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The Saccharomyces cerevisiae Nrd1-Nab3 Transcription Termination
Pathway Acts in Opposition to Ras Signaling and Mediates Response

to Nutrient Depletion
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The Saccharomyces cerevisiae Nrd1-Nab3 pathway directs the termination and processing of short RNA polymerase II tran-
scripts. Despite the potential for Nrd1-Nab3 to affect the transcription of both coding and noncoding RNAs, little is known
about how the Nrd1-Nab3 pathway interacts with other pathways in the cell. Here we present the results of a high-throughput
synthetic lethality screen for genes that interact with NRD1I and show roles for Nrd1 in the regulation of mitochondrial abun-
dance and cell size. We also provide genetic evidence of interactions between the Nrd1-Nab3 and Ras/protein kinase A (PKA)
pathways. Whereas the Ras pathway promotes the transcription of genes involved in growth and glycolysis, the Nrd1-Nab3 path-
way appears to have a novel role in the rapid suppression of some genes when cells are shifted to poor growth conditions. We
report the identification of new mRNA targets of the Nrd1-Nab3 pathway that are rapidly repressed in response to glucose deple-
tion. Glucose depletion also leads to the dephosphorylation of Nrd1 and the formation of novel nuclear speckles that contain
Nrd1 and Nab3. Taken together, these results indicate a role for Nrd1-Nab3 in regulating the cellular response to nutrient

availability.

NA polymerase IT (Pol IT) synthesizes diverse coding and non-

coding RNAs. Each cycle of transcription by Pol II can be
terminated in one of two ways: it can terminate early through the
Nrd1-Nab3 termination pathway or continue elongating to com-
plete longer, potentially coding transcripts that are terminated
through the polyadenylation [poly(A)] pathway (12, 44, 60). Nrd1
and Nab3 are essential proteins that form a heterodimer that as-
sociates with the C-terminal domain (CTD) of Pol I early in the
transcription cycle and binds the nascent RNA transcript to direct
the termination of short nonpolyadenylated transcripts (2, 3, 14,
15,18, 24, 66—69, 78). Nrd1 and Nab3 are part of a larger complex
that includes the putative helicase Sen1, the nuclear cap binding
proteins Cbp20 and Cbp80, Rntl, Spt5, and the TRAMP and exo-
some complexes (77). Through these interactions, Nrd1-Nab3-
directed termination is coupled to the processing and degradation
of nascent RNAs (3, 74). Short, noncoding RNAs, such as
snoRNAs, are terminated by Nrd1-Nab3 downstream of the ma-
ture RNA, oligoadenylated by TRAMP, and trimmed by the exo-
some (1). Some cryptic unstable transcripts (CUTs) (85), noncod-
ing transcripts that initiate at cryptic start sites and bidirectional
promoters throughout the genome (51, 86), are also terminated
by Nrd1-Nab3 and oligoadenylated by TRAMP, which primes
them for 3'-to-5' degradation by the nuclear exosome (3, 19, 32,
33,74, 77, 83).

The Nrd1-Nab3 complex also prematurely terminates some
protein-coding transcripts near their 5" ends to produce attenu-
ated noncoding transcripts that are immediately degraded (2, 38,
40, 41, 43, 73). In an autoregulatory mechanism, Nrd1 and Nab3
bind to sites near the 5" end of the NRDI1 mRNA and trigger the
premature termination of the nascent transcript (2, 19). Recently,
we have shown that the expression of PCFII and RPBIO0 is also
regulated by Nrd1-Nab3 attenuation and that there are prominent
peaks of Nrd1 binding at the 5" ends of many other pre-mRNAs
that could be similarly regulatory (19). The failure of Nrd1-Nab3
to terminate snoRNAs or CUTs causes read-through transcrip-
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tion into downstream genes, potentially leading to their dysregu-
lation by promoter occlusion (60, 64). Together, this evidence
suggests that the expression of many protein-coding genes could
be affected by changes in the efficiency of Nrd1-Nab3 termina-
tion; termination efficiency directly affects the abundance of full-
length transcripts of genes regulated by Nrd1-Nab3 attenuation
and could indirectly affect the transcription of genes downstream
of CUTs or snoRNAs.

The factors that determine whether Pol II terminates early in
the transcription cycle or continues to elongate are not fully
known but likely involve the regulation of Nrd1 and Nab3 binding
to the nascent transcript. Our recent work indicates that Nrd1 and
Nab3 associate with chromatin with a distribution similar to that
of Pol II throughout the genome. For instance, the most highly
transcribed genes have the highest enrichment of Nrd1 and Nab3
by chromatin immunoprecipitation (ChIP). In contrast, Nrdl
and Nab3 cross-link to RNA only at particular sites (19). Global
analyses of Nrd1 and Nab3 RNA binding sites revealed a strong
Nrd1 consensus sequence, UGUAG, and a less constrained Nab3
consensus sequence, GNUCUUGU (19, 29, 83). Non-poly(A) ter-
minators at well-studied sites of Nrd1-Nab3 termination are made
up of clusters of Nrd1 and Nab3 binding sites, which are bound
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TABLE 1 Strains used in this study

Nrd1-Nab3 Response to Nutrient Depletion

Strain Genotype Reference
YJC2555 MATa ura3A0 his3A1 leu2A0 lys2A0 NRD1::URA3 This study
YJC2560 MATa ura3A0 his3A1 leu2A0 lys2A0 nrd1-102::URA3 This study
YJC2596 MATa ura3A0 his3A1 leu2A0 lys2A0 NRD1::URA3 bcy1A::HIS3 This study
YJC2598 MATa ura3A0 his3A1 leu2A0 lys2A0 nrd1-102::URA3 bey1A::HIS3 This study
YJC1163 MATa ura3A0 his3A1 leu2A0 met15A0 NRDIHA 18
YJC1166 MATa ura3A0 his3A1 leu2A0 met15A0 nrd1-102HA 18
YJC2545 MATa ura3A0 his3A1 leu2A0 met15A0 NRDI1HA iral A::HIS3 This study
YJC2548 MATa ura3A0 his3A1 leu2A0 met15A0 nrd1-102HA iral A::HIS3 This study
YJC2551 MATa ura3A0 his3A1 leu2A0 met15A0 NRDIHA pde2A::HIS3 This study
YJC2553 MATa ura3A0 his3A1 leu2A0 met15A0 nrd1-102HA pde2A::HIS3 This study
YJC2512 MATa ura3A0 his3A1 leu2A0 met15A0 NRDIHA [2pm URA3] This study
YJC2513 MATa ura3A0 his3A1 leu2A0 met15A0 NRDIHA [2p.m URA3] This study
YJC2514 MATa ura3A0 his3A1 leu2A0 met15A0 NRDIHA [2p.m URA3 PDE2] This study
YJC2515 MATa ura3A0 his3A1 leu2A0 met15A0 NRDIHA [2p.m URA3 PDE2] This study
YJC2516 MATa ura3A0 his3A1 leu2A0 met15A0 nrd1-102HA [2pm URA3] This study
YJC2517 MATa ura3A0 his3A1 leu2A0 met15A0 nrd1-102HA [2pm URA3] This study
YJC2518 MATa ura3A0 his3A1 leu2A0 met15A0 nrd1-102HA [2pm URA3 PDE2)] This study
YJC2519 MATa ura3A0 his3A1 leu2A0 met15A0 nrd1-102HA [2pm URA3 PDE2] This study
YJC2569 MATa ura3A0 leu2A0 his3A1 canlA:LEU2-MFAIpr:HIS3 NAB3::URA3 This study
YJC2564 MATa ura3A0 leu2A0 his3A1 lys2A0 met15A0 canlA:LEU2-MFA1pr::HIS3 nab3-42::URA3 This study
YJC2655 MATa ura3A0 leu2A0 his3A1 met15A0 NRD1-GFP::HIS3MX 36
YJC2760 MATa ura3A0 leu2A0 his3A1 met15A0 NRDI1-GFP::HIS3MX NAB3-mCherry:KanMX This study
YJC2665 ura3A0 leu2A0 his3A1 met15A0 NRD1-GFP::HIS3MX SIK1-RFP::KanMX6 This study
YJC2744 MATa ura3A0 leu2A0 his3A1 met15A0 NRD1-GFP::HIS3MX [ DCP2(1-300)-RFP LEU2] This study
YJC2746 MATa ura3A0 leu2A0 his3A1 met15A0 NRD1-GFP::HIS3MX [PUB-mCherry URA3] This study

cooperatively to specify a strong termination signal (14, 15). The
frequency with which Pol IT is terminated early in transcription at
a particular locus likely depends in part on the number and
strength of Nrd1 and Nab3 binding sites in a given RNA sequence.
However, our recent work showed that the global pattern of Nrd1
binding is drastically altered in cells responding to glucose deple-
tion (37), strongly suggesting that Nrd1-Nab3 binding is regu-
lated in response to the cellular environment by an unknown
mechanism.

Since termination by Nrd1 and Nab3 affects the expression of a
variety of coding and noncoding transcripts throughout the ge-
nome, and the efficiency of Nrd1-Nab3 termination appears to be
regulated in response to environmental changes, we propose that
the Nrd1-Nab3 pathway could work in concert with other regula-
tory pathways to control gene expression. In an effort to under-
stand potential roles for the Nrd1-Nab3 pathway in cellular pro-
cesses and to look for potential regulators of Nrdl1-Nab3
termination, we used dSLAM (diploid-based synthetic lethality
analysis on microarrays) (54, 55) to identify gene deletions that
show synthetic lethality or synthetic slow-growth phenotypes with
a temperature-sensitive (Ts) nrd] mutant. Synthetic lethality and
synthetic slow-growth phenotypes are caused when individually
nonlethal mutations decrease viability in combination with each
other. When the query mutation is temperature sensitive, as in this
case, synthetic lethality or slow growth indicates that the muta-
tions occur either in the same pathway or in separate, strongly
related, “parallel” pathways.

Among the gene deletions causing synthetic lethality or slow-
growth phenotypes in combination with nrd1 were those of genes
involved in cell cycle regulation and mitochondrial maintenance.
These synthetic interactions correlate with defects in cell size and
mitochondrial content in an nrdl mutant. We also identified
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strong synthetic interactions between nrdI and gene deletions that
lead to the overactivation of the Ras pathway. In this paper, we
show that nrd] mutants are sensitive to overactive Ras signaling,
consistent with the idea that the Ras pathway could negatively
regulate Nrd1-Nab3 termination.

In Saccharomyces cerevisiae, the Ras pathway couples cell pro-
liferation to the amount of available nutrients, promoting growth
and cell division when glucose is abundant (88). We show here
that Nrd1 and Nab3 are required to rapidly downregulate certain
transcripts in response to nutrient depletion. These results indi-
cate that Nrd1-Nab3 activity is regulated in response to nutrient
availability. We also show that the localization of Nrd1 and Nab3
changes in response to glucose depletion, and we describe their
localization to novel starvation-induced nuclear speckles.

MATERIALS AND METHODS

Yeast strains. The genotypes of all yeast strains are presented in Table 1.
The nrd1-102HA strain was previously described (18) and is temperature
sensitive as the result of a single missense mutation in the Nrdl RNA
recognition motif (RRM). The untagged nrd1-102 gene was inserted into
the NRDI genomic locus by homologous recombination and selection for
a downstream URA3 gene. The NRDI control strain (NRD*::URA3) was
produced in the same fashion. Ras pathway iralA:HIS3, pde2A::HIS3,
and bcy1A::HIS3 deletion alleles were constructed by PCR-mediated gene
disruption (8).

The PDE2 high-copy-number plasmid was previously described (34).
Several new nab3 Ts alleles were isolated essentially as described previ-
ously by Ben-Aroya et al. (6). The NAB3 coding region and 400 bp up-
stream and downstream were cloned into plasmid SB221. A library of
nab3 mutants was created using mutagenic PCR by amplifying a region of
the NAB3 gene spanning codons 267 to 705. These fragments were cloned
into the pSB221 vector cut with Nhel and BlpI, and the library was linear-
ized with NotlI and transformed into a diploid yeast magic marker strain
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containing nab3::kanMX (strain YSC4034-97036881; Open Biosystems).
Colonies were selected on synthetic complete (SC) plates lacking Ura
(SC—Ura plates), and about 10,000 colonies were pooled and plated onto
haploid selective medium at 25°C. These colonies were replica plated at
37°C to identify Ts mutants. A nonmutagenized parental strain was se-
lected as a control. One Ts mutant from this screen was studied in this
paper: nab3-42 cells grow normally at 32°C but not at 37°C.

The Nrdl-green fluorescent protein (GFP)-expressing strain (Open
Biosystems) was previously described (36). This strain was mated with the
strain expressing Sikl-red fluorescent protein (RFP) from that same
study, and after sporulation, a Nrd1-GFP Sik1-RFP haploid was isolated.
The NAB3 gene in the Nrd1-GFP strain was tagged with mCherry:
KanMX as previously described (63). To test colocalization with the P-
body marker Dcp2 and the stress granule marker Publ, the Nrd1-GFP
strain was transformed with plasmids pRP1167 and pRP1661, respectively
9).

Preparation of extracts and Western blot analysis. Yeast total protein
extracts were prepared essentially as described previously (57). For the
analysis of Nrd1 phosphorylation in Ras/protein kinase A (PKA) pathway
mutants, a culture grown overnight was used to inoculate 50 ml YPD (2%
Bacto peptone, 2% glucose, 1% yeast extract), and cells were grown with
shaking at 25°C to an A, of 1.0, collected by centrifugation, washed once
in sterile water, and snap-frozen. Cell pellets were resuspended in an ap-
proximately equivalent volume of buffer A (200 mM Tris-HCI [pH 8.0],
320 mM ammonium sulfate, 5 mM MgCl,, 10 mM EGTA, 20 mM EDTA,
1 mM dithiothreitol [DTT], 20% glycerol), with protease and phospha-
tase inhibitors (catalog numbers 78410 and 78420; Pierce) added to a final
1X concentration. Acid-washed glass beads (425 to 600 pm; Sigma) were
added to the meniscus, and samples were shaken for 30 s at level 6 in a
Fastprep FP120 instrument. The lysate was cleared by centrifugation at
3,600 X gfor 15 min and then passed through a desalting column (catalog
number 89862; Pierce). Samples were run on 8% Tris-glycine gels (Invit-
rogen), and Western blotting was performed according to a standard wet-
transfer protocol. Nrdl was detected by using rabbit antiserum raised
against glutathione S-transferase (GST)-Nrd1 diluted 1:5,000 in blocking
buffer (1X phosphate-buffered saline [PBS] with 0.1% Tween 20 and 1%
NZ amine AS [catalog number 960138; MP Biomedical]). Pgkl was de-
tected with a mouse monoclonal antibody (A6457; Molecular Probes)
diluted to 0.1 pg/mlin blocking buffer. Blots were subsequently incubated
with infrared-labeled secondary antibodies (Molecular Probes) and visu-
alized with a LiCor Odyssey infrared imaging system.

Western blotting after a glucose shift was performed as described
above except that yeast cells were grown in SC with glucose (SC+glucose)
to an A, value of 1.0 at 25°C. Aliquots (50 ml) were collected by centrif-
ugation, washed once in sterile water, and snap-frozen. The remaining
culture was quickly collected on an analytical filter funnel (catalog num-
ber F2161-50EA; Sigma), resuspended in SC—glucose (SC medium lack-
ing glucose) at 25°C, and grown with shaking at 25°C. Aliquots were
collected at 15, 35, and 55 min from the time of filtration and processed as
described above so that their total times of nutrient depletion before freez-
ing were 20, 40, and 60 min.

PAR-CLIP data. The results of the in vivo cross-linking of RNA to
Nrd1l and Nab3 by a modification of the photoactivatable ribonucleotide
cross-linking and immunoprecipitation (PAR-CLIP) technique were re-
ported previously (19, 37). The data presented here have been taken from
these published data sets, which are publically available at the Gene Ex-
pression Omnibus (23) under accession number GSE31764 (http://www
.ncbi.nlm.nih.gov/geo/query/acc.cgitacc=GSE31764).

qRT-PCR. Total RNA was extracted from yeast cells as previously
described (15). RNA (15 pg) was run on a 1% denaturing formaldehyde
morpholinepropanesulfonic acid (MOPS) agarose gel. To test for quality,
the gel was stained with ethidium bromide and visualized with UV. Sam-
ples with clear rRNA bands and no visible degradation were analyzed by
quantitative real-time reverse transcription-PCR (qRT-PCR) following
DNase I treatment with Turbo-DNA-free (Ambion) according to the
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manufacturer’s instructions for the most stringent treatment. Reverse
transcription was performed by using the iScript cDNA synthesis kit (Bio-
Rad), and mixtures were incubated at 25°C for 5 min, 42°C for 60 min,
and 85°C for 5 min in an Eppendorf Mastercycler. Real-time PCR was
performed in triplicate 20-pl reaction mixtures on a CFX96 real-time
PCR detection system (Bio-Rad), using iQ SYBR green Supermix (Bio-
Rad) according to the manufacturer’s instructions. The sequences of all
primers used in this study are available upon request. Data from at least
two replicate experiments were pooled by using the Gene Study feature of
the CFX96 real-time software, which normalizes for fluorescence inten-
sity differences between plates. Expression was normalized to the expres-
sion of the 18S rRNA gene (48) for nutrient shift experiments and to the
expression of ACTI (80) for other experiments, unless otherwise indi-
cated, using the AAC method. Ratios were graphed relative to the value
for the wild-type control sample, which was set to 1 for each gene. Error
bars represent the positive and negative ranges of the standard errors of
the means from at least two independent experiments.

Real-time PCR to quantify mitochondrial DNA. A 10-ml aliquot of
each log-phase culture grown for 4',6-diamidino-2-phenylindole (DAPI)
staining was collected by centrifugation, resuspended in 300 1 0.2% SDS,
and boiled for 15 min. The samples were then centrifuged again, and the
supernatant was collected. SDS was removed from the supernatant by
ethanol precipitation using 0.2 M NaCl. Total DNA was diluted in water
to approximately 50 ng/pl and analyzed by quantitative PCR (qPCR)
using primers specific to COX2, which is in the mitochondrial genome,
and to GIDS, which is nuclear (7). Real-time PCR was performed as de-
scribed above. The ratio of COX2 to GID8 was determined for each sample
by using the AAC; method and was set to 1 for NRDIHA. Error bars
represent standard errors of the means from two independent experi-
ments.

Rapid response to stress and starvation. Cultures grown overnight at
25°C were used to inoculate YPD or SC+glucose, as indicated, to an A,
0f 0.1, and the diluted cultures were grown with shaking at 28°C to an A,
of 1.0. Fifty-milliliter aliquots were collected by centrifugation, washed
once in sterile water, and snap-frozen. The remaining culture was quickly
collected on an analytical filter funnel, resuspended in 37°C water or SC
lacking glucose as indicated, and grown with shaking at 37°C. Aliquots
were collected at 15, 35, and 55 min from the time of resuspension and
processed as described above so that their total times of nutrient depletion
before freezing were 20, 40, and 60 min. As a control, wild-type and mu-
tant cultures grown at 28°C to an Ay, of 1.0 in YPD were raised to a
temperature of 37°C for 15 min and processed in the same way as the other
samples.

Microscopy. For mitochondrial abundance and cell size experiments,
mutant and wild-type strains were grown at 28°C in YPD and diluted
appropriately to maintain cells in the log phase (A, less than or equal to
1.0) for 24 h before collection. For fluorescent micrographs to visualize
mitochondria and nuclei, cells were collected by centrifugation, fixed in
3.7% formaldehyde for 15 min at room temperature, washed once in PBS,
and stained with 1 pg/ml DAPT in PBS for 15 min at room temperature.
The cells were washed once and resuspended in SC before mounting in
Vectashield on slides coated with polylysine. Cells were visualized with a
Zeiss Axioskop instrument usinga 100X objective lens. Photographs were
taken by using IP Lab software with exposure for 1.5 s. For differential
interference contrast (DIC) micrographs, cells were concentrated by cen-
trifugation and mounted onto polylysine-coated slides in YPD. Micro-
graphs were taken with a Zeiss Axioskop instrument using a 100X objec-
tive lens and appropriate DIC prisms. The substage light was set to a
consistent level, and exposures were done for 100 ms.

Nrd1-GFP colocalization studies were performed essentially as previ-
ously described (9). Cells expressing Nrd1-GFP and Nab3-mCherry,
Sik1-RFP, Dcp2 (1-300)-REP, or Publ-mCherry were maintained in the
log phase for atleast 12 h at 30° in SC+glucose or the appropriate selective
medium, collected briefly by centrifugation, washed three times in either
SC+glucose or SC—glucose, resuspended in SC+glucose or SC—glucose,
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TABLE 2 Results of dSLAM analyses of nrd1-102HA with tag ratios of

>20

Control/expt tag ratio”

Temp (°C) and gene Up Down
28
NOPI6 1.1 101.6
HXT4 57.6
MNNI0 7.8 51.5
YNL296W 44.4
AIM37 37.8
RICI 34.4
VAM7 30.9
SWI4 29.9
BUD21 29.8
SCS3 29.2 4.5
YER084W 8.0 28.9
GCS1 24.7 26.8
YMROO7W 2.2 26.5
IRAI 25.4 16.7
APM1 13.1 24.9
COG8 9.0 22.8
30
IRA2 279.8 31.2
VPS1 105.2
SEC66 9.9 55.1
SAC2 54.6
YPT6 50.4
YDR455C 15.7 47.7
SPF1 47.0 42.5
GCS1 46.7 27.0
SYS1 35.6 44.5
STB2 355 1.7
SWF1 31.1
YKLI36W 29.6 13.9
APM1I 29.3 29.1
YPT7 27.3
CHSI 23.9
SWA2 11.2 23.8
NHX1 23.7
NKP2 15.7 23.3
STE24 22.9 11.0
VAM10 10.4 22.5
YERI119C-A 10.3 22.1
SNF4 21.9
CHS5 21.2
COG6 21.0 15.5
APM3 20.9 9.4
IRAI 20.6 11.8
VPS63 7.5 20.2
ARLI 20.1
32
GSPI 11.2 81.8
VTC4 63.9
SWA2 62.2 43.5
VPS1 61.2
RCYI 47.6 28.0
VPS30 41.6 22.1
PEPS8 39.2 17.9
SPF1 19.6 38.7
BROI 35.6
CUE1I 31.1 13.8
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TABLE 2 (Continued)

Control/expt tag ratio”

Temp (°C) and gene Up Down
VAM7 29.7
IRA2 14.0 29.4
VMA22 29.1 2.7
UBP14 28.3 8.3
YER084W 27.2 26.4
CHS5 25.5
APMI 12.3 24.0
SNF6 22.8
MCK1 22.3
GEF1 16.1 21.7
ARLI 21.2 21.5
GUPI 0.9 21.1
SCS2 20.8 9.3
VPS35 19.5 20.6
ADEI2 20.1
SCJ1 20.0 12.8

“ Up indicates the upstream tag ratio (control/experiment). Down indicates the
downstream tag ratio (control/experiment).

and rotated in 50-ml culture tubes at 30°C for 10 to 15 min. For Hoechst-
stained samples, Hoechst 33342 dye (Invitrogen) was added to the resus-
pended cells at a final concentration of 10 pg/ml, and the incubation was
prolonged to 20 min. Samples were then washed once more, resuspended
in 30 to 50 pl SC medium with or without glucose, and rotated end-over-
end at 25°C prior to visualization. Cells were mounted onto polylysine-
coated slides and visualized within a few minutes of mounting on a Zeiss
Axioskop instrument with a 100X objective lens. Micrographs of each
fluorescent protein were taken with identical exposure settings, and
brightness and contrast were adjusted consistently across conditions, with
the exception of Dcp2(1-300)-RFP and Publ-mCherry, which varied
greatly in intensity and were autoexposed. When multiple fluorophores
were visualized in the same cell, images were captured within a few sec-
onds of each other. To create merged images, grayscale photos were pasted
into individual color channels by using Photoshop CS4.

RESULTS

Identification of synthetic interactions. To find components of
the Nrd1-Nab3 termination pathway and related pathways, we
used dSLAM to identify synthetic interactions between a temper-
ature-sensitive nrd1 allele with a single-amino-acid substitution in
the RNA recognition motif (nrd1-102HA) (18) and a pool of more
than 4,000 viable gene deletion mutations. A full description of the
technique was reported previously (54). Briefly, a PCR fragment
containing nrdl1A:natMX and endogenous NRDI flanking se-
quences was integrated by homologous recombination into a pool
of diploid yeast strains, each heterozygous for a single-gene dele-
tion and carrying a specialized haploid selective marker called the
SGA (synthetic genetic array) reporter. Since NRDI is an essential
gene, the pool was also transformed with a plasmid that contains a
centromere and expresses URA3 and the recessive, temperature-
sensitive allele nrd1-102HA. Following sporulation and selection,
two pools of haploid mutants were created. The experimental pool
of double mutants (nrd1A as well as the collection of gene dele-
tions) carried the plasmid-borne nrd1-102HA allele, and a control
pool carried the gene deletions, the endogenous NRD1 allele, and
plasmid-borne nrd1-102HA. The experimental and control mu-
tant pools were grown at temperatures that are semipermissive for
nrd1-102HA, and the abundances of cells carrying each deletion
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FIG 1 Nrd1 regulates mitochondrial DNA copy numbers. (A and B) More and larger nucleoids (indicated by arrows) are visible in nrd1-102HA cells (B) than
in NRDIHA cells (A). Cells were fixed in formaldehyde and stained with DAPI. (C) Mitochondrial DNA is overabundant in nrd]l mutants. Total DNA was
collected and analyzed by quantitative PCR using primers specific to COX2, which is in the mitochondrial genome, and to GIDS, which is nuclear. The ratio of
COX2 to GID8 was determined for each sample and was set to 1 for NRDIHA. (D) MDM3I1 is overexpressed in nrd1-102HA cells. Total RNA was analyzed by
quantitative RT-PCR using primer sequences near the 3’ end of MDM31. (E) Nrd1 and Nab3 bind to the 5" end of the MDM31 transcript. Vertical lines indicate
the numbers of transcripts bound to sense strand RNA at each location by Nrd1 and Nab3 per 10 aligned PAR-CLIP sequencing reads (19).

were compared by quantifying the relative abundance of deletion-
specific tags on microarrays. Deletions that were more abundant
in the control pool than in the experimental pool were considered
to represent synthetic interactions.

The results of dSLAM experiments at 28°C, 30°C, and 32°C
with control/experiment ratios of 20 or higher are shown in Table
2, and all other results are available upon request. Since genes that
show synthetic phenotypes at the nrdI-102HA semipermissive
temperature of 28°C likely represent interactions that are most
sensitive to Nrd1 activity, some significant results at that temper-
ature are described below. The screen is validated by the identifi-
cation of a synthetic interaction between the IrpIA (formerly
rrp47A) and nrd1-102HA strains that was previously reported (3).

Mitochondrial overabundance in nrdl mutants. A strong
synthetic interaction between the nrd1-102HA and aim37A strains
(Table 2) suggests that Nrd1 could help to regulate mitochondrial
inheritance. AIM37 (altered inheritance rate of mitochondria 37)
encodes a component of the mitochondrial inner-membrane-or-
ganizing system (27, 31, 81). One phenotype of aim37A mutants is
adecrease in the rate of formation of petites, indicating an increase
in the inheritance of mitochondria (28). Interestingly, nrdl-
102HA cells have an overabundance of mitochondrial DNA, visi-
ble as extra nucleoids in DAPI-stained cells, compared to
NRDI1HA (Fig. 1A and B). To quantify the extent of the mitochon-
drial overabundance, we used qPCR to determine the copy num-
ber ratio of a gene from the mitochondrial genome, COX2, to a
nuclear DNA gene, GIDS (7). After 24 h of log-phase growth at
28°C, which is semipermissive for nrd1-102HA cells, the ratio of
mitochondrial DNA to genomic DNA calculated by this method
was 5-fold higher in nrd1-102HA than in NRDIHA cells (Fig. 1C).
Five different genes involved in mitochondrial regulation have
potential Nrd1-Nab3 termination sites near the 5’ ends of their
transcripts according to our previously reported PAR-CLIP data
(19). Nrd1 and Nab3 bind near the 5" end of the MDM31 tran-
script, as shown in Fig. 1D and E, and also bind near the 5" end of
MMM1, HSP60, ACO1, and ILV5 (not shown). MDM31 is more

1766 mcb.asm.org

than 2-fold overexpressed in nrd1-102HA cells at 28°C. MDM31
encodes a component of the mitochondrial inner membrane that
is necessary for the maintenance of mitochondrial morphology
and the stability of mitochondrial DNA nucleoids (22). Taken
together, these data argue that Nrd1 plays a role in the downregu-
lation of mitochondrial gene expression and biosynthesis.

Large cell size of nrd1 mutants. In addition to having an over-
abundance of mitochondria, nrd1-102HA cells are abnormally
large compared to NRDIHA cells (Fig. 2A and B). To quantify the
difference in cell size, we determined the areas of each of 100 cell
images (excluding buds) for each strain and plotted the values for
each population in ascending order. The smallest nrd1-102HA cell
was half as large as the smallest NRDIHA cell, and the largest
nrd1-102HA cell was 3.5-fold larger than the largest NRDIHA cell
(Fig. 2C). The abnormally large size of nrd1-102HA cells is not
associated with decreased viability, as determined by FUNI stain-
ing (data not shown).

A similar size defect was seen in a CTD mutant in which several
cell cycle genes were also dysregulated (59). Since Nrd1 interacts
with the CTD, and we identified a synthetic interaction between
nrd1-102HA and the deletion of the cell cycle gene SWI4 (Table 2),
we looked for cell cycle genes that might be regulated by Nrd1-
Nab3. Our PAR-CLIP data (19) indicated that the XBPI tran-
script, encoding a negative regulator of G, cyclins (46), is highly
bound near its 5" end by Nrdl and Nab3 (Fig. 2D). Full-length
XBP] is 8-fold overabundant in nrdI-102HA cells at 28°C (Fig.
2E). The large size of nrd1-102HA cells therefore appears to be
indicative of the inability of these cells to regulate genes that con-
trol cell growth and mitosis in response to nutrients.

Nrd1-Nab3 interacts with the Ras pathway. Negative regula-
tors of the Ras pathway (IRAI, IRA2, and PDE2) (Fig. 3A) are
prominent among the dSLAM results, suggesting that nrdl-
102HA is sensitive to the overactivation of the Ras pathway. Iral
and Ira2 are GTPase-activating proteins (GAPs) that negatively
regulate Ras by converting it from the active GTP-bound form to
the inactive GDP-bound form, ultimately leading to a decrease in
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of XBP1I.
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as indicated.
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28°C, the pde2A mutant had a significant synthetic phenotype
with nrd1-102HA, giving a control/experiment ratio of 5.8. These
results are consistent with our previous finding that a mutation in
CYRI, which encodes the enzyme that makes cAMP, adenylate
cyclase, can improve the viability of a nab3 mutant (18). In addi-
tion, a synthetic interaction between the ira2A mutant and two
nab3 Ts alleles, nab3-11 and nab3-3, was recently identified (84).

To validate the synthetic lethality of these hits, double mutant
strains carrying a candidate deletion as well as nrd1-102HA were
serially diluted and dotted onto plates grown at permissive and
semipermissive temperatures. The iralA and pde2A mutations
both show a synthetic slow-growth phenotype with nrd1-102HA
at 28°C (Fig. 3B and C). In contrast, exogenous PDE2 overex-
pressed from a 2um plasmid improved the viability of nrdl-
102HA cells at 30°C (Fig. 3D). Since Iral/2 and Pdel/2 ultimately
inhibit PKA, we reasoned that the deletion of these genes impacts
the viability of nrd1-102HA cells by increasing PKA activity. To
test this, we deleted the gene encoding the negative regulatory
subunit of PKA, BCY1, reasoning that this should also reduce the
viability of nrd1-102 cells. To eliminate potential effects of the
hemagglutinin (HA) tag, which turned out to be slightly hypo-
morphic, we also created a new, untagged strain with the nrd1-102
mutation and another carrying nrd1-102 and beyl A mutations. In
Fig. 3E, we show that the nrd1-102 mutant has a synthetic slow-
growth phenotype with the bcylA mutation at 30°C, confirming
that Ras/PKA overactivation decreases the viability of an nrd1 mu-
tant.

To test whether Ras/PKA overactivation leads to the read-
through of Nrd1-Nab3 terminators, we performed quantitative
real-time RT-PCR (qRT-PCR) with primers downstream of a
well-characterized Nrd1-Nab3 terminator element at the end of
SNR13 to quantify read-through transcription in bcylA strains.
The deletion of BCY1 is not sufficient to change the abundance of
read-through transcripts downstream of the SNR13 terminator
but does result in higher levels of read-through transcripts in the
nrdI1-102 strain at the permissive temperature (Fig. 4A). This re-
sult suggests that Ras signaling has a negative effect on termination
by the mutated Nrd1-Nab3 complex or alternatively leads to the
stabilization of read-through transcripts.

The Ras pathway does not directly target Nrd1 by phosphor-
ylation. Since the nrd1-102 mutation is not a null mutation, ge-
netic interactions alone do not reveal whether the Ras regulation
of Nrd1-directed termination is direct or indirect. The Ras path-
way ultimately regulates proteins through phosphorylation, and
Nrd1 is known to be a phosphoprotein, so we looked for changes
in the Nrd1 phosphorylation status in Ras pathway mutants. Nrd1
is phosphorylated in double-knockout TPK mutants in which two
of the three TPK genes encoding catalytic PKA subunits are
knocked out in all possible combinations (data not shown), and
neither the overexpression of PDE2 nor the deletion of IRAI or
PDE2 produced a change in Nrd1 phosphorylation (Fig. 4B), sug-
gesting that the rescue of nrd1-102 viability in the PDE2 overex-
pression strain is not the result of a relief from the inhibitory
phosphorylation of Nrdl.

Nrd1-Nab3 regulates CLN3 expression. Our recent genome-
wide analysis of Nrdl and Nab3 binding indicated that Nrd1-
Nab3 can be found near the 5" ends of transcripts that are highly
expressed duringlog-phase growth (19). Many of these genes have
functions related to growth and metabolism that must be quickly
repressed in response to starvation or stress. One such gene,
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FIG 4 Ras overactivation indirectly inhibits Nrd1. (A) The beylA mutation
increases read-through transcription in nrd1-102 cells. Single and double mu-
tant stains were grown to the log phase at the permissive temperature of 30°C
in YPD. Total RNA was analyzed by qRT-PCR using primer sequences down-
stream of SNR13. (B) Phosphorylation of Nrd1HA is not affected by the per-
turbation of the Ras pathway. Total protein extracts from iralA and pde2A
strains, a strain overexpressing PDE2 (2um PDE2), and wild-type control
strains were collected and analyzed by Western blotting using antibodies to
Nrdl and to Pgkl, which served as a loading control. For comparison, an
aliquot of the NRD1HA extract was treated with phosphatase (PPase) and run
in lane 6.

CLNS3, is a glucose-induced cell cycle regulator that stimulates exit
from the G, phase of the cell cycle (20, 50, 56). Nrd1 binds near the
5" end of the CLN3 transcript and also to a CUT upstream of
CLN3. Nab3 binds near the 5" end of the CLN3 coding sequence
(Fig. 5A). Nrdl and Nab3 are thereby positioned to regulate its
expression, an idea supported by the fact that NAB3 was originally
identified genetically as a high-copy-number suppressor of CLN3
overexpression (70).

We hypothesized that Nrd1-Nab3 may prematurely terminate
CLN3 and other glucose-induced genes at their 5" ends in the same
way in which NRDI, RPBI10, and PCFI1 are regulated (2, 19) and
thereby my help to rapidly repress them under poor growth con-
ditions. Alternatively, CLN3 could be repressed by promoter oc-
clusion caused by an increased read-through of the upstream
CUT, as was described previously for other genes (60, 64), or
Nrd1-Nab3 could stimulate the degradation of CLN3 through an
association with the nuclear exosome (2, 3, 30, 77, 83). To test
whether Nab3 activity is necessary for the rapid repression of
CLN3 under poor growth conditions, we isolated a new tempera-
ture-sensitive nab3 mutant, nab3-42, that grows normally at lower
temperatures but is tightly temperature sensitive at 37°C and used
it to study the transcriptional response to nutrient depletion. We
grew NAB3 and nab3-42 strains to the log phase in YPD at the
permissive temperature of 28°C, rapidly transferred them into
water at 37°C, and detected full-length CLN3 transcripts by quan-
titative RT-PCR using primers that target the 3’ end of the tran-
script.

After the switch from YPD at 28°C to water at 37°C, CLN3
levels dropped precipitously in NAB3 and more slowly and less
completely in nab3-42 strains (Fig. 5B). Twenty minutes after the
switch, CLN3 expression was 3.1-fold higher in the nab3-42 strain
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CLN3. Nab3 binds to the 5’ end of the CLN3 coding region. Vertical lines indicate the numbers of transcripts bound at each location by Nrd1 and Nab3 per 107
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permissive temperature of 28°C to water at the nonpermissive temperature of 37°C (B) or from SC with glucose at 28°C to SC lacking glucose at 37°C (D),
resulting in a greater relative overabundance of CLN3 in these samples than after the temperature change alone (C). (E) CLN3 is also overabundant in nrd1-102
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sample. Error bars represent standard errors of the means from two independent experiments.

than in the NAB3 strain because nab3-42 is slow to repress CLN3.
In contrast, CLN3 expression was only 1.6-fold higher in nab3-42
cells than in NAB3 cells in YPD that were transferred from 28°C to
37°C for the same period of time (Fig. 5C), indicating that there is
a slight nonstarvation level of repression of CLN3 by Nab3 that
increases upon nutrient depletion. The depletion of glucose alone
is sufficient to reproduce the starvation-dependent increase in the
Nab3 repression of CLN3. There is 3.2-fold more CLN3 in
nab3-42 cells than in NAB3 cells that are transferred from SC
medium containing glucose at 28°C to SC medium lacking glu-
cose at 37°C (Fig. 5D). The overexpression of CLN3 was also seen
after nrd1-102 cells were switched from YPD at 28°C to water at
37°C (Fig. 5E), confirming that Nrd1 and Nab3 are both required
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for the rapid suppression of CLN3 transcripts in response to nu-
trient depletion. Together, these results suggest that CLN3 is reg-
ulated in part by premature termination, promoter occlusion, or
an Nrd1-Nab3-dependent increase in the degradation of CLN3
transcripts. In support of premature attenuation by Nrd1-Nab3,
we observed short CLN3 transcripts with 3’ ends mapping just
downstream of Nrd1-Nab3 binding sites in the CLN3 5" untrans-
lated region (UTR) (P. Schaughency, unpublished results), and
some of these short RNAs cross-linked to Nrdl and Nab3 and
contained oligo(A) tracts, indicating that they are substrates for
the TRAMP complex (19, 37, 83).

Nrd1-Nab3 regulates TYE7 and DLD3 in response to nutri-
ent depletion. We similarly examined two other genes involved in
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glycolysis and metabolism, TYE7 and DLD3, that are bound by
Nrdl and Nab3 at the 5" ends of their transcripts (Fig. 6A and B).
TYE7 encodes an E-box DNA binding protein that activates gly-
colytic genes (62), and DLD3 encodes D-lactate dehydrogenase
(16). The expression levels of both genes started out roughly equal
in NAB3 and nab3-42 cells at the permissive temperature before
nutrient depletion. After nutrient depletion and transfer to the
nonpermissive temperature, the expressions of TYE7 and DLD3
decreased precipitously in the NAB3 strain. In the nab3-42 mu-
tant, the quantity of the TYE7 transcript actually increased imme-
diately after the switch and then gradually decreased to below its
original level over the course of an hour (Fig. 6C). Full-length
TYE7 was 4.6-fold more abundant in nab3-42 than in NAB3 cells
20 min after the switch and 5.8-fold more abundant in nab3-42
cells 40 min after the switch. In contrast, a temperature shift alone
produced only a 1.7-fold difference in TYE7 expression levels in
these strains (Fig. 6D), indicating that Nab3 negatively regulates
TYE7 transcription at a low level when nutrients are abundant and
that the level of repression by Nab3 increases in response to nu-
trient depletion. The depletion of glucose alone was sufficient to
increase the level of repression of TYE7 by Nab3. TYE7 was 5.1-
fold more abundant in nab3-42 than in NAB3 cells 20 min after
they were shifted from SC with glucose at 28°C to SC lacking
glucose at 37°C (Fig. 6E).

DLD3 also appears to be repressed by Nab3 in response to
nutrient depletion. DLD3 expression levels decreased in both
strains after the switch from YPD at the permissive temperature to
water at the nonpermissive temperature but more slowly and to a
lesser extent in nab3-42 than in NAB3 cells (Fig. 6F). Twenty min-
utes after the switch, nearly twice as many DLD3 transcripts were
detected in nab3-42 cells as in NAB3 cells, whereas the same period
of temperature shift alone resulted in only a 1.3-fold overexpres-
sion of DLD3 (Fig. 6G).

The defective response to rapid nutrient depletion was also
seen for the nrd1-102 strain. TYE7 remained overabundant in the
nrd1-102 strain after transfer from YPD at 28°C to water at 37°C
(Fig. 6H). Together, these results indicate that the Nrd1-Nab3
pathway decreases the expressions of at least some genes involved
in growth and metabolism and that the extent of repression by
Nrd1-Nab3 changes in response to the carbon source availability.

Nrd1 response to glucose depletion and formation of nuclear
speckles. Because the Nrd1-Nab3 activity at CLN3, TYE7, and
DLD3 increased in response to glucose depletion, we looked for
physical changes in Nrd1 that accompany the alterations in activ-
ity. We performed a glucose depletion experiment similar to those
described above, transferring Nrd1HA cells from SC with glucose
to SC lacking glucose and collecting aliquots every 20 min. Anal-
yses of total protein extracts by Western blotting revealed a shift in
the mobility of Nrd1HA that is consistent with its rapid dephos-
phorylation in cells responding to glucose deprivation (Fig. 7A).

We also previously analyzed the Nrd1 localization on RNAs in
cells that had been transferred from SC with glucose to SC lacking
glucose (37). Our previous results indicated that Nrd1 associates
with mature snoRNAs and tRNAs in glucose-deprived cells (37).
Since many mature snoRNAs and tRNAs can be found within the
nucleolus (58, 75, 79), we visualized Nrd1-GFP and the nucleolar
marker Sik1-RFP in fed and glucose-deprived cells to see if Nrd1
relocalizes to the nucleolus in response to glucose depletion.
Nrd1-GFP did not substantially colocalize with Sik1-RFP under
either condition, but we were surprised to see that glucose deple-
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tion triggered a rearrangement of the Nrd1 localization within the
nucleus (Fig. 7B to G). The Nrd1-GFP expressed in fed cells ap-
peared to be evenly distributed throughout the nucleus, but in
some glucose-deprived cells, Nrd1-GFP was condensed into dis-
crete punctae that appeared to be either in the nucleus or at its
periphery. Strong punctae occurred in 21% of glucose-deprived
cells initially and in 43% of cells that had been deprived of glucose
for an additional 25 min but never occurred in fed cells. The star-
vation-induced nuclear speckles also appeared to contain Nab3,
which could be seen immediately adjacent to or overlapping with
Nrd1-GFP in every speckle (Fig. 7I to N).

Glucose deprivation and other stresses are known to cause the
formation of cytoplasmic RNA-protein granules, termed stress
granules and P bodies, which can be identified by the localization
of Publ and Dcp2, respectively (9-11, 26, 53). Nrd1-GFP did not
appear to colocalize with Pub1 (Fig. 70 to T) or Dcp2 (Fig. 7U to
Z) in either fed or starved cells. Taken together, these results sug-
gest that glucose deprivation causes Nrd1 and Nab3 to form nu-
clear or perinuclear speckles that are distinct from both stress
granules and P bodies.

DISCUSSION

Syntheticlethal interactions. Gene deletions conferring synthetic
lethality and synthetic slow-growth phenotypes identified by
dSLAM represent a wide variety of biological functions and path-
ways. Since Nrd1-Nab3 termination has the potential to affect the
transcription of a wide variety of coding and noncoding tran-
scripts, it is possible that many of the identified synthetic interac-
tions between nrdl-102HA and gene deletions are the result of a
dysregulation of other genes in the same pathway as that of the
deleted gene. These types of hits likely represent pathways that are
regulated in part by Nrd1-Nab3.

Given the overabundance of mitochondrial DNA and the over-
expression of MDM31 in nrd1-102HA cells, this may be the case
for mitochondrial genes identified in the screen, such as AIM37,
which has a role in mitochondrial inheritance (28). Previous de-
letion studies of MDM31 indicated that Mdm31p and Mdm32p
control mitochondrial morphology (22, 42) and are necessary for
the proper inheritance and organization of mitochondrial DNA
(22). The overexpression of MDM31 has not been described pre-
viously, so it is unclear whether the overexpression of MDM31
alone could cause the overabundance of mitochondria found in
nrd]l mutants. In addition, Nrd1 could regulate other genes in this
pathway, such as MMM1, ACO1, HSP60, or ILV5, which are also
bound by Nrdl and Nab3 near the 5’ ends of their transcripts
(data not shown).

Similarly, the synthetic interaction between the nrd1-102HA
and swi4A mutations could result in part from the overexpression
of XBP1, which works in opposition to SWI4 to negatively regulate
CLN1 and likely contributes the large size of nrd1-102HA cells by
prolonging the G, phase (46, 47). The large-size phenotype is op-
posite of that expected for CLN3 overexpression. Two explana-
tions for this paradox are that the Cln3 protein expression level is
lower in nrdl and nab3 mutants due to promoter occlusion from
the upstream CUT read-through transcript or, alternatively, that
an increase in the Cln3 protein level is insufficient to overcome the
inhibitory effect of XBPI overexpression on CLN1 expression. Ab-
normally large cells and the dysregulation of G, cyclins are also
characteristics of CTD (59) and Ras overactivation (4, 5, 76) mu-
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FIG 6 Nrd1-Nab3 rapidly represses TYE7 and DLD3 in response to nutrient depletion. (A and B) PAR-CLIP data showing Nrd1 and Nab3 binding to the 5’ end
of TYE7 (A) and DLD3 (B) transcripts. Vertical lines indicate the numbers of transcripts bound at each location by Nrd1 per 107 aligned sequencing reads (19).
(Cto E) TYE7 is more overabundant in nab3-42 cells after transfer from YPD at 28°C to water at 37°C (C) or from SC with glucose at 28°C to SC lacking glucose
at 37°C (E) than after the temperature change alone (D). (F and G) DLD3 is more overabundant in nab3-42 cells after transfer from YPD at 28°C to water at 37°C
(F) than after the temperature change alone (G). (H) TYE7 is also overabundant in nrdI1-102 relative to NRDI cells after transfer from YPD at 28°C to water at
37°C. In panels C to H, the numbers above each pair of columns represent fold overabundances of the target mRNA in the temperature-sensitive mutant
compared to the wild type at each time point. Total RNA was collected before the medium transfer and at 20-min intervals and analyzed by qRT-PCR. Relative
expression was normalized to the expression level of the 18S rRNA gene and was set to 1 for the initial wild-type sample. Error bars represent standard errors of
the means from two independent experiments.
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FIG 7 Glucose depletion triggers dephosphorylation of Nrdl and its relocalization to nuclear speckles. (A) Nrd1HA is dephosphorylated upon glucose
depletion. NRDIHA cells were transferred from SC with glucose at 25°C to SC lacking glucose at 25°C. Total protein extracts collected at 20-min intervals were
analyzed by Western blotting using antibodies to Nrd1 and to Pgk1, which served as a loading control. (B to I) Starvation-induced formation of nuclear speckles
containing Nrd1l. Nrd1-GFP (B [green], C, F [green], and G) does not substantially colocalize with the nucleolar marker Sik1-RFP (B [red], D, F [red], and H)
in either fed (B to E) or glucose-deprived (F to I) cells. Nrd1-GFP is dispersed within the nucleus (Hoechst 33342) (B [blue], E, F [blue], and I) in fed cells but
forms punctae in or around the nucleus in glucose-depleted cells. (J to O) Nrd1-GFP (J [green], K, M [green], and N) appears to colocalize with Nab3-mCherry
(J [red], L, M [red], and O) in fed (J to L) and glucose-deprived (M to O) cells. (P to U) Nrd1-GFP (P [green], Q, S [green], and T) does not substantially
colocalize with the P-body marker Dcp2(1-300)-RFP (P [red], R, S [red], and U) in fed (P to R) or glucose-deprived (S to U) cells. (V to AA) Nrd1-GFP
(V [green], W, Y [green], and Z) does not substantially colocalize with the stress granule marker Publ-mCherry (V [red], X, Y [red], and AA) in fed (V
to X) or glucose-deprived (Y to AA) cells. Log-phase cells were washed and incubated in SC medium with glucose (+Glc) or without glucose (—Glc) prior

to visualization.

tants, supporting the idea that Nrd1-Nab3, the CTD, and Ras
could interact to regulate cell cycle genes.

Nrd1-Nab3 and the Ras pathway. The synthetic interactions
between nrd1-102 and mutations causing an overactivation of the
Ras pathway likely represent the negative regulation of Nrdl-
Nab3 by Ras signaling. This conclusion is supported by the in-
creased viability of nrd1-102 mutants overexpressing PDE2; by
our previous finding that a mutation in CYRI, encoding adenylate
cyclase, can increase the viability of a nab3 strain (18); and also by
our observation of an increased number of SNR13 read-through
transcripts in beylA nrd1-102 double mutants. Furthermore, a
recent study showed that NAB3 is a high-copy-number suppres-
sor of a drug that targets cells with overactive Ras signaling, a
finding that led to the discovery of a synthetic lethal interaction
between nab3 Ts mutants and an ira2A mutant (84).
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The inhibition of Nrd1-Nab3 termination by Ras signaling is
not the result of the direct phosphorylation of Nrd1 by effectors of
the Ras pathway, suggesting that Ras could target Nab3 or another
part of the pathway. Two different phosphorylation sites have
been identified on Nab3 (17, 45, 65). Thr86 is encoded by a non-
essential part of the gene (data not shown), while Thr451 corre-
sponds to a PKA consensus site. While the mutation of this site to
alanine or glutamate produces no apparent temperature sensitiv-
ity or metabolic defects (not shown), it remains possible that Nab3
is directly targeted by PKA.

Alternatively, Ras signaling could stimulate the elongation or
stabilization of transcripts by another mechanism. Ras overacti-
vation mutants show synthetic defects with CTD truncation mu-
tants as well as mutations in SPT4 or SPT5 (34, 35), which interact
with Pol II at the 5" end of the transcription unit (39, 49), along
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with Nrd1 and Nab3. Together with our results, this finding sug-
gests that Spt4/5, Nrd1-Nab3, and Ras interact with the CTD in
the early elongation complex and could therefore be part of the
same transcriptional regulatory mechanism.

Transcriptional regulation. Nrd1-Nab3 and Ras have oppos-
ing roles in the regulation of progrowth and glycolytic transcripts.
The Ras/PKA pathway plays a major role in the transcriptional
remodeling that occurs upon the addition of glucose to a starved
culture (87). These transcriptional changes must be rapidly re-
versed under poor growing conditions. Ras activates transcription
factors to stimulate the transcriptional initiation of genes that pro-
mote growth and glycolysis, whereas the Nrd1-Nab3 pathway
negatively regulates at least one transcriptional activator of glyco-
lytic genes, TYE7. TYE7 is itself apparently regulated after tran-
scription is initiated, since Nrd1 and Nab3 bind near the 5’ end of
the transcript. Nrd1-Nab3 can attenuate genes by binding to the
nascent transcript and triggering the release of the early elonga-
tion complex (2, 19, 40), but it is also possible that Nrd1 and Nab3
repress TYE7 by some other mechanism, such as stimulating the
degradation of the transcript.

The levels of expression of TYE7, DLD3, and CLN3 are rapidly
reduced when cells are deprived of nutrients. This starvation-in-
duced repression involves the Nrd1-Nab3 pathway, as the level of
repression is lower in nrd] and nab3 mutant strains at the nonper-
missive temperature. This failure of repression is likely due to
changes in Nrd1 and Nab3 functions in these mutants, as the level
of overexpression in the mutants (relative to that in the wild type)
is higher in cells that are additionally responding to nutrient de-
pletion than the slight increase in the expression level observed
due to the temperature increase alone. The starvation-induced
regulation of many other genes indicates a novel role for Nrd1-
Nab3 in the rapid remodeling of the transcriptome in response to
environmental cues.

While we have not demonstrated that starvation-induced reg-
ulation by Nrd1-Nab3 occurs by transcriptional attenuation, it is
clear that Nrd1 and Nab3 bind in the 5" UTRs and in the 5’ ends of
the coding regions of genes such as CLN3 that are regulated in this
way. Intriguingly, cAMP, which stimulates Ras signaling, in-
creases Cln3 protein levels by an unknown mechanism that re-
quires the CLN3 5" UTR (25). Together, these results suggest that
Nrd1-Nab3 and Ras signaling could work in opposition at the
early elongation complex to control the frequency of premature
termination versus elongation of full-length transcripts.

Nrd1 response to glucose depletion and formation of nuclear
speckles. Glucose depletion leads to the widespread relocalization
of the transcription machinery from genes required for rapid fer-
mentative growth to genes involved in respiratory growth (21). At
the earliest stage of this shift, Nrd1-Nab3 facilitates the repression
of CLN3 and other transcripts required for rapid growth. As tran-
scription from these genes wanes, the targets of Nrd1 and Nab3
binding are eliminated, and Nrd1 and Nab3 are available to bind a
different set of transcripts. Our previously reported PAR-CLIP
analysis revealed an increase in Nrdl and Nab3 binding to sites
present on mature snoRNAs as well as to tRNAs and other tran-
scripts that are not normally transcribed by Pol II (37). These
cross-linked RNAs also contain oligo(A) tracts characteristic of
modifications by the exosome-associated factor TRAMP. Since
Nrdl and Nab3 are known to facilitate the degradation of RNAs
by the nuclear exosome (2, 3, 30, 83), these results suggest that
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Nrdl and Nab3 act in the absence of glucose to direct snoRNA and
tRNA degradation.

We show here that the change in Nrd1l binding specificity in
response to glucose deprivation is accompanied by the formation
of Nrd1-containing speckles in the nucleus or at its periphery. The
relocalization of Nrdl and Nab3 may be facilitated by protein
modifications, since Nrd1 becomes rapidly dephosphorylated in
response to glucose deprivation. We believe these starvation-in-
duced, Nrd1-containing nuclear speckles to be novel in S. cerevi-
siae. Although no similar bodies have been described for wild-type
yeast cells, aberrant foci that contain snoRNAs have been de-
scribed for mutants lacking the functional RNA-processing fac-
tors Rnal4 and Rnal5, and these foci were proposed previously to
be RNA control centers in the nucleus (13). We propose that the
starvation-induced nuclear speckles formed by Nrd1-GFP could
represent similar RNA control centers. Consistent with the shut-
down of ribosome biosynthesis in starving cells (82), Nrd1-bound
RNAs, such as mature snoRNAs and tRNAs, could be sequestered
and/or degraded in these foci as the cell adapts to starvation con-
ditions. Further characterizations of these novel nuclear speckles
will be needed to identify components of these complexes and
may reveal their function in the cell’s response to starvation.
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