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ABSTRACT

The activity and dynamic nature of TATA-binding pro-
tein (TBP) crucial to RNA polymerase II-mediated
transcription is under control of the Mot1p and NC2
complexes. Here we show that both TBP regula-
tory factors play ‘hidden’ roles in ensuring tran-
scription fidelity by restricting anti-sense non-coding
RNA (ncRNA) synthesis. Production of anti-sense
ncRNA transcripts is suppressed by Mot1p- and NC2-
mediated release of TBP from binding sites at the 3′-
end of genes. In this, Mot1p and NC2 collaborate with
the Nrd1p–Nab3p–Sen1p (NNS) complex that termi-
nates the synthesis of anti-sense ncRNAs. In several
cases anti-sense ncRNA expression interferes with
expression of the cognate sense transcript. Our data
reveal a novel regulatory mechanism to suppress
anti-sense ncRNA expression and pre-initiation com-
plex (PIC) formation at spurious sites.

INTRODUCTION

The compact genome of Saccharomyces cerevisiae encodes
∼6200 protein-coding genes. However its RNA expres-
sion profile is far more complex and this has been ob-
served in other organisms too (1). Besides mRNA synthe-
sis by RNA polymerase II (pol II), pervasive transcrip-
tion of the yeast genome also results in formation of non-
coding RNAs (ncRNAs) comprising stable unannotated
transcripts (SUTs), cryptic unstable transcripts (CUTs),
Nrd1-unterminated transcripts (NUTs) and Xrn1-sensitive
unstable transcripts (XUTs) (2–7). Classification of these
ncRNAs is based on their transcription termination and
degradation pathway, but several ncRNAs belong to more
than one class.

Transcription initiation by pol II is restricted to
nucleosome-depleted regions (NDRs) of the yeast genome,
which are accessible for pre-initiation complex (PIC) com-
ponents like TATA-binding protein (TBP) and TFIID.

The PICs for upstream divergent ncRNAs assemble on 5′-
NDRs at promoters of coding genes in an orientation op-
posite to the mRNA. PIC formation at the end of genes
drives synthesis of anti-sense ncRNAs (5,8,9). Typically, di-
vergent and anti-sense ncRNAs are independent from levels
of the sense mRNA (8–10). However, a subset of ncRNAs
is capable of regulation and fine-tuning mRNA expression
level of protein-coding genes, which can be achieved in mul-
tiple ways. The ncRNA can influence gene expression by
transcription interference in cis or in trans. Alternatively,
ncRNA formation can alter chromatin structure and/or
modifications. For example, the PHO84 anti-sense ncRNA
accumulates in mutant yeast deleted for RRP6 encoding a
critical component of the nuclear exosome. This PHO84
ncRNA represses the sense mRNA by recruitment of a his-
tone deacetylase (HDAC) complex to the mRNA promoter
(11,12). Two ncRNAs in mating-type control of sporulation
in yeast were discovered, which recruit the SET2 and SET3
chromatin complexes repressive for promoter activity (13).

These recent findings underscore the importance to un-
derstand the regulatory mechanisms controlling ncRNA
synthesis. One mechanism is the control of chromatin struc-
ture by the ISW2 remodeling complex, which restricts
the size of the intergenic NDR (14,15). Secondly, the
chromatin-assembly factor 1 (CAF1) complex suppresses
divergent ncRNA synthesis by histone deposition, which
is antagonized by increased nucleosome turnover by the
SWI2/SNF2 chromatin remodeler (16). As for the PHO84
gene, modulation of histone acetylation and methylation
is another way to control ncRNA expression (10,17–19).
Furthermore, ncRNA levels are restricted at the level of
transcription termination and degradation. Most SUTs and
XUTs undergo cleavage, poly-adenylation and nuclear ex-
port like mRNAs, before they are degraded by the cy-
toplasmic Xrn1p 5′-3′ exoribonuclease and the nonsense-
mediated decay pathway. Similar to small nucleolar/nuclear
RNAs (sno/snRNAs) CUT synthesis is terminated by the
Nrd1p–Nab3p–Sen1p (NNS) complex, but in this case
RNA synthesis is coupled to rapid degradation by the nu-
clear exosome (20,21). The NNS complex is recruited to 5′-
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regions of genes, which coincides with phosphorylation of
the C-terminal domain (CTD) of pol II at serine-5. This
modification event results in NNS complex binding via
Nrd1p interaction with the CTD (22). Both Nrd1p and
Nab3p also contain RNA recognition motifs, which pref-
erentially bind short sequence motifs enriched in ncRNAs
and depleted in mRNAs. This provides a termination mech-
anism selective for ncRNAs (7,23). In conclusion, pervasive
transcription of the genome is both controlled at the level of
initiation by chromatin-dependent pathways and at the level
of transcript stability by selective RNA degradation.

A crucial step in the synthesis of coding and ncR-
NAs is the formation of a transcription competent PIC,
which starts with TBP recruitment to the core promoter
(24). Transcriptional output of coding genes is deter-
mined by balancing TBP recruitment by the Spt-Ada-Gcn5-
acetyltransferase (24) or TFIID complexes (25) with TBP
displacement by the Swi2/Snf2-like ATPase Mot1p (human
ortholog: BTAF1) and the negative cofactor 2 (NC2) com-
plex consisting of NC2�/Bur6p and NC2�/Ncb2p (24,26–
36). Recently, we showed that Mot1p-NC2 suppress intra-
genic ncRNA transcription in cooperation with the ISWI
and the Set2p-Asf1p-Rtt106p chromatin regulators (37).
This is consistent with proposals that the Mot1p and NC2
complexes redistribute TBP from the intrinsically preferred
TATA-containing to less well-defined ‘TATA-less’ promot-
ers (38).

Here, we extend these studies to investigate the involve-
ment of Mot1p-NC2 in regulation of anti-sense transcrip-
tion. We employed the anchor-away (AA) technique (39) to
deplete the Mot1p or NC2 proteins from the nucleus and
we subsequently analyzed anti-sense ncRNA production.
Most ncRNAs are rapidly degraded and, therefore, they are
difficult to measure. In addition to Mot1p and NC2, we co-
depleted Nrd1p to detect these ncRNAs and examine col-
laborative effects of the NNS and Mot1p-NC2 complexes.
Interestingly, our findings support a model of collaboration
of Mot1p with NC2 in restricting anti-sense ncRNA pro-
duction by inhibiting TBP binding and PIC formation at
the 3′-end of genes. This study provides novel mechanistic
insights into the regulatory mechanisms limiting the forma-
tion of non-functional and ncRNAs and PIC formation at
non-promoter sites of the yeast genome.

MATERIALS AND METHODS

Yeast genetics, media and primers

All S. cerevisiae strains used in this study are listed in Sup-
plementary Table S1. They were derived from HHY168
(Euroscarf #Y40343). Cells were grown in yeast ex-
tract peptone dextrose (YPD) or synthetic complete (SC)
medium supplemented with 2% glucose at 30◦C. We cre-
ated strains with a gene deletion or with C-terminal fusion
of the FKBP12-rapamycin-binding (FRB) domain of hu-
man mTOR to the gene of interest. Homologous recom-
bination using polymerase chain reaction (PCR) generated
DNA fragments was performed and verified by PCR. De-
tails of primers used are listed in Supplementary Table S2.

Plasmids

To measure transcription read-through, the previously de-
scribed reporter vector pRS415-prADH1-FLC1 FMP40
terminator-SpeI-GFP-CYC (a kind gift from Jeffry Cor-
den (40)) was introduced in an FRB-tagged NRD1 back-
ground strain or the HHY168 control strain. Site-directed
mutagenesis of the parental plasmid pRS415-prADH1-
FLC1 FMP40 terminator-SpeI-GFP-CYC resulted in the
formation of a BamHI site after the ADH1 promoter. Blunt-
end cloning of a BamHI/SpeI-digested pRS415-prADH10-
BamHI-FLC1 FMP40 terminator-SpeI-GFP-CYC vector
resulted in the control plasmid pRS415-prADH1-BamHI-
GFP-CYC, which was also transformed into the NRD1-
FRB or HHY168 strains. To test the effect of replac-
ing the promoter of SUT295 with the promoter of
RPS27A on SUT295 transcript levels, the SUT295 pro-
moter or RPS27A promoter was cloned together with
the downstream SUT295 transcript in pRS315. To be
able to discriminate the SUT295 transcript arising from
the plasmid from the transcript arising from the endoge-
nous locus a shortened version of the SUT295 tran-
script that lacked nucleotides 899–1342 was cloned in
the pRS315 vector. In short, elongation of two PCR-
generated fragments resulted in a DNA fragment con-
sisting of prSUT295 SUT295�899–1342 flanked by NotI
and SacI restriction sites and with an internal AatII
site. This fragment was cloned as a NotI/SacI fragment
in NotI/SacI-digested pRS315 resulting in pRS315-NotI-
prSUT295-SUT295�899–1342-SacI. Elongation of two PCR-
generated fragments resulted in a DNA fragment consist-
ing of prRPS27A SUT295�899–1342 with NotI and SacI re-
striction sites on either site of the fragment and an in-
ternal AatII restriction site. This fragment was cloned as
a NotI/SacI fragment in NotI/SacI-digested pRS315 re-
sulting in pRS315-NotI-prRPS27A-SUT295�899–1342-SacI.
Plasmids were verified by sequencing and transformed in
the indicated strain backgrounds. Details of plasmids used
are listed in Supplementary Table S3.

Culturing of yeast cells

For spot assays overnight cultures from single colonies in
YPD at 30◦C were diluted to an OD600 of 0.15. Five-fold
serial dilutions were prepared and spotted on YPD plates
containing 1-�g/ml rapamycin as indicated and grown for
3 days at 30◦C. For RNA blot and chromatin immuno-
precipitation (ChIP) analysis, overnight cultures from sin-
gle colonies were grown in SC medium unless a plasmid
was being maintained in which case SC medium lacking
leucine was used. These cultures were diluted to an OD600
of 0.15 and grown to OD600 of 0.6 at 30◦C at 230 rpm. Cul-
tures were then grown for an additional 60 min in the pres-
ence or absence of rapamycin (1-�g/ml) and harvested for
analysis. When indicated cultures were grown for 90 min
at 39◦C instead of 60 min at 30◦C in the presence or ab-
sence of rapamycin. For liquid growth curves, cells were di-
luted to OD600 of 0.15 in YPD in 48-well plates at 30◦C in a
Tecan Infinite F200 instrument under continuous shaking.
OD600 was recorded every 10 min. Rapamycin (1-�g/ml)
was added at an OD600 of 0.6 where indicated.
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RNA isolation and blotting

RNA isolation and RNA blotting was carried out as de-
scribed previously (37). The primers used to generate the
strand-specific DNA probes are listed in Supplementary Ta-
ble S2.

Chromatin immunoprecipitation

ChIP was carried out with minor modifications as de-
scribed previously (37). In short, formaldehyde cross-linked
cells were disrupted using a gene disruptor and sonicated
(Bioruptor, Diagenode: seven cycles of 30 s, high settings) to
produce an average DNA fragment length of 300 bp. Two
hundred microliters of extract was incubated overnight at
4◦C with antibody [5-�g affinity purified �-TBP, or 1-�l �-
Nrd1 (a gift from F.C.P. Holstege)]. Forty microliters (50%
slurry) of protein A+G (for �-TBP) or protein A beads (for
�-Nrd1) were added and incubated for 1.5 h at RT. Beads
were washed twice with FA-lysis buffer; twice with FA-lysis
buffer containing 410-mM NaCl; twice with 10-mM Tris-
HCl pH 8.0, 50-mM LiCl, 1% Nonidet P-40, 1% sodium
deoxycholate, 1-mM ethylenediaminetetraacetic acid and
once with TE (pH 8.0). Samples were eluted twice with 50-
ml TE-1% sodium dodecyl sulphate for 10 min at 65◦C.
Cross-linking was reversed overnight at 65◦C with 0.1-
mg/ml RNAse. Samples were treated with 2.7-mg/ml pro-
teinase K for 2 h at 37◦C, and DNA was purified using a
PCR purification kit (Qiagen). Samples were analyzed by
quantitative PCR, and ChIP signals were normalized rela-
tive to HMR (silent mating-type locus) signals (for TBP) or
displayed as percent input (for Nrd1p). Experiments were
repeated three times to ensure consistency.

PAR-CLIP and 4tU-Seq

A detailed description of experiments and computational
analysis of the photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation (PAR-CLIP) and
4-thiouracil (4tU)-seq data sets and the ArrayExpress
database accession number used for Supplementary Figure
S3 can be found in (7).

RESULTS

NNS complex inactivation by Nrd1p depletion does not lead
to synthetic growth phenotypes with Mot1p or NC2

We showed previously that two essential proteins can be
functionally co-depleted at once using the AA technique
(39) by FRB-tagging both proteins in the same strain us-
ing different selectable markers (37). To be able to study the
effects of Mot1p and NC2 on anti-sense transcription, co-
depletion strains were generated by creating NRD1-FRB al-
leles in FRB-tagged MOT1, NC2α/Bur6p or NC2β/Ncb2p
background strains as Nrd1p removal allows detection of
unstable ncRNAs (7). Firstly, we tested the effectiveness of
the FRB-tagging of NRD1 by assaying growth on plates and
in suspension cultures (Supplementary Figure S1). Strains
expressing NRD1-FRB failed to grow on plates with ra-
pamycin, which is consistent with earlier observations (7).

Growth curve comparisons of single AA strains with dou-
ble AA strains in suspension cultures after rapamycin ad-
dition indicated that Mot1p, NC2α or NC2β co-depletion
does not exacerbate NRD1-FRB growth phenotypes. ChIP
analysis showed that nuclear depletion of Nrd1p leads to
reduced binding of Nrd1p to target genes (Supplementary
Figure S2). Depletion of Mot1p or NC2� on the other
hand had little effect on Nrd1p target gene association. Co-
depletion of Nrd1p and Mot1p or NC2� seemed to reduce
Nrd1p binding further.

Mot1p-NC2 and the NNS complex repress formation of anti-
sense ncRNAs

To investigate effects of Mot1p-NC2 depletion on anti-
sense transcription we investigated expression changes of
three pairs of annotated sense and anti-sense units: CYB2-
SUT295, RAD4-CUT119 and GYP5-CUT402 (Supplemen-
tary Figures S3 and S4 (2,4–6)). We refer to the originally
annotated transcript as the sense transcript and the CUTs
and SUTs on the opposite strand as anti-sense transcripts.
Recently, the Cramer lab performed 4tU-seq analyses to
monitor global RNA synthesis changes upon nuclear de-
pletion of Nrd1p (7). Their data show increased expression
of SUT295, CUT119 and CUT402 in Nrd1p depletion con-
ditions as a result of termination defect. Nrd1p and Nab3p
binding motifs, determined by PAR-CLIP, are enriched in
SUT295, CUT119 and CUT402 and depleted in CYB2,
RAD4 and GYP5 (vertical green and brown lines in Supple-
mentary Figure S3) explaining selective transcription termi-
nation of these anti-sense RNAs. We performed RNA blot
analysis using single-stranded DNA probes to discriminate
between sense and anti-sense transcripts (probe locations
in Supplementary Figure S4). Indeed, increased SUT295,
CUT119 and CUT402 levels were detected upon Nrd1p
depletion (Figure 1). In contrast, CUT119 and CUT402
ncRNAs were undetected and SUT295 remained low upon
Mot1p, NC2� or NC2� depletion. To determine functional
connection between the early termination pathway and
Mot1p-NC2 on anti-sense ncRNA repression, ncRNA lev-
els were analyzed in co-depletion strains. Interestingly, co-
depletion of Mot1p or NC2 with Nrd1p caused a marked
increase in all anti-sense RNAs compared to single deple-
tion strains.

Depletion of Mot1p-NC2 increases TBP binding at anti-
sense promoters present at the 3′-end of protein-coding genes

We hypothesized that Mot1p-NC2 inhibits anti-sense
ncRNA expression by preventing TBP binding and sub-
sequent PIC formation at the 3′-end of genes. To test this
ChIP assays for TBP were performed. We analyzed TBP
occupancy at the promoters, open-reading frames (ORFs)
and 3′-ends of the sense mRNA transcripts (for primer lo-
cation: Supplementary Figure S4). Depletion of Mot1p or
NC2� led to a clear increased occupancy of TBP at the 3′-
end of CYB2, RAD4 and GYP5, whereas the occupancy of
TBP in ORFs remained low (Figure 2). Although we ob-
served increased TBP binding at the RAD4 promoter after
Mot1p or NC2� depletion (Figure 2B), this was not asso-
ciated with increased RAD4 transcription (Figure 1B). As
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Figure 1. Depletion of Mot1p, NC2�, NC2� and Nrd1p increases anti-sense ncRNA expression levels and decreases mRNA levels in some cases. (A) Total
RNA was isolated and used for RNA blot analysis of sense and anti-sense RNA species arising from the CYB2 locus using strand-specific DNA probes.
Cells were grown to OD600 of 0.6 at 30◦C and cultures were then grown for an additional 60 min in the presence or absence of rapamycin (1-�g/ml), as
indicated. (B) As in (A) except that the analysis was performed for RNA species from the RAD4 locus. (C) As in (A) except that the analysis was performed
for RNA species from the GYP5 locus. Quantitations of the bands are shown below each panel relative to the WT strain or NRD1-FRB + R as indicated,
and relative to the loading control TUB1. M, Mot1-FRB; �, NC2α-FRB; �, NC2β-FRB; R, rapamycin; WT, wild-type.

expected Nrd1p depletion did not increase TBP binding,
since it affects anti-sense ncRNA expression at the level of
transcription termination and not of initiation (Figure 2).
In short, Mot1p-NC2 inactivation increases TBP binding
at 3′-end of genes, which offers an explanation for their ef-
fects on anti-sense RNA expression.

SUT295 functions as an independent transcription unit

To obtain further insight into Mot1p and NC2 regula-
tion of anti-sense RNA expression we cloned the SUT295
promoter in front of a shortened version of the SUT295
transcript (lacking nucleotides 899–1342) in pRS315. This
allows discrimination of ectopic expression from the en-
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Figure 2. Depletion of Mot1p-NC2 leads to increased TBP binding at anti-sense promoters present downstream of the 3′-end of genes. (A) ChIP analyses
of the CYB2 promoter, ORF and 3′-end using TBP antibodies, real-time PCR signals were normalized to the silent HMR locus. Cells were grown as in
Figure 1, cross-linked and harvested. Each graph displays TBP occupancy at the indicated locations (promoter, ORF and 3′-end) and background strains
(WT, Nrd1-FRB, Mot1-FRB, Mot1-FRB Nrd1-FRB, NC2�-FRB and NC2�-FRB Nrd1-FRB). (B) As in (A) except that the analysis was performed for
the RAD4 locus. (C) As in (A) except that the analysis was performed for the GYP5 locus. Note that the divergently transcribed RPL36B gene is located
close to the 3′-end of GYP5 (Supplementary Figure S4C), which may be responsible for the higher TBP ChIP signals. Significant differences (P < 0.05 by
Student’s t-test) are indicated (asterisk), n = 3.
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Figure 3. SUT295 functions as an independent transcription unit.
(A) Schematic representation of the endogenous SUT295 locus (left).
Schematic representation of the reporter vector containing the SUT295
locus with a 443-bp internal deletion (nucleotides 899–1342) (middle) to
allow discrimination from the endogenous SUT295 ncRNA. Schematic
representation of the reporter vector containing the RPS27A promoter up-
stream of SUT295 transcribed region with the 443-bp internal deletion (nu-
cleotides 899–1342) (right). (B) RNA blot analyses (as in Figure 1) in the
indicated strains, which carried the indicated plasmids. Cells were grown
in synthetic complete medium without leucine. ‘TATA-like’ elements in the
SUT295 promoter are represented as vertical black bars. R, rapamycin.

dogenous SUT295 transcript by size (Figure 3A, left and
middle). The plasmids were introduced in the NRD1-
FRB conditional depletion strain. The ectopically expressed
SUT295 transcripts migrate slightly faster than the en-
dogenous SUT295. Similar to the endogenous transcripts,
plasmid-derived SUT295Δ transcripts were targeted for
termination-coupled degradation by the NNS complex
(Figure 3B, middle). This indicates that SUT295 does not
rely on its surrounding genomic context for proper expres-
sion and regulation. Additionally, we made a construct
where the SUT295 promoter was replaced with the pro-
moter of the RPS27A gene (Figure 3A, right). SUT295
transcripts were still sensitive to NNS complex after sub-
stitution when driven by the RPS27A promoter (Fig-
ure 3B, right). Thus, the transcript sequence but not the
promoter type determines sensitivity toward transcription
termination-coupled degradation. Altogether, these results
indicate that anti-sense ncRNAs function as independent
transcription units. The anti-sense promoter influences the
level of transcription, but the fate of the transcript is deter-
mined by the transcript body.

SUT295, CUT119 and CUT402 expression levels are influ-
enced by chromatin state

Modulation of chromatin state forms an important regu-
latory mechanism that affects anti-sense ncRNA expres-
sion levels. Motivated by recent studies that link H3K4 tri-
methylation levels of anti-sense ncRNAs promoters to their
transcriptional activity (17,18) we explored the sensitivities
of the ncRNAs toward deletion of SET1. Set1p is the cat-
alytic subunit of the sole H3K4 methyltransferase complex,

COMPASS (Set1C) in yeast (41). RNA analyses indicated
that SUT295, CUT119 and CUT402 are dependent on the
histone methyltransferase for their expression (Figure 4).
Additional depletion of Mot1p resulted in a further increase
in SUT295 and CUT402 ncRNAs, but had no effect on
CUT119 transcripts. This indicates that the opposing effects
of Set1p and NNS-Mot1p on ncRNA levels are not inter-
dependent.

Active repression of anti-sense ncRNA also depends on
the chromatin-remodeler complex ISW2 that restricts the
size of the 3′-NDR (14,15). Thus we tested the effect of
deleting its catalytic ISW2 subunit on SUT295, CUT119
and CUT402 levels as they are produced from anti-sense
promoters located at 3′-NDRs. As a control ncRNA expres-
sion levels were analyzed in a CHD1 deletion strain. CHD1
is a monomeric chromatin remodeler, which organizes chro-
matin in coding regions and does not influence NDR size
(42–44). The levels of SUT295, CUT119 and CUT402 re-
mained low in the ISW2 (Supplementary Figure S5) and
CHD1 deletion backgrounds (Supplementary Figure S6). It
could be that elevated ncRNA transcripts in Δisw2 strains
were not detected, due to rapid degradation by the nuclear
exosome.

Mot1p-NC2 and NNS use independent pathways for ncRNA
suppression

Next, we used the previously described transcription read-
through reporter vector (40) to investigate whether deple-
tion of Nrd1p indeed leads to a transcription termination
defect in our strains (Figure 5). A control vector that ex-
presses GFP under control of the ADH1 promoter and
a vector that contains a terminator sequence with three
Nrd1p and Nab3p binding motifs (FLC1-FMP40 termina-
tor) in between the ADH1 promoter and the GFP reporter
were introduced into wild-type (WT) or NRD1-FRB strains.
RNA blot analyses (Figure 5B) showed that strains contain-
ing the control vector express similar levels of GFP indepen-
dent of Nrd1p depletion. As expected the WT strain did not
express GFP mRNA from the vector with a terminator se-
quence, which is due to NNS-mediated transcription termi-
nation. Upon Nrd1p depletion read-through was observed
as evidenced by GFP mRNA formation. The ChIP results
of Supplemental Figure S2 could suggest that Mot1p and
NC2 affect Nrd1p-binding. However, we did observe any
effect of Mot1p or NC2� depletion on Nrd1p-dependent
read-through (Figure 5B), which indicates that Mot1p or
NC2 are not directly involved in the transcription termi-
nation function of Nrd1p. Also, no elevated GFP mRNA
levels were observed upon co-depletion of Mot1p or NC2�
with Nrd1p. This is also in line with previously obtained mi-
croarray data, which showed that ADH1 expression is not
effected by depletion of Mot1p or NC2� (24).

Thus, the results from these reporter constructs sup-
port the model that the Mot1p-NC2 and NNS pathways
suppress ncRNA formation by independent mechanisms.
Mot1p and NC2 act on TBP bound at the 3′-ends of
genes to suppress PIC formation responsible for anti-sense
transcription. The NNS complex in its turn acts to re-
strict ncRNA levels via transcription termination coupled
to ncRNA degradation.
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Figure 4. SUT295, CUT119 and CUT402 are dependent on the histone methyltransferase Set1p for their expression. (A–C) RNA blot analyses (as in
Figure 1) performed in different strain backgrounds. M, Mot1-FRB; R, rapamycin.

Figure 5. Nrd1p depletion leads to read-through transcription from a reporter vector and the read-through is independent of Mot1p-NC2. (A) Schematic
representation of a control vector containing an ADH1 promoter upstream of a GFP reporter and of the transcription termination read-through reporter
vector containing an ADH1 promoter upstream of a GFP reporter with 157 bp of the FLC1-FMP40 intergenic region, containing three Nrd1p and Nab3p
binding motifs in between the ADH1 promoter and the GFP reporter as previously described in (40). (B) RNA blot analysis, as in Figure 1 except that the
analysis was performed in strain backgrounds that were transformed with the indicated plasmids and the cells were grown in synthetic complete medium
without leucine. M, Mot1-FRB; �, NC2β-FRB; R, rapamycin; WT, wild-type.
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DISCUSSION

This study provides novel insights into mechanisms that
operate to counteract anti-sense ncRNA formation. Previ-
ous studies stressed the importance of chromatin structure
and/or modification, and termination-coupled degradation
in limiting anti-sense ncRNA levels (2–7,10,14–19). Here,
we uncovered novel inhibitory roles for Mot1p and NC2
on anti-sense ncRNA expression. We show that Mot1p and
NC2 do not act at the transcription termination level (Fig-
ure 5). Instead, Mot1p and NC2 function upstream of the
NNS complex and at the level of transcription initiation to
prevent anti-sense ncRNA transcription (Figure 1). Anti-
sense ncRNAs arise from PICs located at 3′-end of genes
(5,8,9). Mellor et al. showed that 3′-end of coding genes can
function as independent promoters for anti-sense transcrip-
tion and that PIC levels at 3′-end of coding genes correlate
with anti-sense expression level (9). In general, the 3′-end of
genes are permissive to assembly of the transcription ma-
chinery, which may relate to a reduced nucleosome occu-
pancy (45). This motivated us to test whether TBP occu-
pancy is a regulatory point for anti-sense ncRNA expres-
sion control. Our results indicate that Mot1p-NC2 restricts
formation of PICs to anti-sense promoters by TBP displace-
ment, which limits anti-sense ncRNA production (Figures 1
and 2). These results support our previous findings with in-
tragenic RNAs (37) and they reveal a widespread role for
Mot1p and NC2 in limiting PIC formation responsible for
the synthesis of non-functional and ncRNAs.

Furthermore, we showed that anti-sense transcription
arises from independent transcription units (Figures 3
and 5). We found that the transcript sequence and not
the promoter determined sensitivity toward transcription
termination-coupled degradation via the NNS pathway. As
expected the output of ncRNA transcription units is depen-
dent by the promoter sequence. A 4-fold increase in SUT295
expression was detected when it was placed under control
of the RPS27A promoter instead of its endogenous pro-
moter (Figure 3B). Our results are in agreement with a re-
cent study that performed a ‘body-swap’ experiment, which
determined that the choice of degradation pathway is spec-
ified by the transcript body (16).

We identified that the sensitivity toward Mot1p-NC2 reg-
ulation varies among anti-sense ncRNAs. We suspect that
this depends on the promoter sequence of the ncRNA.
Of the three analyzed ncRNAs, SUT295 expression was
the most sensitive toward Mot1p-NC2 inactivation (Fig-
ure 1). The SUT295 promoter contains three ‘TATA-like’
elements, whereas the CUT119 promoter contains one and
CUT402 lacks a ‘TATA-like’ element (Supplementary Fig-
ure S4). TATA-containing promoters of ncRNAs could
be preferred targets for repression by Mot1p-NC2 as is
the case for TATA-containing promoter of protein-coding
genes (24,38). It would be interesting to perform genome-
wide analysis to see if Mot1p and NC2 display selectiv-
ity toward a population of aberrantly localized TBPs. We
observed two cases where anti-sense ncRNA expression
interfered with formation of the cognate sense transcript
(46,47). CUT119 and CUT402 expression levels were anti-
correlated with mRNA expression levels (Figure 1). Re-
cently, a genome-wide study detected genome-widespread

transcript isoform diversity (48). The two CUT295 tran-
scripts of different lengths detected in this study (Figure 1B)
could result from transcription machineries that initiate or
terminate at different sites.

Finally, we examined how chromatin state influences
anti-sense transcription levels. Our results support previous
findings and show that H3K4 methylation correlates with
ncRNA expression (Figure 4) (17,18). Inactivation of the
catalytic subunit of the chromatin remodeler ISW2 did not
result in detectable anti-sense ncRNA levels (Supplemen-
tary Figure S5). It is possible that elevated ncRNA tran-
scripts in Δisw2 strains were not detected, because of rapid
degradation by the nuclear exosome.

Multiple potential functions have been ascribed to anti-
sense RNAs. They might regulate and fine-tune mRNA
expression, act as buffers to prevent cells from respond-
ing to weak signals, allow increased expression variability,
play roles in condition-specific and environmental stress re-
sponses and function as proto-genes that could give rise to
protein-coding genes (6,49,50). Some anti-sense transcripts
have been identified to be evolutionary conserved across dis-
tantly related species (6). This suggests that (some) anti-
sense RNAs have important regulatory roles that are se-
lectively maintained during the evolution of species. This
motivated studies on the control of ncRNA expression. We
have used the yeast S. cerevisiae as a model organism to dis-
cover regulatory mechanisms that control ncRNAs. Given
the universal roles of the Mot1p/BTAF1 protein and the
NC2 complex as regulators of TBP dynamics (27–33,35,36)
we propose that their orthologs in other eukaryotes play
similar roles in the suppression of ncRNA formation.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGMENTS

We are grateful to Jeffry Corden for kindly providing read-
through reporter vectors, Frank Holstege for �-Nrd1 anti-
serum and Björn Schalb and Patrick Cramer for generating
Supplementary Figure S3. We thank W.J. de Jonge and Roy
Baas for critically reading this manuscript and members of
the Timmers, Vermeulen and Holstege labs for suggestions
and discussions.

FUNDING

Netherlands Organization for Scientific Research (NWO)
through ALW [820.02.013 to H.T.M.T.], CW-TOP
[700.57.302 to H.T.M.T.]. Funding for open access charge:
Netherlands Organization for Scientific Research.
Conflict of interest statement. None declared.

REFERENCES
1. David,L., Huber,W., Granovskaia,M., Toedling,J., Palm,C.J.,

Bofkin,L., Jones,T., Davis,R.W. and Steinmetz,L.M. (2006) A
high-resolution map of transcription in the yeast genome. Proc. Natl
Acad. Sci. U.S.A., 103, 5320–5325.

2. Neil,H., Malabat,C., d’Aubenton-Carafa,Y., Xu,Z., Steinmetz,L.M.
and Jacquier,A. (2009) Widespread bidirectional promoters are the
major source of cryptic transcripts in yeast. Nature, 457, 1038–1042.

 at U
niversiteitsbibliotheek U

trecht on January 22, 2016
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku1263/-/DC1
http://nar.oxfordjournals.org/


Nucleic Acids Research, 2015, Vol. 43, No. 1 151

3. Wyers,F., Rougemaille,M., Badis,G., Rousselle,J.C., Dufour,M.E.,
Boulay,J., Regnault,B., Devaux,F., Namane,A., Seraphin,B. et al.
(2005) Cryptic pol II transcripts are degraded by a nuclear quality
control pathway involving a new poly(A) polymerase. Cell, 121,
725–737.

4. van Dijk,E.L., Chen,C.L., d’Aubenton-Carafa,Y., Gourvennec,S.,
Kwapisz,M., Roche,V., Bertrand,C., Silvain,M., Legoix-Ne,P.,
Loeillet,S. et al. (2011) XUTs are a class of Xrn1-sensitive antisense
regulatory non-coding RNA in yeast. Nature, 475, 114–117.

5. Xu,Z., Wei,W., Gagneur,J., Perocchi,F., Clauder-Munster,S.,
Camblong,J., Guffanti,E., Stutz,F., Huber,W. and Steinmetz,L.M.
(2009) Bidirectional promoters generate pervasive transcription in
yeast. Nature, 457, 1033–1037.

6. Yassour,M., Pfiffner,J., Levin,J.Z., Adiconis,X., Gnirke,A.,
Nusbaum,C., Thompson,D.A., Friedman,N. and Regev,A. (2010)
Strand-specific RNA sequencing reveals extensive regulated long
antisense transcripts that are conserved across yeast species. Genome
Biol., 11, R87.

7. Schulz,D., Schwalb,B., Kiesel,A., Baejen,C., Torkler,P., Gagneur,J.,
Soeding,J. and Cramer,P. (2013) Transcriptome surveillance by
selective termination of noncoding RNA synthesis. Cell, 155,
1075–1087.

8. Rhee,H.S. and Pugh,B.F. (2012) Genome-wide structure and
organization of eukaryotic pre-initiation complexes. Nature, 483,
295–301.

9. Murray,S.C., Barros,A., Brown,D.A., Dudek,P., Ayling,J. and
Mellor,J. (2012) A pre-initiation complex at the 3′-end of genes drives
antisense transcription independent of divergent sense transcription.
Nucleic Acids Res., 40, 2432–2444.

10. Churchman,L.S. and Weissman,J.S. (2011) Nascent transcript
sequencing visualizes transcription at nucleotide resolution. Nature,
469, 368–373.

11. Camblong,J., Iglesias,N., Fickentscher,C., Dieppois,G. and Stutz,F.
(2007) Antisense RNA stabilization induces transcriptional gene
silencing via histone deacetylation in S. cerevisiae. Cell, 131, 706–717.

12. Castelnuovo,M., Rahman,S., Guffanti,E., Infantino,V., Stutz,F. and
Zenklusen,D. (2013) Bimodal expression of PHO84 is modulated by
early termination of antisense transcription. Nat. Struct. Mol. Biol.,
20, 851–858.

13. van Werven,F.J., Neuert,G., Hendrick,N., Lardenois,A.,
Buratowski,S., van Oudenaarden,A., Primig,M. and Amon,A. (2012)
Transcription of two long noncoding RNAs mediates mating-type
control of gametogenesis in budding yeast. Cell, 150, 1170–1181.

14. Whitehouse,I., Rando,O.J., Delrow,J. and Tsukiyama,T. (2007)
Chromatin remodelling at promoters suppresses antisense
transcription. Nature, 450, 1031–1035.

15. Yadon,A.N., Van de Mark,D., Basom,R., Delrow,J., Whitehouse,I.
and Tsukiyama,T. (2010) Chromatin remodeling around
nucleosome-free regions leads to repression of noncoding RNA
transcription. Mol. Cell. Biol., 30, 5110–5122.

16. Marquardt,S., Escalante-Chong,R., Pho,N., Wang,J.,
Churchman,L.S., Springer,M. and Buratowski,S. (2014) A
chromatin-based mechanism for limiting divergent noncoding
transcription. Cell, 157, 1712–1723.

17. Castelnuovo,M., Zaugg,J.B., Guffanti,E., Maffioletti,A.,
Camblong,J., Xu,Z., Clauder-Munster,S., Steinmetz,L.M.,
Luscombe,N.M. and Stutz,F. (2014) Role of histone modifications
and early termination in pervasive transcription and
antisense-mediated gene silencing in yeast. Nucleic Acids Res., 42,
4348–4362.

18. Margaritis,T., Oreal,V., Brabers,N., Maestroni,L.,
Vitaliano-Prunier,A., Benschop,J.J., van Hooff,S., van Leenen,D.,
Dargemont,C., Geli,V. et al. (2012) Two distinct repressive
mechanisms for histone 3 lysine 4 methylation through promoting
3′-end antisense transcription. PLoS Genet., 8, e1002952.

19. Kim,T., Xu,Z., Clauder-Munster,S., Steinmetz,L.M. and
Buratowski,S. (2012) Set3 HDAC mediates effects of overlapping
noncoding transcription on gene induction kinetics. Cell, 150,
1158–1169.

20. Marquardt,S., Hazelbaker,D.Z. and Buratowski,S. (2011) Distinct
RNA degradation pathways and 3′ extensions of yeast non-coding
RNA species. Transcription, 2, 145–154.

21. Tuck,A.C. and Tollervey,D. (2013) A transcriptome-wide atlas of
RNP composition reveals diverse classes of mRNAs and lncRNAs.
Cell, 154, 996–1009.

22. Vasiljeva,L., Kim,M., Mutschler,H., Buratowski,S. and Meinhart,A.
(2008) The Nrd1-Nab3-Sen1 termination complex interacts with the
Ser5-phosphorylated RNA polymerase II C-terminal domain. Nat.
Struct. Mol. Biol., 15, 795–804.

23. Tudek,A., Porrua,O., Kabzinski,T., Lidschreiber,M., Kubicek,K.,
Fortova,A., Lacroute,F., Vanacova,S., Cramer,P., Stefl,R. et al. (2014)
Molecular basis for coordinating transcription termination with
noncoding RNA degradation. Mol. Cell, 55, 467–481.

24. Spedale,G., Meddens,C.A., Koster,M.J., Ko,C.W., van Hooff,S.R.,
Holstege,F.C., Timmers,H.T. and Pijnappel,W.W. (2012) Tight
cooperation between Mot1p and NC2beta in regulating genome-wide
transcription, repression of transcription following heat shock
induction and genetic interaction with SAGA. Nucleic Acids Res., 40,
996–1008.

25. Sanders,S.L., Garbett,K.A. and Weil,P.A. (2002) Molecular
characterization of Saccharomyces cerevisiae TFIID. Mol. Cell. Biol.,
22, 6000–6013.

26. Goppelt,A., Stelzer,G., Lottspeich,F. and Meisterernst,M. (1996) A
mechanism for repression of class II gene transcription through
specific binding of NC2 to TBP-promoter complexes via
heterodimeric histone fold domains. EMBO J., 15, 3105–3116.

27. van Werven,F.J., van Bakel,H., van Teeffelen,H.A., Altelaar,A.F.,
Koerkamp,M.G., Heck,A.J., Holstege,F.C. and Timmers,H.T. (2008)
Cooperative action of NC2 and Mot1p to regulate TATA-binding
protein function across the genome. Genes Dev., 22, 2359–2369.

28. Auble,D.T. and Hahn,S. (1993) An ATP-dependent inhibitor of TBP
binding to DNA. Genes Dev., 7, 844–856.

29. Auble,D.T., Hansen,K.E., Mueller,C.G., Lane,W.S., Thorner,J. and
Hahn,S. (1994) Mot1, a global repressor of RNA polymerase II
transcription, inhibits TBP binding to DNA by an ATP-dependent
mechanism. Genes Dev., 8, 1920–1934.

30. de Graaf,P., Mousson,F., Geverts,B., Scheer,E., Tora,L.,
Houtsmuller,A.B. and Timmers,H.T. (2010) Chromatin interaction of
TATA-binding protein is dynamically regulated in human cells. J.
Cell Sci., 123, 2663–2671.

31. Gumbs,O.H., Campbell,A.M. and Weil,P.A. (2003) High-affinity
DNA binding by a Mot1p-TBP complex: implications for
TAF-independent transcription. EMBO J., 22, 3131–3141.

32. Schluesche,P., Stelzer,G., Piaia,E., Lamb,D.C. and Meisterernst,M.
(2007) NC2 mobilizes TBP on core promoter TATA boxes. Nat.
Struct. Mol. Biol., 14, 1196–1201.

33. Sprouse,R.O., Karpova,T.S., Mueller,F., Dasgupta,A., McNally,J.G.
and Auble,D.T. (2008) Regulation of TATA-binding protein dynamics
in living yeast cells. Proc. Natl Acad. Sci. U.S.A., 105, 13304–13308.

34. Wollmann,P., Cui,S., Viswanathan,R., Berninghausen,O.,
Wells,M.N., Moldt,M., Witte,G., Butryn,A., Wendler,P.,
Beckmann,R. et al. (2011) Structure and mechanism of the
Swi2/Snf2 remodeller Mot1 in complex with its substrate TBP.
Nature, 475, 403–407.

35. Timmers,H.T., Meyers,R.E. and Sharp,P.A. (1992) Composition of
transcription factor B-TFIID. Proc. Natl Acad. Sci. U.S.A., 89,
8140–8144.

36. Timmers,H.T. and Sharp,P.A. (1991) The mammalian TFIID protein
is present in two functionally distinct complexes. Genes Dev., 5,
1946–1956.

37. Koster,M.J., Yildirim,A.D., Weil,P.A., Holstege,F.C. and
Timmers,H.T. (2014) Suppression of intragenic transcription requires
the MOT1 and NC2 regulators of TATA-binding protein. Nucleic
Acids Res., 42, 4220–4229.

38. Zentner,G.E. and Henikoff,S. (2013) Mot1 redistributes TBP from
TATA-containing to TATA-less promoters. Mol. Cell. Biol., 33,
4996–5004.

39. Haruki,H., Nishikawa,J. and Laemmli,U.K. (2008) The anchor-away
technique: rapid, conditional establishment of yeast mutant
phenotypes. Mol. Cell, 31, 925–932.

40. Arigo,J.T., Eyler,D.E., Carroll,K.L. and Corden,J.L. (2006)
Termination of cryptic unstable transcripts is directed by yeast
RNA-binding proteins Nrd1 and Nab3. Mol. Cell, 23, 841–851.

41. Boa,S., Coert,C. and Patterton,H.G. (2003) Saccharomyces cerevisiae
Set1p is a methyltransferase specific for lysine 4 of histone H3 and is
required for efficient gene expression. Yeast, 20, 827–835.

 at U
niversiteitsbibliotheek U

trecht on January 22, 2016
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/


152 Nucleic Acids Research, 2015, Vol. 43, No. 1

42. Smolle,M., Venkatesh,S., Gogol,M.M., Li,H., Zhang,Y., Florens,L.,
Washburn,M.P. and Workman,J.L. (2012) Chromatin remodelers
Isw1 and Chd1 maintain chromatin structure during transcription by
preventing histone exchange. Nat. Struct. Mol. Biol., 19, 884–892.

43. Gkikopoulos,T., Schofield,P., Singh,V., Pinskaya,M., Mellor,J.,
Smolle,M., Workman,J.L., Barton,G.J. and Owen-Hughes,T. (2011)
A role for Snf2-related nucleosome-spacing enzymes in genome-wide
nucleosome organization. Science, 333, 1758–1760.

44. Zentner,G.E., Tsukiyama,T. and Henikoff,S. (2013) ISWI and CHD
chromatin remodelers bind promoters but act in gene bodies. PLoS
Genet., 9, e1003317.

45. Mavrich,T.N., Ioshikhes,I.P., Venters,B.J., Jiang,C., Tomsho,L.P.,
Qi,J., Schuster,S.C., Albert,I. and Pugh,B.F. (2008) A barrier
nucleosome model for statistical positioning of nucleosomes
throughout the yeast genome. Genome Res., 18, 1073–1083.

46. Martens,J.A., Laprade,L. and Winston,F. (2004) Intergenic
transcription is required to repress the Saccharomyces cerevisiae
SER3 gene. Nature, 429, 571–574.

47. Martens,J.A., Wu,P.Y. and Winston,F. (2005) Regulation of an
intergenic transcript controls adjacent gene transcription in
Saccharomyces cerevisiae. Genes Dev., 19, 2695–2704.

48. Pelechano,V., Wei,W. and Steinmetz,L.M. (2013) Extensive
transcriptional heterogeneity revealed by isoform profiling. Nature,
497, 127–131.

49. Pelechano,V. and Steinmetz,L.M. (2013) Gene regulation by
antisense transcription. Nat. Rev. Genet., 14, 880–893.

50. Xu,Z., Wei,W., Gagneur,J., Clauder-Munster,S., Smolik,M.,
Huber,W. and Steinmetz,L.M. (2011) Antisense expression increases
gene expression variability and locus interdependency. Mol. Syst.
Biol., 7, 468.

 at U
niversiteitsbibliotheek U

trecht on January 22, 2016
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/

