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In spite of the important regulatory functions of antisense transcripts in gene expression, it remains unknown how antisense
transcription is initiated. Recent studies implicated RNA polymerase II in initiation of antisense transcription. However, how
RNA polymerase II is targeted to initiate antisense transcription has not been elucidated. Here, we have analyzed the association
of RNA polymerase II with the antisense initiation site at the 3= end of the GAL10 coding sequence in dextrose-containing
growth medium that induces antisense transcription. We find that RNA polymerase II is targeted to the antisense initiation site
at GAL10 by Reb1p activator as well as general transcription factors (e.g., TFIID, TFIIB, and Mediator) for antisense transcrip-
tion initiation. Intriguingly, while GAL10 antisense transcription is dependent on TFIID, its sense transcription does not require
TFIID. Further, the Gal4p activator that promotes GAL10 sense transcription is dispensable for antisense transcription. More-
over, the proteasome that facilitates GAL10 sense transcription does not control its antisense transcription. Taken together, our
results reveal that GAL10 sense and antisense transcriptions are regulated differently and shed much light on the mechanisms of
antisense transcription initiation.

Eukaryotic transcription is an extensively regulated, complex
process (1–7). It is controlled by the targeted association of

specific and general transcription factors (GTFs), where typically
an activator binds to a gene promoter and initiates a specific pro-
tein regulatory network leading to the formation of a preinitiation
complex (PIC) for transcription initiation. Transcription is also
highly influenced by the epigenetic landscape of the gene being
transcribed, which includes cytosine DNA methylation, histone
modifications, and RNA-mediated gene regulation (3, 8–10). In
fact, regulatory RNAs have a complex interplay with DNA meth-
ylation and histone modifications for controlling gene expression
(8, 11–23). Regulatory RNAs consist of noncoding RNAs
(ncRNAs), which include microRNAs (miRNAs), small nuclear
RNAs (snRNAs), small interfering RNAs (siRNAs), Piwi-interact-
ing RNAs (piRNAs), and natural antisense transcripts (NATs)
(24).

The ncRNAs have been implicated extensively in X-chromo-
some inactivation, gene imprinting, dosage compensation, and
heterochromatin formation in the heterochromatic regions of the
genome (8, 17–23, 25, 26). However, we are now beginning to
understand the functions of ncRNAs in the euchromatic genome
(8, 17, 24). In Saccharomyces cerevisiae, for example, IME4 and
SER3 genes are regulated by a cis mechanism of transcriptional
interference (27, 28, 29). The IME4 gene is required for entry into
meiosis, and its expression is blocked in haploids by IME4 anti-
sense transcripts. Analogous to IME4, the transcription of a
3-phosphoglycerate dehydrogenase-encoding gene, SER3, is re-
pressed by ncRNA via blocking activator binding to the SER3 pro-
moter (28, 29). On the other hand, a repressive mechanism dis-
tinct from transcriptional interference has been demonstrated for
the PHO84 gene, where stabilization of antisense transcripts re-
presses gene expression (30). In this model, aging cells lose a com-
ponent of the exosome, Rrp6p, which leads to stable PHO84 an-
tisense transcript (30). The PHO84 antisense transcript facilitates
the recruitment of the deacetylase, Hda1p, which represses the
PHO84 sense transcription (30). Recently, a similar mode of reg-
ulation has been shown for the GAL1-GAL10 gene cluster, where

the antisense transcript favors a repressive deacetylated chromatin
state, leading to transcriptional inhibition of sense transcription
(31, 32). Thus, antisense transcripts or ncRNAs play important
roles in gene regulation.

Transcriptome analysis of various eukaryotes has revealed the
existence of a much larger pool of ncRNAs than previously
thought, further corroborating their significance in the regulatory
processes (33). Seven to 30% of all genes in plants and animals are
associated with antisense transcripts, and up to 72% of transcripts
in human and mouse have antisense partners (8, 17, 34, 35). An-
tisense transcripts have crucial regulatory roles in gene expression
and have been associated with controlling cell fate, developmental
processes, stress adaptation, response to viral infections, and on-
cogenesis (8, 11–23, 27, 36–47). Despite the abundance and phys-
iological and pathological significance of antisense transcripts,
how the synthesis of antisense RNA itself is regulated has not been
clearly elucidated.

So far, there has not been any systematic study to decipher the
mechanism of antisense transcription initiation. Recent studies
(31, 32) in yeast have demonstrated that antisense transcription is
originated from the 3= end of the GAL10 coding sequence in dex-
trose-containing growth medium (which is repressive to sense
transcription). Further, it has been demonstrated that the initia-
tion of antisense transcription from GAL10 is dependent on the
activator Reb1p or Reb1p-binding site which is present at the 3=
end of the GAL10 coding sequence (31, 32). However, it remains
unknown how Reb1p initiates antisense transcription. Further, it
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has not been analyzed whether TATA-binding protein (TBP) and
other GTFs are involved in antisense transcription initiation.
Moreover, previous studies (31, 32) have implicated RNA poly-
merase II (Pol II) in antisense transcription based on capping and
polyadenylation of antisense RNA, but how RNA polymerase II is
targeted to the antisense initiation site for antisense transcription
has not yet been elucidated. Furthermore, the direct role of RNA
polymerase II in antisense transcription has not been demon-
strated. Here, using chromatin immunoprecipitation (ChIP) (48–
53) and transcriptional analyses in various mutants, we have stud-
ied RNA polymerase II associated with antisense transcription
initiation at the 3= end of the GAL10 coding sequence in dextrose-
containing growth medium. We find that RNA polymerase II as-
sociated with sense transcription from the 5= end of the GAL10
gene falls off the coding sequence when the carbon source in
growth medium is switched from galactose (that induces sense
transcription) to dextrose, and, subsequently, RNA polymerase II
associates with the 3= end of the GAL10 coding sequence for anti-
sense transcription. Such association of RNA polymerase II is de-
pendent on the activator Reb1p-binding site at the 3= end of the
GAL10 coding sequence, hence implicating the role of an activator
in targeting RNA polymerase II for antisense transcription. Fur-
ther, we find that the association of RNA polymerase II with the 3=
end of the GAL10 coding sequence in dextrose-containing growth
medium requires TBP and TBP-associated factors (TAFs), thus
supporting the role of TFIID (a complex of TBP and TAFs) in
targeting antisense RNA polymerase II. Likewise, Mediator as well
as TFIIB is also required for the association of RNA polymerase II
with the 3= end of the GAL10 coding sequence in dextrose-con-
taining growth medium. Collectively, our results demonstrate for
the first time the roles of TBP, TAFs, TFIIB, and Mediator as well
as the activator-binding site in facilitation of the recruitment of
RNA polymerase II to the antisense initiation site at the 3= end of
the GAL10 coding sequence (and hence antisense transcription).
Intriguingly, we find that GAL10 antisense transcription is depen-
dent on TFIID, while its sense transcription does not require
TFIID. Further, GAL10 antisense transcription does not depend
on the proteasome complex that is required for GAL sense tran-
scription. Moreover, Gal4p activator, which is essential for sense
transcription of GAL genes, is dispensable for GAL10 antisense
transcription. These results support the idea that GAL10 sense and
antisense transcriptions are independent of each other and are
regulated differently. Collectively, these results provide significant
insights on the mechanisms of antisense transcription initiation in
vivo.

MATERIALS AND METHODS
Plasmids. The plasmid pFA6a-13Myc-KanMX6 (54) was used for
genomic tagging of the largest subunit (Rpb1p) of RNA polymerase II.
The plasmid PRS406 was used for PCR-based disruption of PDR5 and
GAL1-GAL10 promoter. PRS416 was used as a reporter plasmid to test the
transcriptional activity of the RPS5 promoter or GAL10 3= end. The
GAL10 3= end and RPS5 promoter were inserted into the pRS416 plasmid
using BamHI and XbaI sites.

Strains. A yeast strain (Saccharomyces cerevisiae) harboring tempera-
ture-sensitive (TS) mutations in TAF11p, TAF13p, and TFIIB and iso-
genic wild-type equivalents were obtained from the Green laboratory
(Michael R. Green, University of Massachusetts Medical School) (55, 56).
A yeast strain harboring TS mutations in TBP and its isogenic wild-type
equivalent were obtained from the Struhl laboratory (Kevin Struhl, Har-
vard Medical School) (57). Wild-type and TS mutant strains of Srb4p

were obtained from the Young laboratory (Richard A. Young, Whitehead
Institute for Biomedical Research) (58). Rpb1p wild-type and TS mutant
strains were also obtained from the Young laboratory. The yeast strain
carrying mutations in the Reb1p-binding site at the 3= end of the GAL10
coding sequence and its isogenic wild-type equivalent were obtained from
the Tollervey laboratory (David Tollervey, University of Edinburg, United
Kingdom) (31). The yeast strain bearing a TS mutation in Rpt4p (rpt4-ts
or sug2-13) (Sc677) and its isogenic wild-type equivalent (Sc599) were
obtained from the Kodadek and Johnston laboratories (59). Multiple Myc
epitope tags were added to the original chromosomal locus of RBP1 in
strain W303a to generate the ZDY4 strain, using the pFA6a-13Myc-
KanMX6 plasmid. The endogenous GAL4 gene of NSY1 (49) was dis-
rupted using a PCR-based gene disruption method to generate NSY9 (49).
The PDR5 gene was deleted from the wild-type strain by the PCR-based
gene disruption method to generate SLY16a (52). The GAL1-GAL10 pro-
moter was deleted from the ZDY4 strain to generate GDY90.

Growth media. Yeast cells were grown in yeast extract-peptone plus
2% dextrose (YPD) to an optical density at 600 nm (OD600) of 1.0 at 30°C
prior to formaldehyde-based in vivo cross-linking for analysis of antisense
RNA polymerase II at the GAL10 locus. For kinetic analysis of RNA poly-
merase II association, yeast cells were grown in yeast extract-peptone plus
2% galactose (YPG) to an OD600 of 0.8 at 30°C and then transferred to
YPD medium for different time periods prior to cross-linking. For exper-
iments in the wild-type and TS mutant strains, yeast cells were grown in
YPD medium at 23°C to an OD600 of 0.85 and then transferred to 37°C for
1 h before cross-linking or harvesting for RNA analysis. For MG132-based
experiments, a yeast strain that has a null mutation of PDR5 was initially
grown in synthetic complete medium (yeast nitrogen base and complete
amino acid mixture plus 2% dextrose) at 30°C to an OD600 of 0.7 and then
treated with MG132 (75 �M) for 2 h.

ChIP assay. For analysis of the recruitment of antisense RNA poly-
merase II, the ChIP protocol was modified as described previously (48–
53). Such modification has been done in order to detect low-abundant
RNA polymerase II associated with antisense transcription along with
proper controls such as nonspecific antibody and nonspecific DNA. Ba-
sically, this modified assay is almost the same as our previous ChIP pro-
tocol (55, 56, 60–62) except for the amount of whole-cell extract used in
the immunoprecipitation step and the volume in which immunoprecipi-
tated DNA was dissolved. In this modified ChIP protocol, we have used
four times more whole-cell extract in the immunoprecipitation step, and
immunoprecipitated DNA was dissolved in half the volume used in our
previous ChIP protocol. By doing this, we have enriched immunoprecipi-
tated DNA, and thus the association of low-abundant antisense RNA
polymerase II can be detected, if present. Briefly, a total of 800 �l of lysate
was prepared from 100 ml of yeast culture. Following sonication, 400 �l of
lysate was used for each immunoprecipitation using 10 �l of anti-Myc
antibody (2 �g; Santa Cruz Biotechnology, Inc.) and 100 �l of protein
A/G plus agarose beads. Ten microliters of antihemagglutinin (anti-HA)
(2 �g; Santa Cruz Biotechnology, Inc.) was also used as a nonspecific
antibody control. Similarly, we carried out the ChIP assay using 2 �l of
8WG16 (Covance) antibody (which targets to the carboxy-terminal do-
main of the largest subunit of RNA polymerase II) in 200 �l of lysate.
Immunoprecipitated DNA sample was dissolved in 10 �l of Tris-EDTA
(TE) buffer, pH 8.0, of which 1 �l was used for the PCR analysis. In
parallel, the PCR analysis for input DNA was performed using 1 �l of
DNA that was prepared by dissolving purified DNA from 5 �l of lysate in
100 �l TE buffer, pH 8.0. The PCR analysis was carried out within a linear
range using 23 PCR cycles, as done previously (62, 63). The primer pairs
used for PCR analysis were as follows: region A, 5=-CTATGTTCAGTTA
GTTTGGCTAGC-3= and 5=-TTGATGCTCTGCATAATAATGCCC-3=;
region B, 5=-TTAATGCGAATCATAGTAGTATCG-3= and 5=-TTACCA
ATAGATCACCTGGAAATTC-3=; region C, 5=-CGCTTAACTGCTCAT
TGCTATATTG-3= and 5=-TTGTTCGGAGCAGTGCGGCGC-3=; Pol I,
5=-GAGTCCTTGTGGCTCTTGGC-3= and 5=-AATACTGATGCCCCCG
ACC-3=.
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For the location of the A, B, and C regions, see the schematic in Fig. 1A.
The primer pair represented by Pol I is located at the 18S ribosomal DNA
(rDNA) region (64). This primer pair has been used previously as a non-
specific DNA control in the ChIP analysis of RNA polymerase II genes.
Autoradiograms were scanned and quantitated by the National Institutes
of Health ImageJ (version 1.62) program. Immunoprecipitated DNAs
were quantitated as the ratio of immunoprecipitate to input in the auto-
radiogram. The ChIP experiments were carried out three or more times.
These experiments are biologically independent. The average ChIP signal
of the biologically independent experiments is reported with standard
deviation (SD) (Microsoft Office Excel 2003).

Total RNA preparation. Total RNA was prepared from yeast cell cul-
ture as described by Peterson et al. (65). Briefly, 10 ml of yeast culture was
harvested and then suspended in 100 �l of RNA preparation buffer (500
mM NaCl, 200 mM Tris-HCl, 100 mM Na2-EDTA, and 1% SDS) along
with 100 �l of phenol-chloroform-isoamyl alcohol and a 100-�l volume-
equivalent of glass beads (acid washed) (Sigma). Subsequently, the yeast
cell suspension was vortexed at maximum speed (10 in a VWR Mini
Vortex Mixer) (catalog number 58816-121; VWR) five times (30 s each).
The cell suspension was put on ice for 30 s between pulses. After vortexing,
150 �l of RNA preparation buffer and 150 �l of phenol-chloroform-
isoamyl alcohol were added to the yeast cell suspension, followed by vor-
texing for 15 s at maximum speed on a VWR Mini-Vortex mixer. The
aqueous phase was collected following a 5-min centrifugation at maxi-
mum speed in a microcentrifuge machine. The total RNA was isolated
from the aqueous phase by ethanol precipitation.

RT-PCR analysis of GAL10 antisense transcripts. Reverse transcrip-
tion-PCR (RT-PCR) analysis of GAL10 antisense transcript was per-
formed according to standard protocols (66). Briefly, total RNA was pre-
pared from yeast culture as described above. Equal amounts (15 to 30 �g)
of total RNA was used in the reverse transcription assay for both wild-type
and mutant strains. RNA was treated with RNase-free DNase (M610A;
Promega) and then reverse transcribed into cDNA using primer P1 (see
Fig. 2A) or P2 (see Fig. 4A) targeted to the GAL10 antisense transcript (P1,
5=-CTACGAGATTCCCAAATATGATTCC-3=; P2, 5=-GCTAAGATAAT
GGGGCTCTTTACAT-3=) as described in the protocol supplied by Pro-
mega (A3800; Promega). Reverse transcription was carried out at 42°C
using avian myeloblastosis virus (AMV) reverse transcriptase (RTase).
PCR was performed using synthesized first-strand cDNA (or the extended
P1 or P2 primer shown in Fig. 2A and 4A) as the template and the primer
pairs targeted to the GAL10 core promoter and coding sequence (repre-
sented as regions L and M, respectively, in Fig. 2A and 4A) and GAL7
coding sequence (marked as region N in Fig. 2A and 4A). Primer pairs
targeted to the GAL1, ADH1, and ACT1 coding sequences were also used
to amplify the above cDNAs generated by the P1 or P2 primer. RT-PCR
products were separated by 2.2% agarose gel electrophoresis and visual-
ized by ethidium bromide staining. The RT-PCR analysis was carried out
in biological triplicates. The average value of these biologically indepen-
dent experiments is reported with standard deviation (SD) (Microsoft
Office Excel 2003). The primer pairs used in the PCR analysis of cDNAs
were as follows: GAL7 (N), 5=-AAAGTGCAATCTGTGAGAGGCAAT
T-3= and 5=-TTTTCTCTTGCTTCTCTGGAGAGAT-3=; GAL10 (M), 5=-
CTACGAGATTCCCAAATATGATTCC-3= and 5=-TAACGCAAGATAG
CAAACTTCCAAC-3=; GAL10 (L), 5=-GCTAAGATAATGGGGCTCTTT
ACAT-3= and 5=-TTTCACTTTGTAACTGAGCTGTCAT-3=; GAL1, 5=-C
AGTGGATTGTCTTCTTCGGCCGC-3= and 5=-GGCAGCCTGATCCA
TACCGCCATT-3=; ACT1, 5=-TCCACCACTGCTGAAAGAGAAATT
G-3= and 5=-AATAGTGATGACTTGACCATCTGGA-3=; ADH1, 5=-CGG
TAACAGAGCTGACACCAGAGA-3= and 5=-ACGTATCTACCAACGA
TTTGACCC-3=; RPS5, 5=-AGGCTCAATGTCCAATCATTGAAAG-3=
and 5=-CAACAACTTGGATTGGGTTTTGGTC-3=.

RESULTS
Analysis of RNA polymerase II associated with antisense tran-
scription initiation at the 3= end of the GAL10 gene. Although

RNA polymerase II has been implicated in antisense transcription
based on capping and polyadenylation of antisense transcript (31,
32), a thorough analysis of antisense RNA polymerase II and its
regulation have not yet been elucidated. Here, we have taken the
advantage of the GAL gene cluster in yeast (Saccharomyces cerevi-
siae) to analyze the association of RNA polymerase II and its reg-
ulation at the antisense initiation site. The GAL gene cluster con-
sists of three genes, GAL1, GAL7, and GAL10, and is a highly
regulated galactose-inducible genetic unit (Fig. 1A). While GAL1
and GAL10 are divergent genes sharing a common bidirectional
promoter, GAL10 and GAL7 are tandem genes (Fig. 1A). This
genetic organization has significant implications in transcrip-
tional regulation of the GAL cluster through transcriptional inter-
ference (67). Previous studies (31, 32) have demonstrated the ex-
istence of 2.6-, 4-, and 6-kb-long noncoding antisense transcripts
initiated from the 3= end of the GAL10 coding sequence under
conditions repressive to GAL gene sense transcription (i.e., dex-
trose-containing growth medium). Such antisense transcription
from the 3= end of the GAL10 coding sequence leads to GAL10
ncRNAs, which attenuate GAL1-GAL10 sense transcription in
dextrose-containing growth medium. With this system, we asked
if one can actually track the association of RNA polymerase II with
GAL10 for antisense transcription in dextrose-containing growth
medium. To this end, we grew a yeast strain expressing the largest
subunit of RNA polymerase II (Rpb1p) bearing a Myc epitope tag
in dextrose-containing growth medium and then performed
formaldehyde-based in vivo cross-linking followed by a ChIP as-
say (Materials and Methods) to analyze the association of RNA
polymerase II with the 3= end of the GAL10 coding region (Fig. 1A,
region B). As a control, the association of RNA polymerase II with
the GAL7 core promoter (Fig. 1A, region A) was also analyzed.
Since the antisense transcription of GAL10 has been shown to start
from the 3= end of the GAL10 coding sequence toward GAL1 but
not GAL7 (Fig. 1A) (31, 32), the association of antisense RNA
polymerase II would not be observed with the GAL7 core pro-
moter. Our ChIP assay revealed a robust association of RNA poly-
merase II with the 3= end of the GAL10 coding sequence in dex-
trose-containing growth medium (Fig. 1B and C, region B).
However, such an association of RNA polymerase II was not ob-
served at the GAL7 core promoter (Fig. 1B and C, region A). This
is as expected since GAL7 is inactive in dextrose-containing
growth medium. Further, sense RNA polymerase II does not as-
sociate with the GAL10 coding region in dextrose-containing
growth medium because of Mig1p-mediated repression as well as
the masking of the Gal4p activation domain by the repressor,
Gal80p (60, 61, 68–71). Thus, the significantly high level of RNA
polymerase II at the 3= end of the GAL10 coding sequence in dex-
trose-containing growth medium supports the association of
RNA polymerase II with the antisense transcription initiation site.
Further, since antisense transcription is initiated from the 3= end
of the GAL10 coding sequence and continues through the GAL10-
GAL1 bidirectional promoter, the association of antisense RNA
polymerase II would also be observed at the GAL10-GAL1 bidirec-
tional promoter in dextrose-containing growth medium. Indeed,
we find a significantly high level of RNA polymerase II at the
GAL10-GAL1 bidirectional promoter in dextrose-containing
growth medium (Fig. 1B and C, region C), similar to the level of
RNA polymerase II at the 3= end of the GAL10 coding sequence
(Fig. 1B and C, region B).

Next, we analyzed the association of RNA polymerase II at the
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FIG 1 Analysis of RNA polymerase II association with the antisense start site at the 3= end of the GAL10 coding sequence. (A) A schematic diagram showing the
locations of the primer pairs (regions A, B, and C) at the GAL1, GAL10, and GAL7 loci for the ChIP analysis. Regions A, B, and C are located at the GAL7 core
promoter, the 3= end of the GAL10 coding sequence, and the upstream activating sequence (UAS) at the GAL10-GAL1 bidirectional promoter, respectively. The
numbers are presented with respect to the position of the translational stop codon of GAL10. (B) RNA polymerase II is associated with the 3= end of the GAL10
coding sequence (region B) in dextrose-containing growth medium. A yeast strain expressing the Myc epitope-tagged largest subunit (Rpb1p) of RNA poly-
merase II was grown in YPD medium to an OD600 of 1.0 at 30°C prior to formaldehyde-based in vivo cross-linking. The ChIP assay was performed as described
in Materials and Methods. Immunoprecipitation was carried out using an anti-Myc antibody (9E10; Santa Cruz Biotechnology, Inc.) against Myc-tagged Rpb1p.
Immunoprecipitated DNA was analyzed by PCR using the primer pairs encompassing regions A, B, and C as described for panel A. The ratio of the immuno-
precipitate over the input in the autoradiogram (termed a ChIP signal) was measured. The maximum ChIP signal was set to 100, and other ChIP signals were
normalized with respect to 100 (represented as normalized or relative occupancy). Normalized occupancy was plotted in the form of a histogram. (C)
Autoradiograms for the ChIP data presented in panel B. IP, immunoprecipitation. (D) Analysis of RNA polymerase II at the 3= end of the GAL10 coding sequence
(region B), GAL7 core promoter (region A), and GAL1-GAL10 UAS (region C) along with anti-HA as a nonspecific antibody in dextrose-containing growth
medium. A yeast strain expressing Myc-tagged Rpb1p was grown in YPG medium to an OD600 of 0.8 at 30°C and then transferred to YPD medium for 3 h prior
to cross-linking. (E) The ratio of the ChIP signal of Myc-tagged Rpb1p to anti-HA (i.e., fold increase of Rpb1p-Myc ChIP signal relative to HA) in panel D is
plotted in the form of a histogram. A ratio of 1 indicates no association of RNA polymerase II. (F) Analysis of association of RNA polymerase II with the RNA
polymerase I gene (Pol I) relative to anti-HA in dextrose-containing growth medium. The ratio of the ChIP signal of Myc-tagged Rpb1p to anti-HA was plotted
in the form of a histogram. (G) The ChIP analysis of RNA polymerase II association at the 3= end of the GAL10 coding sequence (region B) in the yeast strain
expressing Rpb1p with or without a Myc epitope tag. Yeast strains were grown as described for panel D. Immunoprecipitation was carried out using an anti-Myc
antibody.
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3= end of the GAL10 coding sequence (Fig. 1A, region B) along
with nonspecific anti-HA antibody in dextrose-containing growth
medium in order to determine whether the level of RNA polymer-
ase II signal at the 3= end of the GAL10 coding sequence is just a
background. We find that the level of RNA polymerase II at the
GAL10 antisense initiation site is significantly higher than the
background signal generated by nonspecific anti-HA antibody in
dextrose-containing growth medium (Fig. 1D and E). Interest-
ingly, the level of RNA polymerase II at the GAL7 core promoter
(Fig. 1A, region A) in dextrose-containing growth medium is al-
most same as the background signal (Fig. 1D and E). Further, we
demonstrate that there is no enrichment of RNA polymerase II
signal at the RNA polymerase I (Pol I) gene with respect to an-
ti-HA antibody signal in dextrose-containing growth medium
(Fig. 1F). Furthermore, as a control, we demonstrate the absence
of the ChIP signal (using an anti-myc antibody in the immuno-
precipitation step) at the 3= end of the GAL10 coding sequence in
dextrose-containing growth medium in the yeast strain that does
not have Myc-tagged Rpb1p (Fig. 1G). Thus, the RNA polymerase
II signal observed at the antisense initiation site of GAL10 in dex-
trose-containing growth medium is not background but, rather,
RNA polymerase II associated with antisense transcription.

Taken together, our results support the occupancy of RNA
polymerase II associated with antisense transcription at GAL10
under the growth condition that is repressive to sense transcrip-
tion. Consistently, we observed antisense transcription from the
3= end of the GAL10 coding sequence in dextrose-containing
growth medium (Fig. 2A and B). For analysis of GAL10 antisense
transcript, we used a specific primer (P1) targeted toward the 5=
end of the GAL10 antisense transcript in synthesizing cDNA,
which was subsequently amplified by a primer pair targeted to the
GAL10 coding sequence (region M), as schematically shown in
Fig. 2A. Using such an assay, we detected GAL10 antisense tran-
script in dextrose-containing growth medium (Fig. 2B). As a con-
trol, a primer pair targeted to the GAL7 coding sequence (region
N) was also used in the above PCR analysis of cDNA generated by
the P1 primer. Such analysis did not generate PCR signal (Fig. 2B)
as the GAL7 primer pair was located at the left side (or upstream)
of the GAL10 antisense initiation site (Fig. 2A). The absence of the
PCR signal at GAL7 (Fig. 2B) is not due to the fact that the GAL7
primer pair did not work in the PCR assay as the same primer pair
was successfully used in our previous studies (49, 53). Further, we
show here that the primer pair targeted to the GAL7 coding se-
quence (region N) amplified yeast genomic DNA (Fig. 2C). The
absence of the PCR signal using the primer pair targeted to the
GAL7 coding sequence (region N) also supported the idea that
there was no residual DNA contamination, similar to results in the
absence of reverse transcriptase (�RTase), which served as the
control. Thus, GAL7 served as a control for the absence of residual
DNA contamination. Further, we supported the absence of resid-
ual DNA contamination by performing the above RT-PCR anal-
ysis in the absence of RTase. We found the absence of PCR signal
when RTase was not used in the above RT-PCR analysis (Fig. 2B).
Since the specific P1 primer was used in cDNA synthesis, the
primer pair located at the right side (or downstream) of the P1
primer in the PCR analysis of GAL10 antisense cDNA would not
generate PCR signal. Indeed, the PCR signal was not observed
when the primer pair targeted to the GAL1 coding sequence was
used in the PCR analysis (Fig. 2D). This primer pair (targeted to
the GAL1 coding sequence) has been shown to work in our previ-

FIG 2 Analysis of GAL10 antisense transcript. (A) Schematic diagram show-
ing the experimental strategy for the analysis of GAL10 antisense transcript.
The P1 primer targeted toward the 5= end of the GAL10 antisense transcript
was extended by AMV reverse transcriptase-based reverse transcription at
42°C, and subsequently the extended primer was amplified by primer pairs
targeted to the coding regions, M and N, of GAL10 and GAL7, respectively. (B)
GAL10 antisense transcription in dextrose-containing growth medium. A
yeast strain expressing Myc-tagged Rpb1p was grown in YPG medium to an
OD600 of 0.8 at 30°C and then switched to YPD medium for 3 h. Total RNA was
isolated and analyzed following the experimental strategy as described in panel
A. The primer pair targeted to the GAL10 coding sequence (region M) gener-
ated PCR product from cDNA synthesized by the P1 primer. Reverse trans-
criptase was not used in cDNA synthesis in the �RTase lane. (C) Amplification
of genomic DNA using PCR primer pairs targeted to the GAL7, GAL10, and
GAL1 coding sequences. The same primer pairs were used as in panels A and B.
(D) RT-PCR analysis in dextrose-containing growth medium as described in
panel B. (E) RT-PCR analysis in dextrose-containing growth medium as de-
scribed in panel B using oligo(dT) primer. A yeast strain expressing Myc-
tagged Rpb1p was grown in YPG medium to an OD600 of 0.8 at 30°C and then
transferred to YPG or YPD medium for 3 h. Gal, galactose; Dex, dextrose. (F)
RT-PCR analysis as described in panel B in dextrose- and galactose-containing
growth medium, using the P1 primer in cDNA synthesis. A yeast strain ex-
pressing Myc-tagged Rpb1p was grown as described in panel E. (G) RT-PCR
analysis as described in panel B in galactose-containing growth medium.
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ous studies (49, 53) and has also been found here to amplify yeast
genomic DNA (Fig. 2C). Thus, our RT-PCR analysis using a spe-
cific P1 primer targeted to the 5= end of the GAL10 antisense RNA
in the cDNA synthesis supported the presence of GAL10 antisense
RNA in dextrose-containing growth medium (Fig. 2B), consistent
with the association of RNA polymerase II (Fig. 1). However, the
use of an oligo(dT) primer (Invitrogen) did not produce GAL10
antisense RNA in the above RT-PCR analysis in dextrose-contain-
ing growth medium (Fig. 2E, last lane). However, sense transcrip-
tion of GAL10 and GAL7 was observed using the oligo(dT) primer
in cDNA synthesis in galactose-containing growth medium as
these GAL genes undergo sense transcription in galactose but not
dextrose-containing growth medium (60, 61, 68–71). A long
GAL10 antisense transcript may not be completely reverse tran-
scribed by oligo(dT) or may not be efficiently polyadenylated,
leading to the absence of PCR signal in the RT-PCR analysis using
an oligo(dT) primer. Thus, a specific P1 primer targeted to the 5=
end of the GAL10 antisense RNA was used for cDNA synthesis in
dextrose-containing growth medium to efficiently detect GAL10
antisense transcripts.

Intriguingly, the use of the specific P1 primer in cDNA synthe-
sis also detected sense transcripts of ADH1, ACT1, and RPS5 in
dextrose-containing growth medium (Fig. 2F). This is possibly
due to hybridization of the P1 primer with the poly(A) tails of
mRNAs via matched (A·T) and mismatched (A·G, A·C, and A·A)
base pairs at 42°C during cDNA synthesis by AMV reverse trans-
criptase. In support of this possibility, previous studies have dem-
onstrated and characterized A·G, A·C, and A·A mismatched base
pairs (72–78). Further, the P1 primer may also randomly hybrid-
ize to RNAs (including mRNAs, rRNAs, and tRNAs) at 42°C dur-
ing cDNA synthesis via matched (A·T and G·C) and previously
demonstrated mismatched (G·T, G·A, A·C, T·C, G·G, A·A, T·T,
and C·C) base pairs (72–84). Moreover, random primers target
RNAs and, hence, have been used to analyze a broad spectrum of
RNAs. Thus, the use of the P1 primer in cDNA synthesis in RT-
PCR analysis is likely to detect RNA transcripts from RNA poly-
merase I, II, and III genes, similar to the random primers. Indeed,
we find that the use of the P1 primer in cDNA synthesis detected
GAL7 and GAL10 mRNAs in galactose-containing growth me-
dium (Fig. 2G). Likewise, ADH1, RPS5, and ACT1 transcripts
were also detected in galactose- and dextrose-containing growth
media using the P1 primer in cDNA synthesis as these genes are
known to be expressed in these growth media. Thus, similar to the
oligo(dT) primer, the P1 primer can be used in cDNA synthesis to
study the sense transcription of ACT1, ADH1, RPS5, and other
genes (that are expressed in dextrose- and/or galactose-containing
growth medium). Since sense transcription does not occur at the
GAL gene cluster in dextrose-containing growth medium (60, 61,
68–71), the aforementioned RT-PCR analysis using a specific P1
primer would be useful in analyzing antisense transcripts from the
GAL10 locus in dextrose-containing growth medium. Further,
sense transcripts of ACT1 or ADH1 in dextrose-containing growth
medium can be used as controls in the RT-PCR analysis of GAL10
antisense transcription. Indeed, these genes have been used as
controls in the GAL10 antisense transcription analysis described
below (Fig. 3D; see also the P1 primer results shown in Fig. 4 to 8).

Collectively, we find that RNA polymerase II is associated with
GAL10 for antisense transcription under the growth condition
that is repressive to sense transcription. In order to better distin-
guish RNA polymerase II associated with antisense transcription

from that of sense transcription at GAL10, we also performed a
kinetic analysis of RNA polymerase II association with the 3= end
of the GAL10 coding sequence following sense transcription re-
pression. To this end, we first grew the yeast strain expressing Myc
epitope-tagged Rpb1p in galactose-containing growth medium
(which induces GAL10 sense transcription) and then transferred
the yeast cells to dextrose-containing growth medium (which re-
presses GAL10 sense transcription and favors antisense transcrip-
tion) for different time periods to kinetically analyze the associa-
tion of RNA polymerase II with the 3= end of the GAL10 coding
sequence. We find a strong association of RNA polymerase II with
the 3= end of the GAL10 coding sequence at the 0-min time point
(Fig. 3A and B). This is expected as RNA polymerase II was in-
volved in sense transcription of the GAL10 gene in galactose-con-
taining growth medium. Thus, a significantly high level of RNA
polymerase II association with the 3= end of the GAL10 coding
sequence was observed at 0 min (Fig. 3A and B). However, when
yeast cells were transferred to dextrose-containing growth me-
dium, the association of RNA polymerase II involved in sense
transcription dropped dramatically within 3 min (Fig. 3A and B),
consistent with previous studies (51, 85). Interestingly, the asso-
ciation of RNA polymerase II with the 3= end of the GAL10 coding
sequence increased significantly at later time points in dextrose-
containing growth medium (Fig. 3A, B, and C). Thus, our results
demonstrate that RNA polymerase II involved in GAL10 sense
transcription in galactose-containing growth medium dissociates
from GAL10 in dextrose-containing growth medium within 3
min. Subsequently, RNA polymerase II associates with the 3= end
of the GAL10 coding sequence to initiate the antisense transcrip-
tion. Consistently, we find increased synthesis of GAL10 antisense
RNA upon switching the carbon source in the growth medium
from galactose to dextrose (Fig. 3D and E). For kinetic analysis of
GAL10 antisense transcription, we used the specific primer P2 in
cDNA synthesis (Fig. 4A) since the use of the P1 primer in cDNA
synthesis detected GAL10 sense transcript in galactose-containing
growth medium following amplification of cDNA by a primer pair
targeted to the GAL10 coding sequence (region M) (Fig. 2G). The
P2 primer is targeted to the promoter region of GAL10-GAL1, as
schematically shown in Fig. 4A, and the cDNA generated by the P2
primer was amplified by PCR using a primer pair targeted to the
GAL10 core promoter (Fig. 4, region L). Such analysis would not
detect GAL10 sense transcript in galactose-containing growth me-
dium as sense transcript does not complement the nucleotide se-
quence of the promoter but, rather, that of the coding sequence.
Indeed, we detected GAL10 antisense transcript in dextrose but
not galactose-containing growth medium using the P2 primer in
cDNA synthesis (Fig. 4B, left). As a control, we showed the ab-
sence of PCR signal for the GAL7 coding sequence (region N) in
dextrose-containing growth medium using the same cDNA gen-
erated by the P2 primer (Fig. 4B, right). However, we observed
GAL7 sense transcript in galactose-containing growth medium
(Fig. 4B, right). Again, this is possibly due to hybridization of the
P2 primer with poly(A) tails of the sense transcripts or RNAs via
matched and mismatched base pairs at 42°C during cDNA syn-
thesis by AMV reverse transcriptase, similar to the use of the P1
primer described above. Thus, like the use of the P1 primer, the
use of the P2 primer in cDNA synthesis would detect sense tran-
scripts. Indeed, the use of the P2 primer in cDNA synthesis de-
tected ACT1 sense transcripts in both galactose- and dextrose-
containing growth media (Fig. 4C). These results indicate that,
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using the P2 primer in cDNA synthesis, one can study the gener-
ation of GAL10 antisense RNA upon switching the carbon source
in the growth medium from galactose to dextrose. In such an
assay, PCR signal would be observed from the GAL10 locus not in
galactose-containing growth medium but in dextrose-containing
growth medium, hence supporting the synthesis of GAL10 anti-
sense RNA. While the use of the P2 primer in cDNA synthesis does
not detect GAL10 sense transcripts in galactose-containing
growth medium, GAL10 sense transcripts can be detected using
the P1 primer in cDNA synthesis in galactose-containing growth

medium. Thus, the P2 primer was used in the cDNA synthesis in
the kinetic analysis of GAL10 antisense transcription. Nonethe-
less, both the P1 and P2 primers can be used for GAL10 antisense
transcription analysis in dextrose-containing growth medium. In
fact, the P1 primer has been used in GAL10 antisense transcription
analysis in dextrose-containing growth medium as described be-
low (Fig. 4F; see also the P1 primer results shown in Fig. 5 to 7).

As presented above, our data demonstrate the association of
RNA polymerase II with the antisense transcription initiation site
upon switching the carbon source in the growth medium from

FIG 3 Kinetic analysis of RNA polymerase II association with the 3= end of the GAL10 coding sequence. (A) Kinetic analysis of RNA polymerase II association
with the 3= end of the GAL10 coding sequence following the switch of the growth medium from YPG to YPD. A yeast strain expressing Myc-tagged Rpb1p was
grown in YPG medium to an OD600 of 0.8 at 30°C and then transferred to YPD medium for different time periods prior to cross-linking. Immunoprecipitation
was performed as described in the legend of Fig. 1B. The ChIP signal at 0 min was set to 100, and the ChIP signals at other time points were normalized with respect
to 100. The normalized (or relative) occupancy of Rpb1p was plotted in the form of a histogram. (B) Autoradiograms for the ChIP data in panel A. (C)
Association of RNA polymerase II with the 3= end of the GAL10 coding sequence in YPD medium (from 3 to 180 min) described in panel A was presented
separately. The maximum ChIP signal in YPD medium was set to 100, and other ChIP signals were normalized with respect to 100. In one experiment, the 60-min
time point shows slightly higher ChIP signal than the 180-min time point and, thus, was set to 100. In other experiments, the 180-min time point shows slightly
higher ChIP signal than the 60-min time point and was set to 100. The normalized (or relative) occupancy of Rpb1p was plotted in the form of a histogram. (D)
RT-PCR analysis. Generation of GAL10 antisense RNA following the switch of the growth medium from YPG to YPD. A yeast strain was grown as described in
the legend of panel A. GAL10 antisense RNA was analyzed using the P2 primer in cDNA synthesis and the primer pair targeted to the GAL10 core promoter in
PCR amplification of cDNA (as schematically described in Fig. 4A). The levels of ACT1 transcripts were monitored as controls. (E) The results shown in panel
D were plotted in the form of a histogram. Maximum signal of GAL10 antisense transcript was set to 100, and the levels of GAL10 antisense transcripts at other
time points were normalized with respect to 100. Likewise, the maximum ACT1 transcript level was set to 100, and the levels of ACT1 transcripts at other time
points were normalized with respect to 100.
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FIG 4 RNA polymerase II is essential for GAL10 antisense transcription. (A) Schematic diagram showing the experimental strategy for the analysis of GAL10
antisense transcript using the P2 primer. The P2 primer targeted toward the 5= end of the GAL10 antisense transcript, but encompassing a region corresponding
to the GAL10-GAL1 bidirectional promoter, was extended by reverse transcription at 42°C, and subsequently the extended primer was amplified by primer pairs
targeted to the core promoter region of GAL10 (region L) and the coding sequence region of GAL7 (region N). (B) GAL10 antisense transcription in dextrose-
containing growth medium. The primer pair targeted to the GAL10 core promoter region (region L) but not the GAL7 coding sequence (region N) generated PCR
product from cDNA synthesized by the P2 primer in dextrose-containing growth medium. A yeast strain expressing Myc-tagged Rpb1p was grown as described
in the legend of Fig. 2E. (C) Amplification of cDNAs shown in panel B using a PCR primer pair targeted to the ACT1 coding sequences. (D) Analysis of RNA
polymerase II at the 3= end of the GAL10 coding sequence (region B) (Fig. 1A), GAL7 core promoter (region A) (Fig. 1A), and GAL10-GAL1 UAS (region C) (Fig.
1A) along with anti-HA as a nonspecific antibody control in dextrose- and galactose-containing growth media. A yeast strain expressing Myc-tagged Rpb1p was
grown as described in the legend of Fig. 2E prior to cross-linking. Immunoprecipitations were performed as described in the legend of Fig. 1B. (E) The ratio of
the ChIP signal of Myc-tagged Rpb1p to that of anti-HA (i.e., fold increase of Rpb1p-myc ChIP signal relative to HA) at region B in panel D is plotted in the form
of a histogram. A ratio of 1 indicates no association of RNA polymerase II. (F) RNA polymerase II is essential for GAL10 antisense transcription in dextrose-
containing growth medium. Wild-type (WT) and TS mutant strains of Rpb1p were grown in YPD medium at 23°C up to an OD600 of 0.85 and then switched to
37°C for 1 h prior to harvesting. Total RNA was prepared from the wild-type and TS mutant strains of Rpb1p and then analyzed for GAL10 antisense RNA using
the P1 primer in cDNA synthesis. (G) The transcription data shown in panel F were plotted in the form of a histogram. The RNA level in the wild-type strain was
set to 100, and the level of RNA in the mutant strain was normalized with respect to 100.

3556 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


galactose to dextrose, and, consistently, antisense transcripts are
synthesized. Although previous studies (31, 32) suggested a role of
RNA polymerase II in antisense transcription based on capping
and polyadenylation, there was no demonstration of the associa-
tion of RNA polymerase II with the antisense transcription initi-
ation site. Our results demonstrate the association of RNA poly-
merase II with the antisense transcription initiation site at GAL10
in dextrose-containing growth medium. Intriguingly, we find that
the association of RNA polymerase II with the 3= end of the GAL10
coding sequence is significantly less in dextrose-containing
growth medium than in galactose-containing growth medium
(Fig. 4D and E). This is consistent with the fact that antisense
transcription is less abundant or frequent than sense transcrip-
tion. Since RNA polymerase II is associated with the GAL10 anti-
sense transcription initiation site in dextrose-containing growth
medium, it would be required for GAL10 antisense transcription.
To test this, we analyzed the level of GAL10 antisense transcription
in the wild-type and TS mutant strains of the largest subunit of
RNA polymerase II following a 1-h inactivation at the nonpermis-
sive temperature in dextrose-containing growth medium. We
found that GAL10 antisense transcription was impaired in the
rpb1-ts mutant strain in dextrose-containing growth medium
(Fig. 4F and G), thus supporting the direct role of RNA polymer-
ase II in antisense transcription, similar to the function of RNA
polymerase II in sense transcription (for example, ACT1 tran-
scription) (Fig. 4F and G).

Reb1p-binding site at the 3= end of the GAL10 coding se-
quence facilitates the targeting of RNA polymerase II for anti-
sense transcription. Sense transcription of the protein-coding
genes by RNA polymerase II is a highly targeted process and re-
quires GTFs for the formation of the PIC to initiate transcription.
Typically, an activator binds to the upstream activating sequence
(UAS) of a gene and facilitates the formation of the PIC, and,
hence, recruitment of RNA polymerase II holoenzyme to initiate
sense transcription. However, there has not been any systematic
study to analyze whether activators and GTFs perform similar
roles to promote the targeting of antisense RNA polymerase II.
Therefore, we have analyzed below whether the targeting of anti-
sense RNA polymerase II to the 3= end of the GAL10 coding se-
quence requires these factors.

Genome-wide studies in humans analyzing the binding of
transcriptional activators SP1, c-Myc, and p53 have revealed that
they bind in close proximity to the 3= end of the protein-coding
genes on chromosomes 21 and 22 (86), thus suggesting that they
might be regulating antisense transcription. Similarly, in yeast, the
Reb1p activator has been shown to bind within several protein-
coding genes (87), suggesting its role in controlling antisense tran-
scription. Indeed, previous studies have shown that Reb1p, a
Myb-related protein which plays important roles in RNA poly-
merase I- and II-mediated transcription and polymerase I tran-
scription termination, associates with the 3= end of the GAL10
coding sequence and promotes GAL10 ncRNA transcription (31,
32). We thus hypothesized that Reb1p might be acting as an acti-
vator to promote the targeting of RNA polymerase II to the 3= end
of the GAL10 coding sequence for antisense transcription. To test
this hypothesis, we analyzed the role of Reb1p in recruitment of
RNA polymerase II to the 3= end of the GAL10 coding sequence in
dextrose-containing growth medium. For this experiment, we
have used the yeast strain (from the Houseley laboratory) (31) that
carries mutations in the 4 Reb1p-binding sites at the 3= end of the

GAL10 coding sequence (Fig. 5A), and such mutations impaired
the binding of Reb1p to the 3= end of the GAL10 coding sequence
(31) (and, hence, antisense transcription) (31). Association of
RNA polymerase II with the 3= end of the GAL10 coding sequence
was analyzed in this mutant strain along with its isogenic wild-
type equivalent in dextrose-containing growth medium. We
found that the association of RNA polymerase II with the 3= end of
the GAL10 coding sequence was significantly impaired in the yeast
strain carrying mutations in the Reb1p-binding sites compared to
the wild-type equivalent (Fig. 5B and C). Thus, our results support
the role of the Reb1p-binding site (or presumably Reb1p) in facil-
itating the targeting of RNA polymerase II to the site of antisense
transcription initiation. Therefore, GAL10 antisense transcription
would be impaired in the yeast strain carrying mutations in the
Reb1p-binding site. Indeed, we found that GAL10 antisense tran-
scription in dextrose-containing growth medium was impaired in
the yeast strain carrying mutations in the Reb1p-binding site (Fig.
5D and E), consistent with previous studies (31). As a control, we
demonstrate that ACT1 transcription was not altered in the yeast
strain carrying mutations in the Reb1p-binding site in compari-
son to the wild-type equivalent (Fig. 5D and E). As mentioned
above, the absence of PCR signal using the primer pair targeted to
the GAL7 coding sequence (Fig. 2A, region N) in dextrose-con-
taining growth medium (Fig. 5D) demonstrates that there was no
DNA contamination in the RT-PCR analysis. Collectively, our
data support the role of the activator Reb1p-binding site in target-
ing RNA polymerase II for GAL10 antisense transcription. In-
triguingly, the Gal4p activator that is involved in GAL10 sense
transcription does not regulate GAL10 antisense transcription in
dextrose-containing growth medium (Fig. 5E and F). GAL10
sense transcription does not occur in dextrose-containing growth
medium due to Mig1p-mediated repression and masking of the
Gal4p activation domain by Gal80p (60, 61, 68–71). Thus, GAL10
antisense transcription is independent of its sense transcription.
This is further substantiated by the fact that GAL10 antisense tran-
scription occurs in dextrose-containing growth medium in the
absence of the GAL1-GAL10 promoter (Fig. 5G). Intriguingly, the
3= end of the GAL10 coding sequence alone cannot drive tran-
scription from a reporter plasmid containing a LacZ coding se-
quence (Fig. 5H). Likewise, the promoterless vector did not gen-
erate LacZ transcript (Fig. 5H). The RPS5 sense promoter was
used as a positive control and drove LacZ transcription from the
reporter plasmid (Fig. 5H). These results indicate the requirement
of additional DNA sequence elements or factors in addition to the
GAL10 3= end to drive antisense transcription from its own chro-
mosomal locus.

TBP promotes the recruitment of RNA polymerase II to the
3= end of the GAL10 coding sequence for antisense transcrip-
tion. Next, we analyzed the role of TBP in targeting the recruit-
ment of RNA polymerase II involved in antisense transcription
initiation at the 3= end of the GAL10 coding sequence. TBP is an
essential GTF and is required for recruitment of RNA polymerase
II (2). Likewise, RNA polymerase II involved in antisense tran-
scription may also require TBP for its recruitment to the 3= end of
the GAL10 coding sequence under repressive growth conditions.
In support of this idea, two TATA boxes (that bind with TBP) are
found at the 3= end of the GAL10 coding sequence (32). One
TATA box is present upstream of the Reb1p-binding site, and
another one is located downstream of the Reb1p-binding site (Fig.
5A) (32). Further, recent global genome-wide location analyses
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FIG 5 Reb1p-binding site is essential for recruitment of RNA polymerase II at the 3= end of the GAL10 coding sequence in dextrose-containing growth medium
for GAL10 antisense transcription. (A) Schematic diagram showing the Reb1p-binding site, TATA box, and antisense transcription initiation site at the 3= end of
the GAL10 coding sequence. The numbers are presented with respect to the position of the translational stop codon of GAL10. (B) Analysis of antisense RNA
polymerase II recruitment to the 3= end of the GAL10 coding sequence in the wild-type (WT) strain and mutant carrying mutations in the Reb1p-binding site
(Reb1p-BS�). Both the wild-type and mutant strains were grown as described in the legend of Fig. 1B. Immunoprecipitation was performed using 8WG16
antibody (Covance, Inc.) against the carboxy-terminal domain of the largest subunit (Rpb1p) of RNA polymerase II. Immunoprecipitated DNA was analyzed by
PCR using a primer pair targeted to the 3= end of the GAL10 coding sequence (region B) (Fig. 1A). The ChIP signal of the wild-type strain was set to 100, and the
ChIP signal of the mutant strain was normalized with respect to 100 (represented as normalized or relative occupancy). (C) The autoradiograms for the ChIP data
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revealed the association of TBP to the 3= ends of genes, hence
suggesting the role of TBP in antisense transcription (88–91). To
mechanistically determine the role of TBP in antisense transcrip-
tion, we analyzed the recruitment of RNA polymerase II to the 3=
end of the GAL10 coding sequence in dextrose-containing growth
medium in the wild-Type and TS mutant strains of TBP. We
found that the recruitment of RNA polymerase II to the 3= end of
the GAL10 coding sequence was significantly decreased in the TS
mutant strain of TBP (spt15-ts) compared to the wild-type equiv-
alent (Fig. 6A and B). Thus, RNA polymerase II requires TBP for
its targeting to the antisense start site to initiate antisense tran-
scription. Although the presence of a TATA box at the 3= end of
the GAL10 coding sequence and association of TBP at the 3= ends
of the genes (88–91) suggested the role of TBP in antisense tran-
scription initiation, there has not been any study that demon-
strates this fact. Our results demonstrate that TBP is required for
recruitment of RNA polymerase II associated with antisense tran-
scription. Thus, GAL10 antisense transcription would be altered
in the spt15-ts mutant strain. Indeed, we find that GAL10 antisense
transcription in dextrose-containing growth medium was im-
paired in the spt15-ts mutant strain (Fig. 6C and D), consistent
with the role of TBP in regulation of sense transcription (for ex-
ample, ACT1 transcription) (Fig. 6C and D). As mentioned above,
the absence of the PCR signal in cDNA amplification using the
primer pair targeted to the GAL7 coding sequence in dextrose-
containing growth medium (Fig. 6C) demonstrated that there was
no DNA contamination in the RT-PCR analysis. Collectively, our
data support the idea that TBP promotes the targeting of RNA
polymerase II for antisense transcription. Intriguingly, the re-
cruitment of TBP and RNA polymerase II to the promoter during
GAL sense transcription is facilitated by the proteasome (1, 2, 49,
92). Such regulation has recently been attributed to occur via deg-
radation of Gal80p (92), which specifically controls GAL1-GAL10
sense transcription (60, 61, 68–71). However, our RT-PCR anal-
ysis revealed that, unlike its sense transcription, GAL10 antisense
transcription in dextrose-containing growth medium was not reg-
ulated by the proteasome (Fig. 6E, F, and G). The levels of ACT1
mRNAs were monitored as controls since previous studies (93)
demonstrated that ACT1 transcription was not regulated by the
proteasome. Indeed, we found that ACT1 transcription was not
altered by the proteasome (Fig. 6E, F, and G). Further, the absence
of the PCR signal in cDNA amplification using the primer pair
targeted to the GAL7 coding sequence (Fig. 6E and F) demon-
strated the absence of DNA contamination in the RT-PCR analy-
sis. Collectively, these results support the idea that GAL10 anti-
sense transcription is not regulated by the proteasome. This is as

expected since GAL10 antisense transcription in dextrose-con-
taining growth medium is not regulated by Gal4p (and, hence,
Gal80p) (Fig. 5E and F). Thus, the function of the proteasome may
be specific in the regulation of GAL1-GAL10 sense transcription in
the presence of galactose. Taken together, our data reveal that
GAL10 sense and antisense transcriptions are regulated differ-
ently.

TAFs facilitate the targeting of RNA polymerase II to the 3=
end of the GAL10 coding sequence for antisense transcription.
TBP and a set of TAFs form the TFIID complex that is an impor-
tant transcription factor. In yeast, about 90% of genes are TAF
dependent (2). TAFs are highly conserved transcription factors
and are required for the association of TBP (and hence RNA poly-
merase II) with the core promoter of a large number of protein-
coding genes (2). We thus asked whether TAFs are also required
for recruitment of RNA polymerase II to the antisense transcrip-
tion initiation site at GAL10, similar to their roles in targeting
RNA polymerase II involved in sense transcription. To this end,
we analyzed the association of RNA polymerase II with the 3= end
of the GAL10 coding sequence in the TAF11p and TAF13p TS
mutant and wild-type strains in dextrose-containing growth me-
dium. These TAFs are specific to the TFIID complex and are not
shared with the SAGA complex (2). TAF11p and TAF13p have
been shown to form a heterodimer and interact with TBP for sense
transcription (2, 55). Interestingly, our ChIP analysis revealed that
the association of RNA polymerase II with the 3= end of the GAL10
coding sequence in dextrose-containing growth medium was se-
verely impaired in both the TAF11 and TAF13 TS mutant strains
compared to the wild-type equivalent (Fig. 7A to D). Thus, the
targeting of RNA polymerase II to the antisense transcription ini-
tiation site is dependent on TFIID-specific TAFs. Consistently, we
found that GAL10 antisense transcription in dextrose-containing
growth medium was significantly impaired in the TS mutant
strains of TAF11p and TAF13p (Fig. 7E and F). The sense tran-
scription of the TAF-independent ADH1 gene (94) was moni-
tored in the above taf11-ts and taf13-ts mutant strains as controls.
We found that ADH1 mRNA levels were not altered in these TS
mutant strains in comparison to the wild-type equivalents (Fig. 7E
and F). The absence of PCR signal in cDNA amplification using
the primer pair targeted to the GAL7 coding sequence (Fig. 7E)
served as a “no-DNA-contamination” control in this set of RT-
PCR analyses in dextrose-containing growth medium. Taken to-
gether, our results demonstrate that RNA polymerase II requires
TAFs and TBP for its association with the antisense transcription
initiation site at GAL10 for antisense transcription (Fig. 6A to D
and 7A to F). These observations support for the first time the role

presented in panel B. (D) Analysis of GAL10 antisense transcription in the wild-type and Reb1p-BS� strains in dextrose-containing growth medium using the P1
primer in cDNA synthesis. Both wild-type and mutant strains were grown as described in panel B. (E) The transcription data in panels D and F were plotted in
the form of a histogram. The PCR signal of GAL10 antisense transcript in the wild-type strain was set to 100, and the level of GAL10 antisense transcript in the
mutant strain was normalized with respect to 100. Likewise, the ACT1 transcript level was set to 100 in the wild-type strain, and the level of ACT1 transcript in
the mutant strain was normalized with respect to 100. (F) Analysis of GAL10 antisense transcription in the wild-type and �gal4 strains in dextrose-containing
growth medium. Both wild-type and mutant strains were grown as described in panel B. (G) Analysis of GAL10 antisense transcription in dextrose-containing
growth medium in the yeast strain that does not have GAL1-GAL10 promoter. A yeast strain without a GAL1-GAL10 promoter was grown as described in panel
B. (H) The GAL10 3= end alone cannot drive transcription from a reporter plasmid. Schematic diagrams (left) show the LacZ reporter plasmid (pRS416) with
RPS5 promoter or GAL10 3= end. The numbers above RPS5 promoter (sense) are presented with respect to the first nucleotide of the transcription start site of
RPS5. The numbers above GAL10 3= end are presented with respect to the last nucleotide of the translational stop codon of GAL10. The region R at the LacZ
coding sequence was amplified using cDNA generated by oligo(dT). Analysis of LacZ transcript under the RPS5 promoter or GAL10 3= end was performed (right)
The above constructs were transformed into wild-type yeast cells and then grown in dextrose-containing medium to an OD600 of 1.0 at 30°C prior to harvesting
for RNA analysis. The coding regions of ACT1 and GAL7 were amplified as loading and no-DNA-contamination controls, respectively, using cDNA generated
by oligo(dT).
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of TFIID in promoting the recruitment of RNA polymerase II
(and hence antisense transcription) to the antisense initiation site.

TFIIB and Mediator facilitate the targeting of RNA polymer-
ase II to the 3= end of the GAL10 coding sequence for antisense
transcription. Transcription initiation at the sense strand re-

quires several other GTFs such as TFIIA, TFIIB, TFIIE, TFIIF, and
TFIIH. An ordered and proper assembly of these factors at the
core promoter ensures the appropriate transcription initiation
complex or PIC ready for producing the transcript. These GTFs
are essential for accurate sense transcription (6, 95). Likewise,

FIG 6 TBP is required for recruitment of RNA polymerase II to the 3= end of the GAL10 coding sequence in dextrose-containing growth medium for GAL10
antisense transcription. (A) Analysis of recruitment of antisense RNA polymerase II to the 3= end of the GAL10 coding sequence in the wild-type and mutant
strains of TBP (SPT15-WT and spt15-ts) in dextrose-containing growth medium. Both the wild-type and mutant strains were grown in YPD medium at 23°C to
an OD600 of 0.85 and then transferred to 37°C for 1 h before cross-linking. Immunoprecipitation was performed as described in the legend of Fig. 5B. (B)
Autoradiograms for the ChIP data shown in panel A. (C) Analysis of GAL10 antisense transcription in the wild-type and spt15-ts mutant strains in dextrose-
containing growth medium using the P1 primer in cDNA synthesis. Both the wild-type and mutant strains were grown as described in panel A. (D) The
transcription data in panel C were plotted in the form of a histogram. The PCR signal of GAL10 antisense transcript in the wild-type strain was set to 100, and the
level of GAL10 antisense transcript in the mutant strain was normalized with respect to 100. Likewise, the ACT1 transcript level was set to 100 in the wild-type
strain, and the level of ACT1 transcript in the mutant strain was normalized with respect to 100. (E) Analysis of GAL10 antisense transcription in the wild-type
and rpt4-ts mutant strains in dextrose-containing growth medium using the P1 primer in cDNA synthesis. Yeast strains were grown as described in panel A. (F)
Analysis of GAL10 antisense transcription in the presence and absence of MG132 in dextrose-containing growth medium using the P1 primer in cDNA synthesis.
Yeast cells carrying null mutation of PDR5 were grown in YPD medium at 30°C to an OD600 of 0.7 and then treated with MG132 (75 �M) for 2 h prior to
harvesting. (G) The GAL10 antisense transcription data shown in panels E and F were plotted in the form of a histogram. The PCR signal of GAL10 antisense
transcript in the wild-type strain was set to 100, and the level of GAL10 antisense transcript in the mutant strain was normalized with respect to 100. Likewise, the
ACT1 transcript level was set to 100 in wild-type strain, and the level of ACT1 transcript in the mutant strain was normalized with respect to 100. Similarly, the
PCR signals were normalized in the presence of MG132 with respect to the absence of MG132.
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these GTFs may also regulate the association of RNA polymerase
II with the antisense transcription initiation site to control anti-
sense transcription. To test this, we analyzed the role of TFIIB in
recruitment of antisense RNA polymerase II to the antisense start
site at GAL10. During sense transcription, TFIIB clamps TBP to
the promoter DNA. TFIIB makes intimate contact with RNA
polymerase II and helps in the transcription start site selection
(96–98). Thus, TFIIB may be enabling the proper binding of RNA
polymerase II to the 3= end of the GAL10 coding sequence for
antisense transcription in dextrose-containing growth medium.

Indeed, we found that the recruitment of RNA polymerase II to
the antisense initiation site at GAL10 was significantly reduced in
the TFIIB TS mutant strain (sua7-ts) compared to its wild-type
equivalent in dextrose-containing growth medium (Fig. 8A and
B). Consistently, GAL10 antisense transcription in dextrose-con-
taining growth medium was impaired in the sua7-ts mutant strain
(Fig. 8C and D), similar to the role of TFIIB in sense transcription
(for example, ACT1 transcription) (Fig. 8C and D). The absence
of the PCR signal in cDNA amplification using the primer pair
targeted to the GAL7 coding sequence (Fig. 8C) served as a no-

FIG 7 Analysis of recruitment of antisense RNA polymerase II to the 3= end of the GAL10 coding sequence in the wild-type and mutant strains of TAF11p
and TAF13p in dextrose-containing growth medium for antisense transcription. (A) TAF13p is required for recruitment of RNA polymerase II to the 3=
end of the GAL10 coding sequence in dextrose-containing growth medium. Both the wild-type and mutant strains were grown, cross-linked, and
immunoprecipitated as described in the legend of Fig. 6A. (B) Autoradiograms for the ChIP data shown in panel A. (C) TAF11p is required for recruitment
of RNA polymerase II to the 3= end of the GAL10 coding sequence in dextrose-containing growth medium. Both the wild-type and mutant strains were
grown, cross-linked, and immunoprecipitated as described in the legend of Fig. 6A. (D) Autoradiograms for the ChIP data shown in panel C. (E) RT-PCR
analysis of GAL10 antisense transcription in the taf11-ts and taf13-ts mutant strains and their wild-type equivalents in dextrose-containing growth
medium as described in the legend of Fig. 2B. Yeast cells were grown as described in the legend of Fig. 6A. (F) The data in panel E were plotted in the form
of a histogram. The PCR signal of GAL10 antisense transcript in the wild-type strain was set to 100, and the level of GAL10 antisense transcript in the
mutant strain was normalized with respect to 100. Likewise, the ADH1 transcript level was set to 100 in the wild-type strain, and the level of ADH1
transcript in the mutant strain was normalized with respect to 100.
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DNA-contamination control in this set of RT-PCR analyses. Col-
lectively, our data reveal that TFIIB plays an important role in
targeting RNA polymerase II to the antisense initiation site at
GAL10 for antisense transcription.

Next, we analyzed the role of the Mediator complex in target-
ing the recruitment of RNA polymerase II to the antisense initia-
tion site at GAL10. The Mediator complex acts as a bridge between
the activator and the basal transcriptional machinery to promote

sense transcription (99, 100). Mediator is a multisubunit complex
and consists of three modules: the Srb4 module (Srb2p, Srb4p,
Srb5p, Srb6p, Rox3p, Med8p, Med11p, and Med6p), the Gal11/
Sin4 module (Gal11p, Rgr1p, Sin4p, Pgd1p, and Med2p), and the
Med9/Med10 module (Med1p, Med4p, Med7p, Srb7p, Med9p,
and Med10p). The Srb4 module of the Mediator complex inter-
acts with the C-terminal domain of RNA polymerase II. Srb4p is
essential to maintain the global structural and functional integrity

FIG 8 TFIIB and Mediator are required for recruitment of antisense RNA polymerase II to the 3= end of the GAL10 coding sequence. (A) Analysis of
recruitment of RNA polymerase II to the 3= end of the GAL10 coding sequence in the wild-type and mutant strains of TFIIB (SUA7-WT and sua7-ts) in
dextrose-containing growth medium. Both the wild-type and mutant strains were grown, cross-linked, and immunoprecipitated as described in the
legend of Fig. 6A. (B) The autoradiograms for the ChIP data shown in panel A. (C) RT-PCR analysis of GAL10 antisense RNA in the SUA7 wild-type and
TS mutant strains in dextrose-containing growth medium as described in the legend of Fig. 2B. Yeast cells were grown as described in the legend of Fig.
6A. (D) The transcription data shown in panel C were plotted in the form of a histogram. The PCR signal of GAL10 antisense transcript in wild-type strain
was set to 100, and the level of GAL10 antisense transcript in the mutant strain was normalized with respect to 100. Likewise, the ACT1 transcript level was
set to 100 in the wild-type strain, and the level of ACT1 transcript in the mutant strain was normalized with respect to 100. (E) Analysis of recruitment
of RNA polymerase II to the 3= end of the GAL10 coding sequence in the wild-type and mutant strains of Mediator (SRB4-WT and srb4-ts) in
dextrose-containing growth medium. Both the wild-type and mutant strains were grown, cross-linked, and immunoprecipitated as described in the
legend of Fig. 6A. (F) The autoradiograms for the ChIP data shown in panel E.
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of the Mediator complex (61, 101, 102). Mediator is required for
recruitment of RNA polymerase II involved in sense transcription.
Likewise, the Mediator complex may also be required to promote
the recruitment of RNA polymerase II to the antisense initiation
site. To test this, we analyzed the recruitment of RNA polymerase
II to the antisense transcription initiation site at GAL10 in dex-
trose-containing growth medium in the wild-type and TS mutant
strains of Srb4p at the nonpermissive temperature. Interestingly,
we found that the association of RNA polymerase II with the an-
tisense initiation site at GAL10 was significantly decreased in the
srb4-ts mutant strain compared to the wild-type equivalent in
dextrose-containing growth medium (Fig. 8E and F). Thus, our
results implicate the role of the Mediator complex in targeting
RNA polymerase II (and hence antisense transcription) to the
antisense initiation site at GAL10.

DISCUSSION

The ncRNAs have been increasingly implicated in oncogenesis
and pathogenesis of a number of diseases (37, 38, 40–46, 103–
105). Genome-wide studies have revealed extensive existence of
ncRNAs in all eukaryotes, and the roles of ncRNAs in various
cellular processes are significant (17, 18). Antisense RNAs form a
major fraction of ncRNAs and play crucial roles in gene expression
(8, 17, 18, 36, 106). Previous studies have demonstrated that an-
tisense RNAs from GAL10 are capped at the 5= end and polyade-
nylated at the 3= end (31). Further, antisense transcription from
GAL10 is associated with histone H3 K36 (lysine 36) methylation
that is carried out by RNA polymerase II via its interaction with
Set2p methyltransferase (31). These observations support the idea
that RNA polymerase II holoenzyme is involved in antisense tran-
scription (31, 32). Although RNA polymerase II has been impli-
cated in antisense transcription, there has not been any study that
demonstrated its association and regulation at the 3= end of the
gene to initiate antisense transcription. Further, the role of RNA
polymerase II in antisense transcription has not been directly
demonstrated. Here, we have demonstrated the association of
RNA polymerase II with the antisense transcription initiation site
at GAL10 in dextrose-containing growth medium (Fig. 1, 2, and
3). Such association is essential for antisense transcription (Fig. 4F
and G) and serves as an efficient readout for GAL10 ncRNA tran-
scription. Importantly, we find that the association of RNA poly-
merase II is dependent on the Reb1p activator-binding site at the
3= end of the GAL10 coding sequence in dextrose-containing
growth medium (Fig. 5B and C), hence supporting the role of the
activator in targeting RNA polymerase II to the antisense tran-
scription initiation site. Further, TFIID, TFIIB, and Mediator are
also required for recruitment of RNA polymerase II to the site of
antisense transcription initiation at GAL10 (Fig. 6, 7, and 8). Col-
lectively, our data support the idea that antisense transcription
requires an elaborate regulatory network of activator and GTFs to
target RNA polymerase II to the 3= end of the gene to initiate
antisense transcription, thus shedding much light on the mecha-
nisms of antisense transcription initiation.

Unlike analysis of sense transcription, delineating the mecha-
nism of antisense transcription initiation is a challenging prob-
lem, primarily due to low and infrequent antisense transcription.
To overcome this problem, we have used our modified ChIP pro-
tocol (48–53) and analyzed the association of RNA polymerase II
with the 3= end of the GAL10 coding sequence in dextrose-con-
taining growth medium, which favors antisense transcription. Us-

ing the ChIP assay, we have successfully analyzed for the first time
the association of RNA polymerase II with the 3= end of the GAL10
coding sequence in dextrose-containing growth medium (Fig. 1B
to G). Further, our kinetic analysis revealed that RNA polymerase
II is associated with the GAL10 coding sequence in galactose-con-
taining growth medium (Fig. 3A and B) and dissociates within 3
min in dextrose-containing growth medium (Fig. 3A and B).
However, at later time points in dextrose-containing growth me-
dium, RNA polymerase II associates with the 3= end of the GAL10
coding sequence to initiate antisense transcription (Fig. 3A to E).
Thus, RNA polymerase II that is involved in GAL10 sense tran-
scription does not get engaged in antisense transcription as sense
RNA polymerase II falls off, and subsequently RNA polymerase II
associates with the 3= end of the GAL10 coding sequence in dex-
trose-containing growth medium to initiate antisense transcrip-
tion (Fig. 3). Further, the association of RNA polymerase II with
the 3= end of the GAL10 coding sequence in dextrose-containing
growth medium is not influenced by the activator Gal4p involved
in GAL10 sense transcription (data not shown). Consistently, our
RT-PCR analysis revealed that Gal4p is dispensable for GAL10
antisense transcription in dextrose-containing growth medium
(Fig. 5E and F). Moreover, as mentioned above, the growth in the
dextrose-containing medium switches off GAL10 sense transcrip-
tion. Furthermore, we observed the occurrence of GAL10 anti-
sense transcription in the absence of GAL1-GAL10 promoter (Fig.
5G). These results support the idea that GAL10 antisense tran-
scription is independent of its sense transcription. Intriguingly,
GAL10 sense transcription is not dependent on TFIID (60, 61, 94),
while TFIID is required for GAL10 antisense transcription (Fig. 7).
In addition, GAL10 antisense transcription is not regulated by the
proteasome (Fig. 6E to G). However, GAL sense transcription is
dependent on the proteasome (1, 2, 49). Thus, GAL10 antisense
transcription is regulated differently from sense transcription.

Our kinetic analysis of RNA polymerase II association with the
3= end of the GAL10 coding sequence in dextrose-containing
growth medium reveals a time delay in association of RNA poly-
merase II involved in antisense transcription following the disso-
ciation of RNA polymerase II involved in sense transcription (Fig.
3). This time delay indicates that there might be some factors
which initially associate with the 3= end of the GAL10 coding se-
quence and finally target RNA polymerase II to initiate antisense
transcription in dextrose-containing growth medium. Indeed, we
find that in the absence of activator Reb1p binding at the 3= end of
the GAL10 coding sequence, the association of RNA polymerase II
with the antisense initiation site is significantly impaired (Fig. 5B
and C). These observations support the role of Reb1p in promot-
ing the recruitment of RNA polymerase II to the antisense initia-
tion site, analogous to the role of the activator in recruitment of
RNA polymerase II involved in sense transcription. Consistently,
GAL10 antisense transcription is significantly impaired in the
reb1p-ts mutant strain or Reb1p-binding site mutant (31, 32) (Fig.
5D and E).

The activator may be promoting the recruitment of RNA poly-
merase II associated with antisense transcription by facilitating the
assembly of GTFs such as TBP, TAFs, TFIIB, and Mediator, which
subsequently target RNA polymerase II, analogous to the role of
the activator in targeting RNA polymerase II during sense tran-
scription (2). TAFs have been implicated as targets of activators (2,
94, 107–109) in sense transcription, and such interaction has been
demonstrated to be functionally important to assemble GTFs and
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RNA polymerase II to initiate sense transcription. Thus, Reb1p
may be targeting TAFs, which are essential for TBP binding, to
promote the recruitment of RNA polymerase II at the 3= end of the
GAL10 coding sequence in dextrose-containing growth medium,
similar to the roles of TAFs in sense transcription. Indeed, we
observe a strong dependence of RNA polymerase II recruitment to
the antisense initiation site at GAL10 on TAFs and TBP (Fig. 6A
and B and 7A to D). Further, TAFs and TBP have been recently
shown to be associated with the 3= ends of genes (88–91), suggest-
ing their possible roles in antisense transcription. In fact, our re-
sults demonstrate the role of TAFs and TBP in recruitment of
RNA polymerase II (and hence antisense transcription) to the
antisense transcription initiation site at GAL10 (Fig. 6A to D and
7). Like TBP and TAFs, Mediator and TFIIB also facilitate the
targeting of RNA polymerase II to the antisense initiation site at
GAL10 (Fig. 8). Thus, our study demonstrates for the first time the
roles of activator and GTFs in promoting the targeting of RNA
polymerase II to the antisense initiation site at the 3= end of the
GAL10 coding sequence for initiation of antisense transcription,
hence suggesting the formation of the PIC at the 3= end of the
GAL10 coding sequence. In support of this, previous studies (88–
91) have also implicated the formation of the PIC at the 3= ends of
genes. Although previous studies (88–91) suggested the formation
of the PIC at the 3= ends of genes, the function of such a complex
was not analyzed. Our data demonstrate that PIC components
such as TBP, TAFs, TFIIB, and Mediator are essential for recruit-
ment of RNA polymerase II (and hence antisense transcription) to
the site of antisense transcription initiation, thus supporting the
functionality of the PIC in antisense transcription.

As mentioned above, TBP is required for recruitment of RNA
polymerase II at the 3= end of the GAL10 coding sequence in dex-
trose-containing growth medium. Therefore, it is likely that the 3=
end of the GAL10 coding sequence would contain a TATA box for
TBP binding. Indeed, there are two TATA boxes flanking the ac-
tivator Reb1p-binding site (Fig. 5A). Since antisense transcription
is initiated downstream of the Reb1p-binding site of GAL10 (31,
32), TBP would probably bind to the TATA box downstream of
the Reb1p-binding site to form the PIC and recruit RNA polymer-
ase II for initiation of antisense transcription. The binding of TBP
and subsequently formation of the PIC assembly would require a
nucleosome-free region. Indeed, previous studies (89, 90, 110,
111) have shown that a majority of antisense transcripts are syn-
thesized from the nucleosome-free region at the 3= ends of pro-
tein-coding genes.

Recent studies (31, 32) demonstrated the role of RNA poly-
merase II for histone H3 K4 methylation at the 3= end of the
GAL10 coding sequence in dextrose-containing growth medium.
Like RNA polymerase II, Reb1p or the Reb1p-binding site has also
been implicated in histone H3 K4 methylation at the 3= end of the
GAL10 coding sequence (31, 32). However, it was not known how
Reb1p facilitates histone H3 K4 methylation at the 3= end of the
GAL10 coding sequence in dextrose-containing growth medium.
Our results support a link between Reb1p and histone H3 K4
methylation via RNA polymerase II (i.e., Reb1p promotes recruit-
ment of RNA polymerase II that facilitates histone H3 K4 meth-
ylation at the 3= end of the GAL10 coding sequence in dextrose-
containing growth medium).

Intriguingly, a recent study (91) demonstrated a long-range
interaction of the 3= end region of GAL10 with the GAL1 3= end via
a Reb1-binding site during antisense transcription in dextrose-

containing growth medium. However, such a long-range interac-
tion, or gene looping, was not observed during sense transcription
in galactose-containing growth medium (91). These results impli-
cate the role of gene looping or long-range chromosomal interac-
tion in initiating GAL10 antisense transcription. Thus, it is likely
that the insertion of the 3= end region of GAL10 into a reporter-
containing plasmid would not initiate transcription. Indeed, we
find that the 3=-end region of GAL10 alone was unable to drive
transcription from a reporter plasmid (Fig. 5H).

In summary, we demonstrate here the occupancy of RNA poly-
merase II at the antisense initiation site at the 3= end of the GAL10
coding sequence in dextrose-containing growth medium for an-
tisense transcription. Such association of RNA polymerase II is
dependent on the activator-binding site as well as GTFs. Intrigu-
ingly, GAL10 sense and antisense transcriptions are not similarly
regulated. The collective results of this study significantly advance
our current understanding of the regulation of antisense tran-
scription initiation, and such knowledge will be useful in under-
standing disease pathogenesis as aberrant antisense transcription
is associated with a large number of human diseases (37, 38, 40–
46, 103–105).
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