp80p are depend-
ent on each other for their recruitment to GAL! in vivo. To
determine whether Cbp20p and Cbp80p are also
co-transcriptionally recruited to other active genes in a
mutually dependent manner, we performed similar experi-
ments at a constitutively active gene, ADHI. We find that
CBC is predominantly recruited to the ADHI coding
sequence in an RNAPII-dependent manner (Figure 1E
and F). Further, Cbp20p and Cbp80p are dependent on
each other for their recruitment to ADHI (Figure 1G).
Thus, Cbp20p and Cbp80p are co-transcriptionally
recruited to the active genes in a mutually dependent
manner in vivo.

CBC stimulates the association of RNAPII with the
GALI coding sequence

Our data (Figure 1) demonstrate that CBC is co-recruited
with elongating RNAPII at the coding sequence of the
active gene. Similarly, Gorneman er al. (27) show that
the splicing factors are co-transcriptionally recruited to
the active genes. Interestingly, co-transcriptionally
recruited splicing factors have stimulatory effects on tran-
scriptional elongation (70,71). We thus hypothesized that,
like splicing factors, CBC might play an important role in
transcriptional elongation, since it is co-transcriptionally
recruited to the coding sequence (Figure 1A and E). To
test this hypothesis, we analyzed the association of

RNAPII with the coding sequence of the galactose-
inducible GALI gene in the CBPS80 deletion mutant and
its isogenic wild-type equivalent, using a ChIP assay.
Figure 2A shows that the association of the Rpb3p
subunit of RNAPII with the GAL! coding sequence in
the wild-type yeast cells was gradually increased within
90 min upon switching the carbon source in the growth
media from raffinose (non-inducing) to galactose
(inducing). Interestingly, the association of Rpb3p with
the GALI coding sequence was significantly reduced in
Acbp80 (Figure 2A). Similar reduction in the association
of the Rpbl1p subunit of RNAPII was also observed at the
GALI coding sequence in Achp80 (Figure 2B). However,
the reduced association of RNAPII with the GALI ORF
in Acbp80 could be due to slower growth of the mutant
strain within 90 min of induction. To address this issue, we
monitored the optical densities at 600 nm (ODgqg) of the
mutant and wild-type yeast cells within 90 min of induc-
tion. Figure 2C shows that the ODgq of the mutant cells
at different induction time points within 90 min was
almost same as those of the wild-type cells. However,
the mutant strain grew slowly as compared to the
wild-type equivalent at later induction time points
(Supplementary Figure S1), consistent with previous
studies (26,42). We find that the Acbp80 strain grew
slowly after 90 min following the switch of the carbon
source in the growth media from raffinose to galactose
(Supplementary Figure S1A). Thus, the Acbp80 strain
grew slowly as compared to the wild-type equivalent in
galactose-containing growth medium (Supplementary
Figure S1B). However, the significant defect in the
growth phenotype in Acbp80 was not observed within
90min following initial measurement of ODyggg
(Supplementary Figure S1B). Together, these growth
curve analyses revealed that the Achp80 strain does not
show significant defective growth phenotype within
90min following induction. Hence, the reduced associ-
ation of RNAPII with the GALI coding sequence in
absence of CBC in Figure 2A and B is not attributed to
the growth defect in the Achp80 strain within 90 min in-
duction time-period. However, the reduced association of
RNAPII with the GALI ORF in Acbp80 might be due to
decrease in the global levels of RNAPII components. To
test this possibility, we analyzed the global levels of the
Rpblp and Rpb3p subunits of RNAPII in the Achp80
strain and its isogenic wild-type equivalent. Figure 2D
shows that the global levels of Rpblp and Rpb3p were
not altered in Acbp80. Similarly, the TBP level that was
monitored as a loading control was not changed in the
mutant strain (Figure 2D). Thus, the results presented in
Figure 2 indicate the functional role of CBC in regulation
of RNAPII association with the GALI coding sequence
(and hence transcriptional elongation).

CBC facilitates the rate of PIC formation at the
GALI promoter

In Figure 2, we show that association of elongating
RNAPII with GALI is significantly decreased in the
absence of CBC. However, such an observation raised the
possibility that the formation of PIC by GTFs (e.g. TBP,
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Figure 1. Analysis of the recruitment of CBC to the GALI and ADH]I genes. (A) Both the Cbp20p and Cbp80p components of CBC are predominantly
recruited to the GALI ORF. Yeast strains expressing myc-tagged Cbp20p or Cbp80p were grown at 30°C in YPG. The ChIP assay was performed as
previously described (62—65). Primer-pairs [(69), ‘Materials and Methods’ section] located in the UAS, core promoter and two different locations of ORF
(ORF1 and ORF2) of GALI were used for PCR analysis of the immunoprecipitated DNA samples. Immunoprecipitation was performed using a mouse
monoclonal antibody against the c-myc epitope-tag (9E10; Santa Cruz Biotechnology Inc.). The ratio of immunoprecipite over the input in the
autoradiogram is indicated below each band. IP, immunoprecipitate. (B) Recruitment of CBC to the GALI ORF is dependent on TBP. Wild-type and
ts mutant strains of TBP (sp715-ts) expressing myc-tagged Cbp80p were first grown in YPG at 23°C to an ODg of 0.85, and then transferred to 37°C for 1
h prior to formaldehyde-based in vivo cross-linking. The mouse monoclonal antibody 8WG16 (Covance) against Rpblp-CTD (carboxy terminal domain)
was used. (C) Cbp20p and Cbp80p are mutually dependent for their recruitment to GALI. Wild-type and mutant strains were grown in YPR up to an
ODggp 0f 0.9, and then switched to YPG for 90 minutes at 30°C prior to cross-linking. (D) Western blot analysis. The wild-type and deletion mutant strains
expressing myc-tagged Cbp20p/Cbp80p were grown as in panel C. The whole-cell extracts from the wild-type and deletion mutant strains were prepared as
in the ChIP assay (62-65), and were analyzed by western blot using anti-myc and anti-TBP antibodies against myc-tagged Cbp20p/Cbp80p and TBP,
respectively. (E) CBC is predominantly recruited to the ADHI ORF. Primer pairs [(69), ‘Materials and Methods’ section] located in the UAS, core
promoter and two different locations of ORF (ORF1 and ORF2) of ADHI were used for PCR analysis of the immunoprecipitated DNA samples.
(F) Recruitment of CBC to the ADHI ORF is dependent on RNAPII as well as TBP. Wild-type and ts mutant strains of TBP (spt/5-ts) and RPBI
expressing myc-tagged Cbp80p were first grown in YPD at 23°C to an ODgq of 0.85, and then transferred to 37°C for 1 h prior to formaldehyde

cross-linking. Immunoprecipitations were performed as described in panels A and B. (G) Recruitments of Cbp20p and Cbp80p to ADH I are dependent on
each other.
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Figure 2. The rate of association of RNAPII with the GALI coding sequence is significantly reduced in the absence of CBC. (A) Analysis of the rate
of association of Rpb3p with the GAL! coding sequence in Achp80 and its isogenic wild-type equivalent. The wild-type and CBP80 deletion mutant
strains expressing myc epitope-tagged Rpb3p were first grown in raffinose-containing growth media (YPR) up to an ODgq of 0.9, and then shifted to
galactose-containing growth media (YPG) for different time periods before treatment with formaldehyde. Immunoprecipitation was performed using
a mouse monoclonal antibody against the c-myc epitope-tag. The specific primer pair targeted to the GAL! ORF2 (Figure 1A) was used for PCR
analysis of the immunoprecipitated DNA samples. The ratio of immunoprecipite over the input in the autoradiogram was measured. The maximum
ratio was normalized to 100. The normalized ratio (represented as normalized occupancy) was plotted as a function of induction time. (B) Analysis of
the rate of association of Rpblp with the GALI coding sequence in Achp80 and its isogenic wild-type equivalent. The wild-type and deletion mutant
strains were grown, cross-linked and immunoprecipitated as in panel A. (C) Growth analysis of the CBP80 wild-type and deletion mutant strains
following induction in YPG. Both the wild-type and mutant strains were grown in raffinose-containing growth medium up to an ODgg of 0.9, and
then switched to galactose-containing growth medium for 90 min. The ODgyy of both the wild-type and mutant strains were measured in the
galactose-containing growth medium within 90 min. (D) Western blot analysis. The wild-type and CBPS80 deletion mutant strains were grown as
in panel A, but induced for 60 min in YPG. The whole-cell extracts from both the wild-type and deletion mutant strains were prepared as in the ChIP
assay (62—65). The whole-cell extracts were analyzed by western blot using anti-myc, anti-Rpbl and anti-TBP antibodies against myc-tagged Rpb3p,
Rpblp and TBP, respectively.

TFIIB, TFIIF, TFIIH, etc.) as well as RNAPII at the
GALI core promoter might be decreased in the absence
of CBC, hence lowering the association of RNAPII with
the coding sequence. To test this possibility, we analyzed
the rate of recruitment of RNAPII to the GALI core
promoter following induction in the CBPS80 deletion
mutant and its isogenic  wild-type equivalent.

Interestingly, we find that the rate of recruitment of
RNAPII (Rpblp and Rpb3p) to the GALI core promoter
was significantly reduced in Acbp80 (Figure 3A and B).
Similarly, CBC altered the rate of recruitment of TBP to
the GAL]I core promoter (Figure 3C). Likewise, the recruit-
ment of TFIIB, another component of the PIC assembly,
was also reduced at the GALI core promoter in Acbp80
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Figure 3. The stimulation of the PIC formation by CBC in vivo. (A) Analysis of the rate of recruitment of Rpblp at the GALI core promoter in
Acbp80 and its isogenic wild-type equivalent. The wild-type and CBP80 deletion mutant strains were grown, cross-linked and immunoprecipitated as
in Figure 2A and B. The specific primer pair targeted to the GALI core promoter was used for PCR analysis of the immunoprecipitated DNA
samples. (B) Analysis of the rate of recruitment of Rpb3p at the GALI core promoter in Achp80 and its isogenic wild-type equivalent. (C) Analysis
of the rate of recruitment of TBP at the GALI core promoter in Achp80 and its isogenic wild-type equivalent. Immunoprecipitations were performed
using an anti-TBP antibody. (D) Analysis of recruitment of TFIIB at the GALI core promoter following 60 min induction in YPG. The wild-type
and CBPS80 deletion mutant strains were first grown in YPR up to an ODggo of 0.9 at 30°C, and then shifted to YPG for 60 min before treatment
with formaldehyde. The mouse monoclonal antibody against TFIIB (obtained from Danny Reinberg, UMDNIJ) was used. (E) TAF14p is predom-
inantly recruited to the GALI core promoter as a component of TFIIF. Immunoprecipitation was carried out using a polyclonal antibody against
TAF14p (obtained from Michael R. Green, UMass Medical School). (F) Recruitment of TAF14p (TFIIF) to the GALI core promoter is significantly
decreased in the CBP80 deletion mutant strain. Both the wild-type and CBP80 deletion mutant strains were grown and cross-linked as in panel D.
(G) Recruitment of Rad3p, a component of TFIIH, to the GALI core promoter is significantly decreased in the CBPS80 deletion mutant strain. Both
the wild-type and CBP80 deletion mutant strains were grown and cross-linked as in panel D.

following 60 min induction (Figure 3D). Next, we analyzed of the TAF-dependent genes (62,72) while the SWI/SNF
the recruitment of TAF14p component of TFIIF at the complex is recruited to the UAS in an activator-dependent
GALI core promoter in the CBP80 deletion mutant. manner (73-75; see below Figure 4D). GALI is a
TAF14p is also a component of the TFIID and SWI/ TAF-independent gene (72), and thus, TAFs of the
SNF complexes. TFIID is recruited to the core promoter TFIID complex are not recruited to the GALI core
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Figure 4. CBC does not alter the recruitment of Galdp, SAGA, Mediator and SWI/SNF to the GALI UAS. (A) Analysis of the rate of recruitment
of Galdp to the GALI UAS in Acbhp80 and its isogenic wild-type equivalent. The wild-type and CBP80 deletion mutant strains were grown,
cross-linked and immunoprecipitated as in Figure 2A. A mouse monoclonal antibody against the DNA binding domain of Galdp (RKS5CI;
Santa Cruz Biotechnology Inc.) was used. The specific primer-pair targeted to the GALI UAS was used for PCR analysis of the immunoprecipitated
DNA samples. (B) Analysis of the rate of recruitment of SAGA (Spt20p-myc) to the GALI UAS in Acbp80 and its isogenic wild-type equivalent.
(C) Analysis of the rate of recruitment of Mediator (Srb4p-myc) to the GALI UAS in Acbhp80 and its isogenic wild-type equivalent. (D) Snf2p, a
component of the SWI/SNF complex, is predominantly recruited to the GALI UAS. The yeast strain expressing myc epitope-tagged Snf2p was
grown and cross-linked as in Figure 1A. Immunoprecipitation was performed using a modified ChIP protocol as described in the ‘Materials and
Methods’ section. (E) The recruitment of Snf2p at the GALI UAS was not altered in the CBPS80 deletion mutant strain. Both the wild-type and
CBPS80 deletion mutant strains expressing myc epitope-tagged Rad3p were grown and cross-linked as in Figure 3D.

promoter (62,72) while the TAF components of SAGA are
recruited to the GALI UAS, but not core promoter (62).
We find that TAF14p was predominantly recruited to
the GALI core promoter as a component of TFIIF
(Figure 3E). Further, we show that the recruitment of
TAF14p to the GALI core promoter was significantly
decreased in AchpS80 (Figure 3F). Similarly, another

component of the PIC assembly, TFITH, was not efficiently
recruited to the GALI core promoter in Achp80 (Figure
3G). We added the myc epitope at the C-terminal of
Rad3p as a representative component of TFIIH that is
recruited to the core promoter. Rad3p is predominantly
recruited to the core promoter as a component of TFIIH
(data not shown). However, Rad3p is also recruited to the



site of DNA lesion as a component of nuclear excision
repair machinery. Thus, the association of Rad3p with
the GALI core promoter in the absence of DNA Iesion is
attributed to TFITH. Taken together, our data demonstrate
that CBC stimulates the PIC formation at the core
promoter, and thus, the association of RNAPII with the
coding sequence is significantly decreased in the absence of
CBC.

CBC does not alter the recruitment of activator,
coactivator or chromatin remodeling complex at
the GALI UAS

The formation of PIC at the core promoter is regulated by
activator and/or other factors (such as SAGA, Mediator
and SWI/SNF) which are associated with the UAS
(64,73-75). Thus, the rate of PIC formation at the GALI
core promoter might be regulated by CBC through alter-
ation of the recruitment of activator Galdp, SAGA,
Mediator or SWI/SNF at the UAS. To test this possibility,
we analyzed the recruitment of Galdp, SAGA, Mediator
and SWI/SNF to the GALI UAS in the Acbp80 strain and
its isogenic wild-type equivalent following induction in
galactose-containing growth medium. Figure 4A—C dem-
onstrates that the rates of recruitment of Galdp, SAGA
(Spt20p) and Mediator (Srbdp) to GALI UAS were not
altered in Acbp80. In addition, the recruitment of the
SWI/SNF complex (Snf2p) to the GALI UAS remained
invariant in the absence of CBC (Figure 4D and E). Thus,
CBC stimulates the PIC formation (and hence transcrip-
tional initiation) without altering the recruitment of
Galdp, SAGA, Mediator or SWI/SNF at the active
GALI gene in vivo. However, the slower rate of PIC for-
mation at the GALI promoter in Achp80 could be due to
alteration in the global levels of Gal3p and Gal80p which
interact with the Gal4p activation domain, hence
regulating the activity of Galdp (76). If this occurs, the
rate of recruitment of SAGA, Mediator or SWI/SNF
would have decreased as the recruitment of these factors
depends on the Galdp activation domain (64,73-75).
However, we rule out this possibility, since the recruitment
of SAGA, Mediator or SWI/SNF to the Gal4p activation
domain was not altered in Acbp80 (Figure 4B, C and E).

Disassembly of PIC at GALI following Galdp
inactivation or turnover

Previous in vitro studies (77,78) have demonstrated that
GTFs are assembled at the promoter to form PIC for
transcriptional initiation. Following initiation, TFIIB,
TFIIF and RNAPII dissociate from PIC to trigger elong-
ation, leaving behind a stable ‘scaffold’ complex consisting
of TBP/TFIID, TFIIA, TFIIH, TFIIE and Mediator for
reinitiation of transcription (78). Such a scaffold complex
is stabilized in the presence of activator Gal4p(DBD)-
VP16, but not Galdp(DBD)-AH (78). However, according
to this scaffold formation model in vitro (77,78), the rate
of PIC formation at the GALI core promoter would not
have altered in the subsequent rounds of transcription by
CBC. To address this issue, we analyzed in vivo whether
the stable scaffold is present at the GAL/ core promoter
following inactivation of the Galdp activator by the
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negative regulator, Gal80p. In this direction, we first
monitored the recruitment of TBP and Rpblp compo-
nents of the PIC assembly at the GALI core promoter in
raffinose-containing growth medium where Gal80p binds
to the activation domain of Galdp (64), hence preventing
the PIC formation (Figure 5A). The yeast cells grown in
raffinose-containing growth medium were then transferred
to galactose-containing growth medium where Gal80p
does not remain bound to the Galdp activation domain
(79,80), and hence PIC is assembled at the GALI core
promoter (Figure 5A). Subsequently, these yeast cells
were transferred back to dextrose (non-inducing) or
raffinose-containing growth media. If the stable scaffold
complex is formed at the core promoter, TBP would
remain associated with the GALI promoter when Galdp
is inactivated by Gal80p following the transfer of the
carbon source in the growth media from galactose to raf-
finose or dextrose. Interestingly, TBP was almost lost from
the GALI promoter within 15min after switching the
carbon source from galactose to dextrose (Figure 5A) or
raffinose (data not shown). Similar results were also
obtained for another scaffold component, the Mediator
complex (Srb4p), at the GALI promoter (Figure 5B).
However, the recruitment of activator Galdp was not
altered within 45 min after switching the carbon source
from galactose to dextrose (Figure 5B). Thus, the
scaffold complex for transcriptional reinitiation does not
seem to exist at the GALI core promoter when the activa-
tor is inactivated. Consistent with our in vivo data,
Yudkovsky et al. (78) have demonstrated in vitro that
the formation of the scaffold complex is stabilized by
certain activation domain such as VP16. If the activator
Galdp stabilizes the scaffold complex for transcriptional
reinitiation, how does CBC alter the rate of PIC formation
at the GALI core promoter? The fact that CBC stimulates
the rate of PIC formation raises the possibility that acti-
vator turnover leads to the formation of new PIC. Such a
new PIC formation would be further stimulated by CBC
that is bound to mRNA of the previous transcription
cycle. In support of this possibility, activator or Galdp
turnover has been reported for transcriptional activation
by several studies (81-87), indicating the recruitment of
fresh activator or Galdp in each cycle of transcription.
Such recruitment of fresh activator in each transcription
cycle will lead to the formation of new PIC, since the
scaffold complex does not exist at the core promoter in
the absence of activator. Thus, activator inactivation or
turnover leads to the disassembly of PIC in vivo.

CBC regulates the PIC formation at GALI following
mRINA capping

Like CBC, the capping machinery also regulates transcrip-
tional initiation (88,89). For example, the Cetlp compo-
nent of the capping machinery has been shown in vitro to
repress the reinitiation of transcription before putting the
cap-structure to newly synthesized mRNA, thus providing
a quality control in the same cycle of transcription (88).
Similarly, Schroeder et al. (89) have demonstrated by
the ChIP assay that Abdlp, another component of the
capping machinery, regulates promoter clearance in the
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Figure 5. The ChIP analysis for the recruitment of Gald4p, Mediator (Srb4p), TBP and RNAPII (Rpblp) to the GAL! promoter in the raffinose,
galactose and dextrose-containing growth media. (A and B) Disassembly of PIC in the absence of active Galdp. Yeast cells were first grown in
raffinose-containing growth medium (Raf.) up to an ODgy of 0.8, and then transferred to galactose-containing growth medium (Gal.) for 90 min
induction, and finally transferred to dextrose-containing growth medium (Dex.) for different time periods as mentioned in the left panel. The
recruitment of TBP, RNAPII (Rpblp), Mediator (Srb4p) and Galdp was analyzed in raffinose, galactose and dextrose-containing growth media.
The input DNA was diluted by 5-folds for the analysis of Mediator (Srb4p) recruitment. (C) The ChIP assay to analyze the recruitment of RNAPII
(Rpb3p-myc) under the activated and reactivated conditions in Achp80 and its wild-type equivalent. The yeast cells were first grown in
raffinose-containing growth medium, and then switched to galactose-containing growth medium for 90 min (activated state). These cells were then
transferred to dextrose-containing growth medium for 60 min (repressed state), and finally switched to galactose-containing growth medium for
90min (reactivated state). The recruitment of RNAPII was analyzed at the GALI core promoter under activated and reactivated conditions.
(D) Primer extension analysis. Both the wild-type and CBP80 deletion mutant strains were grown under activated and reactivated conditions as

Continued



same cycle of transcription. Thus, the capping machinery
that is recruited to RNAPII when it is phosphorylated by
Kin28p of TFIIH at the core promoter, regulates
reinitiation, promoter clearance and mRNA cap forma-
tion (88,89). Unlike the capping machinery, CBC does
not seem to regulate the promoter clearance or PIC for-
mation in the first round of transcription. If CBC regu-
lates the promoter clearance, the rate of RNAPII
accumulation will increase at the core promoter, but will
subsequently decrease at the 3’ end of the coding sequence
in the absence of CBC. However, Figure 3A and B shows
that the rate of RNAPII recruitment to the GALI core
promoter was significantly decreased in Acbp80. Thus,
CBC does not regulate the promoter clearance. Further,
CBC is less likely to enhance the PIC formation in the
same cycle of transcription, since it binds to the cap struc-
ture that is formed by the capping machinery following
transcriptional initiation. In support of this model, Raha
et al. (90) have demonstrated that HIV-1 Tat which binds
to the TAR element of the newly synthesized mRNA
stimulates transcription complex assembly at the
promoter in the subsequent rounds of transcriptional ini-
tiation, and hence enhances transcription in a positive
feedback mechanism. Further, the recruitment of CBC
(Cbp80p) is impaired (right panel; Figure 1B) when PIC
is not assembled at the promoter in the absence of TBP
[left panel; Figure 1B and previous study (62)]. This is
expected, since mRNA synthesis and its capping are de-
pendent on transcriptional initiation for recruitment of
CBC. Intriguingly, CBC also facilitates the PIC formation
(Figures 3 and 4). Thus, PIC and CBC are intimately
coupled via their reciprocal synergism. This conclusion is
further corroborated by the slower activation and
re-activation of the GALI transcription in the absence of
CBC as presented in Figure 5C and D. In the activation
and re-activation experiments, we first activated the GALI
gene by switching the carbon source in the growth medium
from raffinose to galactose for 90 min, and then repressed
in dextrose-containing growth medium for 60min
followed by re-activation in galactose-containing growth
medium for 90 min in the CBPS0 deletion mutant and its
isogenic wild-type equivalent (Figure 5C), consistent with
the protocol followed by Peterson and colleagues (91).
Under these activating, repressing and re-activating con-
ditions, we analyzed the recruitment of RNAPII
(Rpb3p-myc) at the GALI core promoter in the absence
and presence of CBC. The rate of RNAPII recruitment at
the GALI core promoter in the wild-type strain is signifi-
cantly faster in the reactivated state as compared to that of
the activated state (Figure 5C). This is expected due to
transcriptional memory, consistent with the studies of
Peterson and colleagues (91). However, the rates of
RNAPII recruitment to the GALI core promoter in the
Acbp80 strain were significantly slowed down in both
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activated and re-activated states as compared to those of
the wild-type equivalent. Strikingly, the recruitment rates
of RNAPII at the GALI core promoter in Acbp80 in both
the activated and reactivated states were almost equiva-
lent. Similarly, we analyzed GALI mRNA in Acbp80 and
its wild-type strain under activating and re-activating
conditions. The GALI mRNA levels were consistent
with the patterns of RNAPII recruitment in the CBPS80
deletion mutant and its isogenic wild-type equivalent fol-
lowing activation and re-activation (Figure 5D). Thus,
CBC stimulates the PIC formation (and hence GALI tran-
scription) in both activated and reactivated states.

Based on its known activity to recognize the cap-
structure of mRNA, it is anticipated that CBC regulates
the PIC formation at GAL/ via its binding to the capped-
mRNA structure. However, it might be quite possible that
CBC regulates the PIC formation at GA L/ prior to mRNA
capping. To address this issue, we analyzed the recruitment
of TBP and RNAPII to the GALI core promoter in the ts
mutant strains of the capping enzymes, Cetlp and Ceglp. If
CBC regulates the PIC formation prior to mRNA capping,
the formation of PIC at GALI would not be significantly
decreased in the strains bearing the ts mutants of Cetlp and
Ceglp. However, we found that the recruitment of TBP
and RNAPII to the GALI core promoter was significantly
impaired in cetl-ts and cegl-ts mutants following 1 and 4 h
ts inactivation at the non-permissive temperature (37°C),
respectively (Figure SE and F). Thus, CBC regulates the
PIC formation at GALI following mRNA capping.

CBC does not alter the steady-state level of PIC
formation at GALI

We next asked whether the occupancy of RNAPII at the
GALI core promoter in Acbp80 could reach the wild-type
level if given enough time for attaining the steady-state.
To address this question, we analyzed the recruitment of
RNAPII to the GALI core promoter in the CBPS80 wild-
type and deletion mutant strains following longer periods
of induction in galactose-containing growth medium.
Figure 5G shows that the occupancy of RNAPII
(Rpblp) at the GALI core promoter in Achp80 reached
to the wild-type level following a long induction. Thus, the
loss of CBC results in a slower initial rate of recruitment
of RNAPII to the GALI promoter. However, when the
steady-state is reached after a long period of induction,
RNAPII occupancy at the GALI promoter in Acbp80
became similar to the wild-type level. Thus, CBC stimu-
lates the rate of PIC formation (and hence transcriptional
initiation). However, its effect is not observed when the
steady-state of transcriptional initiation is reached.
Analogous to this observation, we have also demonstrated
previously that the loss of Ctklp (that phosphorylates
serine-2 at the C-terminal domain of the Rpblp subunit
of RNAPII) significantly slows down the rate of

Figure 5. Continued

in panel C. The total mRNA was isolated and analyzed by primer extension assay. (E) The recruitment of TBP and RNAPII to the GALI core
promoter is significantly impaired in the cet/-ts mutant strain. (F) The recruitment of TBP and RNAPII to the GAL/ core promoter is significantly
impaired in the ceg/-ts mutant strain. (G) The steady-state level of RNAPII at the core promoter is not altered in the absence of CBC. Analysis of
recruitment of RNAPII to the GALI core promoter in the CBPS80 wild-type and deletion mutant strains following a long period of induction in
YPG. Both the wild-type and deletion mutant strains were grown as in Figure 2A, but induced for 1.5 and 3 h in YPG or continuously in YPG.
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association of RNAPII with GALI, and alters histone H3
lysine 4 methylation (92). However, when the steady-state
is reached, the occupancy of RNAPII with GALI in Actkl
reached to the wild-type level (92). Further, we find that
Rad26p [a factor implicated in the stimulation of tran-
scriptional elongation of GAL genes (93,94)] facilitates
initial association of RNAPII with GALI, but does not
alter the steady-state level of RNAPII association with
GALI after a long period of induction [(95) and unpub-
lished data, the Bhaumik laboratory]. Thus, like the
functions of Ctklp and Rad26p in transcription, CBC
does not appear to transiently stimulate the rate of PIC
formation at GALI, rather it persistently contributes to
the rate of transcriptional initiation.

CBC stimulates the PIC formation at GAL]I via its
interaction with Motlp

To understand the stimulatory role of CBC in formation of
PIC, we next searched for the transcriptional initiation
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factor(s) that interacts with CBC. Previous tandem-
affinity purification, mass spectrometry and bioinformatic
studies (96) have revealed an interaction of Cbp80p with
Motlp that is essential for transcriptional initiation of
GALI via nucleosome remodeling and TBP recruit-
ment (97). Motlp has also been shown to be required for
transcription of ~7% of the yeast genes, and such a de-
pendence is positively correlated with the recruitment
of TBP (98-100). Thus, CBC seems to stimulate the PIC
formation via its interaction with Motlp that regulates
the recruitment of TBP. To test this hypothesis, we first
analyzed the interaction of CBC with Motlp in vivo,
using a formaldehyde-base cross-linking and co-immuno-
precipitation assay (68). In this direction, we tagged the
CBP20 and MOTI genes by the HA and Myc epitopes,
respectively, in their chromosomal loci. Using this strain,
we performed the co-immunoprecipitation assay which
revealed the interaction of Motlp with CBC in vivo
(Figure 6A). However, such an interaction was impaired

B
WCE containing
myc-tagged protein, anti-myc antibody
and protein A/G plus agarose beads

4 hr incubation at 4 0C

High stringent washing
of agarose beads as in
the ChIP assay

l

Add immunopurified
HA-tagged protein to be
analyzed for interaction

to agarose beads
&
incubate for 15 min at 25 °C

l

Wash the beads & analyze
for interaction using anti-HA
antibody in western blot assay

Mot1p-myc
& Cbp80p-HA

Input

Cbp80p — s

(I—
WB by o-HA

Figure 6. CBC interacts with Motlp. (A) The formaldehyde-based in vivo cross-linking and co-immunoprecipitation assay as discussed in the
‘Materials and Methods’ section; WB, western blot. (B) The schematic outlines of the experimental strategy to analyze protein—protein interaction
in vitro. (C) The analysis of interaction of Cbp20p with Cbp80p, Motlp and Spt20p. (D) The analysis of interaction of Cbp80p with Motlp.



in the CBPS80 deletion mutant strain (Figure 6A), thus sup-
porting the role of cap-binding on the interaction of CBC
with Motlp in vivo. Next, we analyzed their interaction
in vitro. In this direction, we immunopurified Cbp20p
and Cbp80p by HA epitope-tagging (Supplementary
Figures S2-S4), and analyzed their interaction as a
positive control. The experimental strategy for this inter-
action analysis is schematically shown in Figure 6B. We
find that Cbp20p interacts with Cbp80p (Figure 6C). As a
negative control, we show that Cbp20p does not interact
with the Spt20p component of SAGA under similar experi-
mental conditions (Figure 6C). Thus, the data presented in
Figure 6C demonstrate that our assay to analyze protein—
protein interaction in vitro is working. Therefore, using
similar experimental conditions, we analyzed the inter-
action of Motlp with Cbp20p and Cbp80p. We find that
Motlp interacts with Cbp20p (Figure 6C) as well as
Cbp80p (Figure 6D). Thus, our in vitro experiments dem-
onstrate that Motlp interacts with CBC, consistent with
in vivo results (Figure 6A). However, whether CBC inter-
acts directly with Motlp under physiological conditions
remains to be elucidated. Nonetheless, our data support
the interaction between CBC and Motlp (either directly
or at least indirectly), and such interaction is further com-
plemented functionally as presented below (both Acbp80
and motl-ts strains show similar phenotypes with regard
to the PIC formation).

Since CBC interacts with Motlp, the recruitment
of Motlp to the GALI core promoter could be signifi-
cantly decreased in the absence of Cbp80p. To test this
hypothesis, we analyzed the recruitment of Motlp to the
GALI core promoter in Acbp80. We find that the recruit-
ment of Motlp to the GALI core promoter is significantly
decreased in the CBPS80 deletion mutant strain as
compared to the wild-type equivalent (Figure 7A-C).
Further, we show that Motlp is essential for recruitment
of TBP and RNAPII (Rpblp) to the GALI core promoter
(Figure 7D). However, Motlp is dispensable for recruit-
ment of Galdp and SAGA at the GALI UAS (Figure 7E),
while SAGA that is dependent on activator for its recruit-
ment to the UAS (62,101) is essential for recruitment of
Motlp (Figure 7F), consistent with previous studies (102).
Further, the recruitment of Motlp at the GALI core
promoter does not appear to be significantly altered in
the ts mutant strain of TBP (spz15-ts) following 1 h inacti-
vation at 37°C (Figure 7F) Thus, activator or SAGA
stimulates the recruitment of Motlp which subsequently
enhances the recruitment of TBP, and hence, promotes the
formation of PIC at the GALI core promoter. However,
in the subsequent rounds of transcriptional initiation, the
recruitment of Motlp is stimulated by both activator as
well as CBC bound to the cap-structure of mRNA of
previous transcriptional initiation cycle. Such a stimula-
tion of Motlp recruitment enhances the PIC formation
(and hence transcriptional initiation) at the GALI core
promoter. Thus, a modest decrease in the association of
Motlp with the GALI core promoter is observed in the ts
mutant strain of TBP (spz15-ts) following 1 h inactivation
at 37°C (Figure 7F), since the sprl5-ts mutant strain
lowers recruitment of CBC (via reduced formation of
PIC) [Figure 1B, (62)] which, in turn, reduces the
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recruitment of Motlp. Alternatively, the modest
decrease in the recruitment of Motlp in the sptl5-ts
mutant strain could also be due to the loss of reciprocal
co-operativity, since Motlp is essential for recruitment of
TBP at the GALI core promoter (Figure 7D).

Regulation of the PIC formation at other
Motlp-dependent genes by CBC

Motlp promotes the transcription of a set of yeast genes
including GALI. We have demonstrated above that CBC
stimulates the formation of the PIC at the GALI gene via
its interaction with Motlp. Next, we asked whether the
formation of PIC at other genes that are positively
regulated by Motlp is also stimulated by CBC. In this
direction, we first analyzed the formation of PIC at the
GAL7 and GALI0 genes in the MOTI wild-type and ts
mutant strains. We find that Motlp is essential for the PIC
formation at the core promoters of GAL7 and GALI0
(Figure 8A). Next, we analyzed the PIC formation at the
core promoters of these genes in the presence and absence
of CBC. Our analysis revealed that the PIC formation at
GAL7 and GALIO was significantly impaired in the
absence of CBC (Figure 8B and C). Further, we show
that the recruitment of Motlp to the GAL7 and GALI0
core promoters was significantly decreased in the absence
of CBC (Figure 8D and E). Together, these results dem-
onstrate that the absence of CBC lowers the recruitment
of Motlp by ~2.5-fold which subsequently decreases the
PIC formation by ~2.5-folds (as Motlp facilitates the PIC
formation at these promoters). Thus, like that at GALI,
CBC promotes the PIC formation at GAL7 and GALI0.
Similarly, CBC stimulates the PIC formation at the
promoter of another gene, GAL2 (Supplementary
Figure S5A) that requires Motlp for facilitation of the
PIC assembly (Supplementary Figure S5B). Based on the
above results, one would expect the repressive role of CBC
in formation of the PIC at the core promoter of a gene
that is negatively regulated by Motlp for the PIC forma-
tion. To test this possibility, we next analyzed the role of
CBC in formation of the PIC at the core promoter of
HSP26. The HSP26 gene was chosen on the basis of the
previous studies (103) that demonstrated the role of
Motlp in repression of the HSP26 transcription. We
find that CBC represses the PIC formation at HSP26
(Figure 9A), although the recruitment of Motlp to the
HSP26 core promoter is significantly decreased in
the absence of CBC (Figure 9B-D). Further, we show
that the formation of the PIC at HSP26 is enhanced in
the motl-ts mutant strain at the non-permissive tempera-
ture (Figure 9E). Thus, CBC exhibits its repressive role in
formation of PIC at the gene that is negatively regulated
by Motlp. Likewise, CBC represses the PIC formation at
the core promoters of other genes such as SSA43 and SSA4
(Supplementary Figure S6A and S6B) that are negatively
regulated by Motlp for the PIC assembly (Supplementary
Figure S6C and S6D). As a control, we demonstrate that
CBC does not alter the PIC formation at the Motlp-
independent gene, CUPI (Figure 9F and G). Thus, CBC
differentially controls the formation of PIC. Such a
differential regulation is mediated via the interaction of
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Figure 7. CBC stimulates the recruitment of Motlp to the core promoter of GALI. (A) Motlp is predominantly recruited to the GALI core promoter. The
yeast strain expressing myc epitope-tagged Motlp was grown and cross-linked as in Figure 1A. Immunoprecipitation was performed following the
modified ChIP protocol as described in ‘Materials and Methods’ section. The anti-HA antibody was used as a non-specific antibody. (B) CBC
promotes Motlp recruitment to the GALI core promoter. Both the wild-type and CBP80 deletion mutant strains carrying myc-tagged Motlp were
grown in raffinose-containing growth medium up to ODgg of 0.9, and then shifted to galactose-containing growth medium for 90 min prior to
formaldehyde-based in vivo cross-linking. Immunoprecipitation was performed as in panel A. (C) The results at the GALI core promoter in panel B
were presented in the form of a histogram. (D) Motlp is essential for recruitment of TBP and RNAPII. Both the wild-type and ts mutant strains were grown
in galactose-containing growth medium up to ODgq of 0.85 at 23°C, and then switched to 37°C for 1 h prior to cross-linking. Immunoprecipitations were
performed as in Figures 2B and 3C. (E) Motlp is not essential for recruitment of Galdp and SAGA to the GALI UAS. The MOT! wild-type and ts mutant
strains were grown and cross-linked as in panel D. Immunoprecipitation was performed using the polyclonal antibodies against TAF10p and TAF12p
(obtained from Michael R. Green, UMass Medical School). (F) Analysis of the roles of SAGA and TBP for recruitment of Motlp to the GALI core
promoter. The wild-type and ts mutant strain of TBP (spt15-ts) were grown and cross-linked as in panel D. The SPT20 deletion mutant and its isogenic
wild-type strains were grown and cross-linked as in panel B. Immunoprecipitation was performed as in panel A.
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Figure 8. CBC stimulates the PIC formation at the core promoters of the GAL7 and GALI0 genes. (A) Motlp is essential for recruitment of TBP
and RNA polymerase II at the GAL7 and GALI0 core promoters. Yeast cells were grown, cross-linked and immunoprecipitated as in Figure 7D.
(B and C) Recruitment of TBP and RNA polymerase II at the GAL7 and GALI0 core promoters is significantly decreased in the CBPS80 deletion
mutant strain. Both the wild-type and CBP80 deletion mutant strains were grown, cross-linked and immunoprecipitated as in Figures 2A and B and
3C. (D) Motlp is recruited to the GAL7 and GALI0 core promoters. Yeast cells were grown, cross-linked and immunoprecipitated as in Figure 7A.
(E) The recruitment of Motlp to the GAL7 and GALI0 core promoters is significantly decreased in the CBPS80 deletion mutant strain. Both the
wild-type and CBPS80 deletion mutant strains were grown, cross-linked and immunoprecipitated as in Figure 7B.

CBC with Motlp which controls Motlp recruitment and
subsequently the formation of PIC in vivo.

CBC does not appear to regulate the PIC formation by
indirect effects

We find that the formation of PIC at GALI, GAL7, GALI0
and GAL?2 is significantly decreased in the absence of CBC
as presented above. Such a reduction in the PIC formation
might be caused by indirect effects such as lower expression
levels of the PIC components. According to this possibility,
the reduced association of the PIC components would be
observed at all promoters. However, we find the enhanced

association of the PIC components at HSP26, SSA3 and
SSA4, reduced PIC assembly at GALI, GAL7, GALI10 and
GAL?2, and no alteration of the PIC formation at CUPI in
the absence of CBC (Figures 3, 8B and C, 9A and G;
Supplementary Figures SSA, S6A and S6B). Further, we
show that such a differential regulation of the PIC forma-
tion is mediated via Motlp as discussed above. Thus, the
regulation of PIC formation by CBC does not appear to be
a result of altered expression levels of the PIC components.
In support of this conclusion, we also show that the global
levels of the PIC components such as TBP, Rpblp
and Rpb3p were not changed in the absence of CBC
(Figure 2D). However, the global level of a protein may
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Figure 9. CBC represses the PIC formation at the core promoter of HSP26, but does not alter the PIC formation at the core promoter of CUPI.
(A) CBC represses the PIC formation at the HSP26 core promoter. Immunoprecipitation was performed as in Figures 2B and 3C. (B and C) Motlp
is recruited to the HSP26 core promoter under inducible conditions. Immunoprecipitation was performed as in Figure 7A. (D) The recruitment of
Motlp at the HSP26 core promoter is significantly decreased in the CBP80 deletion mutant strain. (E) Motlp represses the PIC formation at the
HSP26 core promoter. Both the wild-type and ts mutant strains of MOT1 were grown in YPD at 23°C to 0.9, and then switched to 39°C for 30 min
prior to cross-linking. (F) Motlp does not alter the recruitment of TBP and RNA polymerase II at the CUPI core promoter. Yeast cells were grown
in synthetic complete medium at 23°C up to ODg of 0.85, and then switched to 37°C for 45min followed by 15min induction using I mM CuSO,
before cross-linking. (G) CBC does not alter the recruitment of TBP and RNA polymerase 1l at the CUP/ core promoter.

not be directly correlated with its targeted recruitment. For GALI UAS in the absence of Spt20p while its global level is
example, TBP is not recruited to the GALI core promoter not altered in Aspr20 (64).

in the absence of Gal4p while the global level of TBP is not It is quite likely that CBC regulates the PIC formation
altered in Agal4 (62). Similarly, Tralp is not recruited to the indirectly by altering the expression levels of other



transcription factors that act early in the process of PIC
formation. According to this model, the decreased associ-
ation of activator or activator-target with the promoter
would be observed in the absence of CBC. However, we
do not find the altered recruitment of Galdp, SAGA,

Nucleic Acids Research, 2011, Vol. 39, No.6 2205

Mediator and SWI/SNF to the GALI UAS in the
absence of CBC (Figure 4). Rather, we specifically
observed the decreased association of the PIC components
with the GA L1 core promoter (Figure 3). We also find that
CBC differentially regulates the PIC formation at the

(1) Initiation of transcriptional elongation
(2) mRNA capping

(3) Gal4p turnover

(4) Disassembly of PIC
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Reduced rate of
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Figure 10. A schematic model for the stimulatory role of CBC in formation of PIC (and hence transcriptional initiation) at the Galdp-regulated
genes. Galdp is required for recruitment of Motlp which is essential for the PIC formation at the Gald4p-regulated genes. Following PIC formation,
mRNA is synthesized, and then CBC binds to the cap structure at the 5'-end of newly synthesized mRNA. The turnover of Galdp destabilizes PIC.
The fresh Galdp is recruited to form new PIC in the subsequent round of transcription. CBC appears to promote the recruitment of Motlp to the
core promoter through its interaction with Motlp in the subsequent rounds of transcription. Such stimulation of Motlp recruitment by Gal4 as well
as CBC enhances the rate of the PIC formation (and hence transcriptional initiation) in the subsequent rounds of transcription.
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promoters as discussed above. These observations further
support the fact that the role of CBC in formation of the
PIC is not mediated by indirect effects such as altered
expression levels of the PIC components or other tran-
scription factors. Rather, it is mediated by a specific
pathway (i.e. CBC-Motlp interaction) as discussed above.

CONCLUSION

Here, we show that CBC facilitates the formation of PIC
(and hence transcriptional initiation) at GALI via Motlp
following mRNA capping as schematically shown in
Figure 10. Motlp is recruited to the GALI core
promoter. Such recruitment is dependent on Galdp.
Subsequent to its recruitment, Motlp enhances the re-
cruitment of TBP to the GALI core promoter, and conse-
quently, promotes the PIC formation, hence leading to
transcriptional initiation. Intriguingly, Gal4p-mediated re-
cruitment of Motlp to the GALI core promoter appears
to be significantly enhanced in the subsequent rounds of
transcriptional initiation by CBC that is bound to the
cap-structure of mRNA of previous round of transcrip-
tion. Such a stimulation of Motlp recruitment by activa-
tor and CBC in the subsequent rounds of transcriptional
initiation facilitates the PIC formation at the GALI core
promoter, hence enhancing GAL! transcription. However,
Motlp is recruited only by activator in the absence of
CBC in the subsequent rounds of transcriptional initi-
ation. Thus, the stimulation of Motlp recruitment to the
GALI core promoter is lost when CBC is not bound to the
cap-structure of mRNA, lowering the efficiency of the PIC
formation at the core promoter (and hence GALI
transcription).

Although CBC is not recruited to the core promoter, it
promotes the association of Motlp with the core
promoter. Similarly, we and others (62,101) have previ-
ously shown that SAGA which is recruited to the GALI
UAS stimulates the PIC formation at the core promoter.
Even though SAGA is not recruited to the GALI core
promoter (62), it stimulates the PIC formation through
its interaction with TBP (62,101,104). Likewise, CBC is
not recruited to the core promoter, but it facilitates the
formation of PIC through its interaction with Motlp as
schematically shown in Figure 10. Motlp is recruited to
the core promoter by activator. The CBC that is bound to
mRNA interacts with Motlp at the promoter. Such inter-
action stimulates the recruitment of Motlp to the core
promoter. Analogous to our observations, previous
studies have also implicated multiple transcription
factors/activators/enhanceosomes in stimulation of the
transcription complex assembly at the promoter (and
hence transcriptional activation/synergy)  through
multiple contacts (105-115).

How does CBC that is bound to the cap-structure of
mRNA interact with Motlp at the core promoter? Since
mRNA is flexible, it can easily bend or loop to allow
the interaction of CBC with Motlp. Similarly, CBC
has also been implicated to regulate mRNA export
through its long-range interaction with Npl3p, an mRNA
export factor (42). Likewise, CBC regulates RNA splicing

and 3’-end formation (18,20,24-36,38). Similar long-range
interactions among different proteins associated with the
chromosome have also been demonstrated by chromosome
conformation capture technique (116-118).

Motlp has a positive effect on transcription of 7% yeast
genes including GALI (97-100). Thus, it is likely that CBC
might be facilitating the rate of PIC formation through its
interaction with Motlp at other genes that are positively
regulated by Motlp. Indeed, we show here that CBC
stimulates the PIC formation at the core promoters of
several other genes (such as GAL7, GALIO and GAL2)
that are positively regulated by Motlp. Further, Motlp
has also been implicated in the repression of a subset of
genes. Thus, based on our results, it is also anticipated
that CBC might be playing an inhibitory role in formation
of the PIC at the genes that are negatively regulated by
Motlp. In fact, our data demonstrate that CBC represses
the PIC formation at the core promoter of a gene, HSP26
that is negatively regulated by Motlp. Likewise, the PIC
formation at other genes such as SS43 and SSA4 is re-
pressed by CBC, and these genes are negatively regulated
by Motlp. Further, we demonstrate that CBC does not
alter the PIC formation at the core promoter of a
Motlp-independent gene, CUPI. Thus, CBC appears to
interact with Motlp in general in vivo, and subsequently,
exhibits different phenotypes with regard to the PIC
formation as dictated by Motlp. Collectively, our results
support that CBC differentially controls the PIC forma-
tion (and hence transcriptional initiation) via Motlp
in vivo, hence providing a novel regulatory mechanism
of gene activation by CBC.
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Supplementary Data are available at NAR Online.
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