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accharomyces cerevisiae RNA polymerase Il (Pol Il) synthesizes both mRNAs and

noncoding RNAs (ncRNAs), including snRNAs, snoRNAs, and a large number of RNAs
with unknown functions (1, 2). The latter class includes cryptic unstable transcripts
(CUTs) and stable uncharacterized transcripts (SUTs) (3, 4). Both coding and noncoding
transcripts originate from promoters located in nucleosome-free regions in a process
that requires both general transcription factors and gene-specific factors (5-7), but
termination of these different classes of Pol Il transcripts takes place through two
different processes. Stable transcripts like mRNA and SUTs terminate through a process
linked to cleavage and polyadenylation while snoRNAs and CUTs terminate through the
Nrd1-Nab3-Sen1 (NNS) pathway (8-14).

The NNS complex contains two RNA-binding proteins, Nrd1 and Nab3, which
recognize specific sequences in nascent transcripts and direct termination in a process
that requires the RNA helicase Sen1 (8, 9, 15-20). NNS interacts with Pol Il in part
through binding of Nrd1 to phosphorylated Ser5 on the C-terminal domain (CTD)
(21-23), a pattern of CTD phosphorylation most prominent in the early stages of the
transcription cycle, limiting NNS termination to promoter-proximal transcripts (24-29).
The NNS complex also interacts with the TRAMP (Trf4/Trf5-Air1/Air2-Mtr4 polyadenyl-
ation) complex to couple termination to processing by the nuclear exosome (30-33).

While the two yeast Pol Il termination pathways generally operate on distinct sets
of transcripts, there are some genes that can use either termination pathway (11). In
some cases NNS acts downstream of genes as a fail-safe termination mechanism to
ensure that transcripts that fail to terminate through the cleavage/polyadenylation
mechanism do not read through into downstream genes (34, 35). In other cases NNS
functions upstream to terminate transcripts before the poly(A) site is reached. For
example, Nrd1 autoregulates its own transcription by binding, along with Nab3, to sites
in the 5’ end of its nascent pre-mRNA (9, 36). The result of this binding leads to
premature termination of the majority of Nrd1 transcripts close to the 5’ end. Nrd1
transcripts that escape the NNS pathway go on to terminate through the cleavage/
polyadenylation pathway, producing a mature mRNA. A similar form of regulation
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occurs with a number of genes encoding enzymes involved in nucleotide synthesis
(37-39). In these cases, however, the use of alternative start sites leads to pre-mRNAs
that have or do not have the Nrd1 and Nab3 binding sites in their 5’ untranslated
regions (UTRs) and therefore either terminate prematurely through NNS or elongate to
produce a mature mRNA.

We along with others have previously used the anchor-away strategy (40) to create
conditional mutants of Nrd1 that lead to nuclear depletion in the presence of rapa-
mycin (7, 41). This approach has led to the identification of NNS termination sites and
has identified a limited set of mRNAs that are controlled through NNS. In this paper, we
present the results of Nab3 nuclear depletion through the anchor-away method. We
observe the expected readthrough of known NNS terminators downstream of ncRNAs
and an increase in transcription of several mRNAs known to be regulated by NNS. In
addition to these known targets, we show that some genes regulated by nitrogen
catabolite repression (NCR) are regulated by NNS.

RESULTS

Nab3 anchor-away experiments. To examine the effect on transcription of deplet-
ing Nab3 from the nucleus, we C-terminally tagged Nab3 with the FRB (FKBP12-
rapamycin binding) domain in an anchor-away strain that contains an HTB (6His-TEV-
biotin, where TEV is tobacco etch virus) tag on the RNA polymerase subunit Rpb2 (15,
40, 41). FRB-tagged Nab3 protein is normally expressed and renders this strain sensitive
to rapamycin (see Fig. STA and B in the supplemental material), indicating that Nab3
performs an essential nuclear function. We noticed that the NAB3-FRB strain grows
slightly more slowly than a control strain even in the absence of rapamycin, indicating
that the C-terminal tag is a hypomorphic mutation (Fig. S1C). We performed photoac-
tivatable ribonucleoside-enhanced cross-linking and immunoprecipitation (PAR-CLIP)
on the NAB3-FRB RPB2-HTB strain to map changes in the position of actively transcrib-
ing Pol Il in response to Nab3 depletion. Cross-linking took place 30 min after the
addition of rapamycin when cells were still growing (Fig. S1D). To control for effects of
the tag, we carried out PAR-CLIP on the FRB-tagged strain with or without rapamycin
and a control strain that does not contain an FRB tag but does include the downstream
HIS3 marker that was used to introduce the tag. We also conducted PAR-CLIP on an
NAB3-HTB strain to map Nab3 binding sites on nascent RNA transcripts (15, 41, 42).
PAR-CLIP data sets were obtained from two biological replicates for each of these
conditions. The R values for these data sets were greater than 0.98, and thus we
combined replicates for the read maps.

Regulation of snoRNAs and CUTs. Nuclear depletion of Nab3 results in read-
through transcription of snoRNA and CUTs as has been previously described for Nrd1
depletion (7, 9, 32, 33, 41). Figure 1A shows that snR47 and Nrd1 readthrough
transcripts are slightly elevated in the FRB-tagged strain, and this level of readthrough
is increased in the presence of rapamycin. This result supports the idea that the
C-terminally FRB-tagged Nab3 is slightly defective and could explain the slightly slower
growth of this strain.

Because the NAB3-FRB strain is a hypomorph, we have compared the Pol Il PAR-CLIP
results after the anchor-away procedure to those with the untagged NAB3 strain. Figure
1B shows a plot of the averaged sum of Pol Il reads downstream of the aligned 3" end
of all snoRNAs. This result indicates that readthrough transcription following Nab3
depletion extends at least 300 bases downstream of snoRNA NNS terminators. Read-
through transcription is also seen with CUTs. Figure 1C is a volcano plot of Pol Il reads
corresponding to 920 CUTs and extending downstream of the annotated transcript by
450 bases. Comparing Nab3 depletion and wild-type (WT) readthrough data shows that
Nab3 depletion results in many CUTs transcribed downstream of their normal termi-
nation sites (Fig. 1C, upper right quadrant).

Regulation of protein-coding genes. In addition to noncoding RNAs, the NNS
complex has been shown to bind to a number of mRNAs (7, 15, 19, 35, 43, 44). However,
despite the prevalence of Nrd1-Nab3 binding to the 5’ end of mRNAs, there are
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FIG 1 Readthrough of ncRNA transcripts. (A) Pol Il maps of mutant and control NAB3 strains on an snoRNA
(SNR47) and the attenuated NRDT gene. The gray track represents reads from the control strain, while the
superimposed black track represents Pol Il reads from the NAB3-FRB strain with (+rap) or without nuclear
depletion. (B) Anchor plot (67) showing readthrough of snoRNA terminators. (C) Volcano plot showing
readthrough of CUTs. (D) Pol Il and Nab3 maps of mRNAs regulated by Nab3. rap, rapamycin.

relatively few genes where regulation by premature termination has been confirmed
(7,15, 35, 41, 43, 45). Nrd1 expression is autoregulated through attenuation and is also
sensitive to mutations in Nab3 (9, 36). In our Nab3 anchor-away experiments, we
confirm this result (Fig. 1A) and show that several genes involved in nucleotide
biosynthesis that have previously been shown to be regulated by Nrd1 (37-39) are also
upregulated by Nab3 depletion. Figure 1D shows that IMD2 and URA8 expression is
increased when Nab3 is depleted from the nucleus. In both of these cases, PAR-CLIP of
Nab3-HTB reveals corresponding Nab3 binding peaks at the 5" end of the transcript.

NCR. To look for other protein coding genes that are regulated by Nab3, we plotted
the ratio of coding-region reads for the Nab3-depleted data set relative to the WT reads
for all yeast genes (Fig. 2A). Only a subset of genes show significantly altered expres-
sion, and we focused our attention on those that show the greatest increased expres-
sion. Table 1 shows the 48 genes with a greater than 2-fold increase in expression. An
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FIG 2 Nab3 depletion changes expression of relatively few genes. (A) Rank order plot of changes in
expression of protein coding genes after Nab3 depletion. Genes are ranked from left to right in order of
increased expression upon Nab3 depletion. (B) Pol Il map showing the increase in expression of GLTT but
no change in adjacent genes.

example of this class of genes is the GLTT gene that encodes glutamate synthase (Fig.
2B). Many of the genes that are elevated in response to Nab3 depletion are, like GLTT,
regulated by nitrogen catabolite repression (NCR) (Table 1, genes in boldface) (46, 47).
This includes genes for a transcription factor that regulates genes involved in nitrogen
metabolism (DAL80), an enzyme at the hub of nitrogen metabolism (GLT7), and a
number of transporters involved in nitrogen acquisition (GAP1, MEP2, MEP3, and UGA4).

Figure 3A shows the results of a gene set enrichment analysis (GSEA) (48) of the
entire set of 90 NCR genes (46). In this analysis genes are ordered from left to right by
decreasing enrichment in the anchor-away data set. The enrichment score indicates the
degree to which a set of genes is more prevalent at the extremes of the ranked list. The
panel to the left shows an enrichment score for Nab3 of 0.6, with the leading edge of
NCR genes among the most upregulated genes. The P value for the NCR genes in the
Nab3 data is reported by the GSEA algorithm as 0.00, indicating a high degree of
significance. The panel to the right is an analysis of NCR genes upregulated in our
previous Nrd1 anchor-away experiment (41). Nrd1 depletion yields a lower enrichment
score (0.4) and a P value of 0.065. Despite this lower enrichment score, there are some
NCR genes among the most upregulated in response to Nrd1 depletion. We have
compared the set of genes upregulated in response to Nab3 depletion with our
previously published data on genes upregulated in response to Nrd1 depletion (41). As
expected, there is significant overlap among these sets of genes (Fig. 3B). About half of
genes upregulated by Nab3 depletion are also upregulated after Nrd1 depletion.
Among this overlapping set are seven genes regulated by NCR (Table S2).

Pol Il maps of select NCR-regulated genes (MEP2, DAL80, and GAPT) are shown in Fig.
4. For each of these genes, we observed a peak of Nab3 binding at the 5’ end of the
transcript. Nab3 forms a heterodimer with Nrd1 (8, 16), and many ncRNA terminators
require both factors for efficient termination (9, 32, 41). One of the genes upregulated
in response to Nrd1 depletion is the ammonium permease gene MEP2. Both Nrd1 and
Nab3 cross-link to sequences in the 5’ UTR, and upon nuclear depletion the level of
transcription is increased across the coding region.

Nab3 and Nrd1 motifs. The precise binding sites for Nrd1 and Nab3 can be
determined from the presence of T-to-C transitions caused by the 4-thiouracil cross-link
(49, 50). Using these T-to-C transitions to find the binding sites, we analyzed the top 40
Nab3 binding peaks among NCR genes and found common motifs corresponding to
known Nrd1 and Nab3 binding sites (Table S1) (15-19). Using MEME software (51), we
found that the Nrd1 consensus is present in fewer genes but is more statistically
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TABLE 1 Genes upregulated as a result of Nab3 depletion

Gene“ Fold change in expression®
IMD2 6.4
1ZH4 47
DAL80 4.6
FRE4 4.4
NRD1 3.9
URA8 3.8
UGA4 3.6
HMS1 34
DAK2 34
AGP3 33
YNR066C 33
MEP2 3.2
PTR2 3.1
SAM2 3.0
CRF1 2.8
MTO1 2.8
BAG7 2.7
DUR1,2 2.7
RGT1 2.7
IMD3 2.5
REF2 25
YDR124W 2.5
GAP1 25
DAL1 2.5
GLT1 2.5
NRK1 2.5
OLE1 24
SuL2 24
MET6 23
YCR101C 23
YLR053C 23
MKK2 2.2
HEM25 2.2
PHD1 2.2
TDA4 2.2
MEP3 2.2
YIL213W 2.2
TOS2 2.1
DSE4 2.1
MET3 2.1
SP0O23 2.0
YGK3 2.0
OPT2 2.0
MET13 2.0
FLO5 2.0
STE23 2.0
URAT0 2.0
ATG19 2.0

aGenes in boldface are regulated by nitrogen catabolite repression.
bRelative to the WT level.

significant while the Nab3 consensus is present more often but contains less informa-
tion (Fig. 5A). Nrd1 cross-links are most often observed at the first U in the UGUA
sequence. For Nab3, T-to-C transitions are spread out over a region that often contains
several UCU sequences. This pattern is apparent in the cross-linking to the GIt1 5" UTR
shown in Fig. 5B and for MEP3, GAP1, and GATT1 shown in Fig. S2. Multiple cross-linking
sites could reflect binding to flexible RNAs by Nab3 or to the presence of multiple
Nrd1-Nab3 proteins, as we have previously observed in vitro (16).

GLT1 regulation. Mapping Nrd1 and Nab3 binding sites to the 5 end of an mRNA
suggests that the gene is regulated by premature termination but does not rule out
regulation by sequences in the coding region or 3" UTR. To demonstrate that an
NCR-regulated gene is regulated through its 5’ sequences, we cloned the Glt1 pro-
moter and 5’ UTR upstream of the luciferase gene. When this plasmid is present in a
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FIG 3 Increased expression of nitrogen catabolite-repressed genes. (A) The left panel is derived from the
Nab3 anchor-away experiment, while the right panel is derived from the Nrd1 anchor-away experiment.
Both panels show enrichment plots derived from GSEA analysis. In this analysis genes are rank ordered
from left to right in order of their ratio of Pol Il occupancy. The enrichment score is a running sum of

enrichment of the NCR genes. (B) Venn diagram showing overlap of genes upregulated in response to
either Nab3 or Nrd1 depletion.

wild-type strain, we see a low level of reporter mRNA that does not change when
rapamycin is added (Fig. 5C). In contrast, in a NAB3-FRB strain we observe an elevated
level of expression, and this level increases when Nab3 is depleted from the nucleus.
We observed a similar increase in GLTT expression in a temperature-sensitive nab3-11
strain raised to the nonpermissive temperature (Fig. 5D). This is not as great an increase
as seen in the reporter strain, but in the WT strain GLTT expression decreases at the
nonpermissive temperature. Together, these results indicate that GLT1 is regulated by
attenuation directed by Nab3 binding to the 5" UTR.

NAB3-FRB confers resistance to glutamine synthetase inhibition. The observa-
tion that NCR genes are upregulated even though cells are grown in a preferred
nitrogen source suggests that Nab3 mutation alters the nitrogen-sensing mechanism.
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FIG 4 Increased expression of nitrogen catabolite-repressed genes. Pol Il and Nab3 binding maps
showing examples of Nab3-regulated NCR genes.
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binding sites derived from sequences in the top Nab3 binding peaks identified on NCR transcripts. (B) Mapping
Nrd1 and Nab3 binding sites in the GLTT 5’ UTR. (C) Reverse transcription-quantitative PCR of luciferase RNA driven
by the Glt1 promoter as indicated in panel B. (D) Reverse transcription-quantitative PCR of the endogenous GLT1
gene in NAB3 and nab3-11 strains.

To test the response to nitrogen depletion, we were not able to inhibit the TOR
pathway as the anchor-away strain contains the tor7-7 mutation that confers resistance
to rapamycin (52). Instead, we used L-methionine sulfoximine (MSX) to inhibit glu-
tamine synthetase and thus deplete cells for glutamine (53, 54). Figure 6 demonstrates
that the Nab3-FRB strain is more resistant than the WT to 0.5 mM MSX, presumably due
to the partial Nab3 defect caused by the FRB tag. The ability to grow in the presence
of MSX is likely due to increased expression of glutamine synthetase and other proteins
involved in nitrogen acquisition and metabolism.

DISCUSSION
Previous work on the yeast NNS pathway has indicated that this alternative Pol
Il termination pathway is linked to nutrient availability (35, 43, 45, 55). Nrd1 mutants
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FIG 6 Growth of NAB3-FRB and control strain in the presence or absence of 0.5 mM MSX.

are synthetic lethal, with mutations that activate the Ras-protein kinase A (PKA)
signaling pathway, and the pattern of Nrd1 binding changes upon glucose depri-
vation (42). Recent studies have shown that Nab3 is also important in reshaping the
transcriptome in response to glucose deprivation (45, 55). In this paper, we provide
additional evidence that Nab3 is important in regulating genes that are required for
uptake and catabolism of nonpreferred nitrogen sources, implicating the NNS
complex in the regulation of genes in response to either carbon or nitrogen
sources.

Saccharomyces cerevisiae prefers ammonia or glutamine as a source of nitrogen but
can use a variety of alternative, nonpreferred nitrogen sources (46). Nitrogen availability
regulates growth, metabolism, and transcription through a complex interplay of mul-
tiple pathways (46, 56, 57). The target of rapamycin complex 1 (TORC1) stimulates
expression of growth-related genes in part through the sensing of intracellular amino
acid levels (57, 58). The approximately 90 nitrogen catabolite-repressed genes are
controlled through a set of four GATA transcription factors that cross-regulate each
other in a manner that depends on the source of nitrogen. Although the TORC1
signaling pathway plays a role in GATA factor-mediated NCR-responsive gene
transcription (59), other pathways have also been implicated (58, 60-64). In fact,
regulation of NCR genes is largely independent of TOR signaling, but details of how
different nitrogen sources lead to regulation of NCR genes is not well understood.

The results presented here indicate that Nab3 plays a role in nitrogen catabolite
repression. Nuclear depletion of Nab3 results in increased expression of many NCR
genes, including those for a GATA factor (DAL80), a central nitrogen metabolic enzyme
glutamate synthase (GLT7), and several permeases that are specific for different nitro-
gen sources. We have shown that one of these genes, GLTT, is regulated through its
promoter and 5’ UTR. Multiple Nab3 binding sites are occupied in nascent transcripts
of many other NCR genes, but whether this binding alone is sufficient to trigger
attenuation is not clear. Whether TORC1 signaling is important for NNS regulation was
not directly addressed as the anchor-away strain contains the tor7-7 mutation that
renders the pathway resistant to rapamycin.

We suggest that Nab3 may be an important component of the regulation of NCR
genes. In the presence of ammonia or other rich nitrogen sources, our data demon-
strate that Nab3 operates to abrogate expression of GLT7 and many other nitrogen
catabolism genes. Given our previous study linking the NNS pathway to the glucose
signaling pathway, our current results suggest that NNS may integrate signals from the
carbon and nitrogen sensors. By extension, our data suggest that the transcriptional
response to carbon and nitrogen source changes involves an Nrd1/Nab3-mediated
termination/antitermination regulatory choice that may permit rapid adaptation to
environmental change.

Using computational approaches, Chasman and colleagues have discovered inter-
actions among signaling pathways involved in Saccharomyces cerevisiae stress re-
sponses (65). One result of these studies was the identification of Pol Il CTD phosphor-
ylation as a hub that connects transcriptome changes between growth and stress
conditions. Specifically, they showed that CTD Ser5 phosphorylation was essential for
Pol Il to rapidly relocate in response to stress. The NNS complex role in NCR may
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represent part of this pathway intersection. Nrd1 preferentially interacts with Ser5-
phosphorylated CTD (21, 22). Nrd1 and Nab3 binding to NCR transcripts could normally
act together with the appropriate GATA factors to attenuate expression of genes
involved in the use of nonpreferred nitrogen sources. Loss of the preferred source
would then lead to loss of attenuation, enabling the cell to rapidly reprogram its
transcriptome to express genes required for acquisition and metabolism of nonpre-
ferred nitrogen sources. The nature of the signal that impinges on NNS is not known,
and whether this involves changes in CTD phosphorylation is also unclear.

MATERIALS AND METHODS

Yeast strains. Anchor-away and 6His-TEV-biotin (HTB)-tagged strains were constructed as previously
described (15, 41). Cells were grown in complete synthetic medium (CSM) containing 2% glucose and 40
mg/liter adenine, in CSM limiting uracil (CSM-Ura) containing 2% glucose, 40 mg/liter adenine, and 60
M uracil, or in yeast extract-peptone-dextrose (YPD) medium, depending on the experiment. For
growth curves, cells were incubated in a 24-well plate using an Infinity 2 (BioTek) instrument. The BioTek
was set for orbital shaking (fast; 1-mm amplitude); cells were diluted to an optical density at 600 nm
(ODgq0) of 0.1 per well, and the OD,,, was measured every 10 min for 36 h.

Anchor-away and PAR-CLIP experiments. Cells were grown in 5 ml of YPD medium, seeded into
500 ml of CSM containing 60 uM uracil and 1T uM biotin, and incubated at 30°C until cultures reached
an ODg, of 1. Cross-linking was performed as previously described (41). Instead of rapamycin, dimethyl
sulfoxide (DMSO) was added as a control sample in the 30-min incubation period before cross-linking.
Cross-linked samples with the HTB tag at the C terminus of Rpb1 were processed as previously described
(41) with a slight modification to the protocol: the streptavidin beads were resuspended in polynucle-
otide kinase (PNK) reaction solution (1 U/ul T4 PNK [NEB], 5 mM dithiothreitol [DTT] in PNK buffer), but
we excluded the [y-32P]ATP.

Sequencing and bioinformatics. Sequencing and demultiplexing were done at the Johns Hopkins
University School of Medicine on an Illumina HiSeq instrument. Briefly, raw sequences were trimmed of
3’ adapters as previously described (41) using a wrapper developed by Sarah Wheelan; sequences were
condensed to allow no more than a single copy of any exact sequence and aligned to the SacCer3
reference genome (revision R64, February 2011; obtained from the Saccharomyces Genome Database
[SGD]) using Bowtie, version 1.1.1, with the following arguments: “-y —best -v 2” to remove sequences
that aligned to the tRNA and ribosomal DNA (RDN) regions and “-y —best -v 2 -m 2" for the global
alignment. The SAM file format produced from the alignments was then converted to wiggle track format
and normalized as previously described (41).

The DESeq package available from Bioconductor was used for differential expression analysis (66).
Briefly, the aligned data sets were converted into bam files and fed into the DESeq package pipeline. The
default DESeq pipeline was used. DESeq normalized the reads and averaged the replicates to compare
expression levels on a per-gene basis. This produced an output file containing fold changes along with
their statistical significance. Volcano plots were plotted using these data through R. For Table 1, we
removed genes with fewer than 200 reads and genes that are adjacent to known ncRNAs. We used gene
set enrichment analysis (GSEA) (48) to further show the differential expression of NCR genes. Read signal
was counted exactly as done in the DESeq process to keep these two results comparable and loaded into
the GSEA (Broad Institute) Java applet, version 2.2.3, using default settings except that we used the SGD
set of yeast genes. GSEA rank orders every gene by a signal-to-noise ratio using multiple replicates and
calculates an enrichment score for each set of genes that represents the differential expression of that
set of genes.

Quantitative PCR. Total RNA was extracted with acid phenol as previously described (15). Briefly,
cells were grown in CSM-Ura with and without rapamycin to an OD of 1, suspended in TES buffer (10 mM
Tris [pH 7.5], 10 mM EDTA, 0.5% SDS), and treated with acid phenol for 1 h at 65°C with moderate
shaking. Multiple acid phenol washes were used until the phase interface was clean. Chloroform was
used to wash any remnants of acid phenol before ethanol precipitation. The total extracted RNA was
treated with Turbo DNase-free (AM1907; Ambion), per the most stringent protocol recommended. The
resulting DNase-free RNA was then reverse transcribed using a Bio-Rad iScript ¢cDNA synthesis Kkit.
Real-time PCR was performed using iQ SYBR green supermix (Bio-Rad) in a CFX96 real-time PCR detection
system (Bio-Rad) using three 20-ul replicates for each sample. Expression of RNA amplified with the
luciferase primers (GTGTTCGTGGACGAGGTG and CGATCTTGCCGCCTTTCTTA) or GLT1 primers (CATGTG
GTGACTGTAGAAGAGG and GATACGTAGTGCCGTCCATTAG) was normalized to that of ACT1 and graphed
relative to that of the WT NAB3 control samples.

Accession number(s). The accession number for the PAR-CLIP data sets was deposited in the Gene
Expression Omnibus database under accession number GSE97345.
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