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Genetic screens in Saccharomyces cerevisiae provide novel information about interacting genes and pathways.
We screened for high-copy-number suppressors of a strain with the gene encoding the nuclear exosome
component Rrp6p deleted, with either a traditional plate screen for suppressors of rrp6⌬ temperature sensitivity or a novel microarray enhancer/suppressor screening (MES) strategy. MES combines DNA microarray
technology with high-copy-number plasmid expression in liquid media. The plate screen and MES identified
overlapping, but also different, suppressor genes. Only MES identified the novel mRNP protein Nab6p and the
tRNA transporter Los1p, which could not have been identified in a traditional plate screen; both genes are toxic
when overexpressed in rrp6⌬ strains at 37°C. Nab6p binds poly(A)ⴙ RNA, and the functions of Nab6p and
Los1p suggest that mRNA metabolism and/or protein synthesis are growth rate limiting in rrp6⌬ strains.
Microarray analyses of gene expression in rrp6⌬ strains and a number of suppressor strains support this
hypothesis.

Work, primarily in yeast (Saccharomyces cerevisiae), has generated considerable information about the functions of the
exosome, a multisubunit complex of proven or predicted 3⬘-5⬘
exonucleases. In addition to its role in cytoplasmic-mRNA
turnover, the exosome is also involved in a myriad of nuclear
events: rRNA, snoRNA, and snRNA processing, as well as the
degradation of a variety of stable and unstable nuclear RNAs
(1, 2, 4, 12, 16, 27, 28, 34, 36, 44, 45). The nuclear exosome also
functions in the surveillance and degradation of aberrant
mRNAs/mRNPs and pre-mRNAs (9, 14, 15, 24–26, 31, 41). In
its nuclear form, the exosome harbors three specific components, one of which (Rrp6p) has been studied in some detail.
An rrp6⌬ strain grows slowly and is temperature sensitive and
deficient in many of the nuclear-RNA-processing and degradation events mentioned above. Importantly, it is not known
which of these are most important for the growth defects of the
deletion strain.
To address this issue, we identified high-copy-number suppressors of the rrp6⌬ strain. For more than 2 decades, this
strategy has been employed to identify interacting genes and
pathways of many different mutant phenotypes in S. cerevisiae.
Although the approach provides invaluable information, it has
stringent requirements. The selection for survival requires a
dramatic change in phenotype, i.e., a switch in a life/death

discrimination test. The identified genes, therefore, have potent effects, but this suggests that there are probably additional,
less potent suppressor genes worth identifying. We therefore
also exploited a second approach, which can simultaneously
identify enhancer, as well as suppressor, genes, including those
that exert much more modest effects on the mutant phenotype.
The method, microarray enhancer/suppressor screening
(MES), uses DNA microarray technology to rapidly identify
genes from plasmid libraries that are either enriched or selected against in a particular test strain during growth in liquid
media at normal temperatures. By avoiding high-temperature
selection on plates, MES also bypasses interactions with the
heat shock pathway. Since an rrp6⌬ strain is growth impaired in
liquid culture at 30°C and grows slowly on plates at 37°C, it is
an ideal strain to compare MES with a traditional high-copynumber suppression screen on plates. Moreover, we hoped
that the nature of the rrp6⌬ suppressors might reveal which of
the several affected RNA-processing reactions more directly
contribute to growth impairment.
We identified five suppressors via MES and two additional
suppressors via the traditional plate screen. Five out of the
seven identified suppressors either associate with the core exosome (Mtr4p and Dis3p) or are additional 3⬘-to-5⬘ exonucleases probably not associated with the exosome (Rex1p to -3p).
The remaining two suppressor genes, LOS1 and NAB6, encode
the tRNA nuclear export receptor and a novel mRNP binding
protein, respectively. We employed Northern blotting analysis
and traditional microarray experiments to evaluate the effects
of individual suppressors on the RNA population of rrp6⌬
cells. Based on these data, we propose that mRNA biogenesis
and specific protein synthesis are growth limiting in the rrp6⌬
strain and discuss the mechanisms by which the suppressors
may rescue the rrp6⌬ phenotype.
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MATERIALS AND METHODS
Strains and media. All yeast strains used in this study were derived from the
W303 background, except as noted in Table S1 in the supplemental material.
Standard methods were used for yeast manipulation (22). To create strain
SAD11, the NAB6-ProtA tag was PCR amplified from pBS1479 (38) with the
forward primer 5⬘-GCCAATATTTTGGGCGCCTCTGCGGAAGACAACAC
GCATCCTGACGAGTCCATGGAAAAGAGAAG-3⬘ and the reverse primer
5⬘-CTAAATAGTCCGATGGATATGCATTATACTTCAGGCTCAGCACAG
CTATATACGACTCACTATAGGG-3⬘ and integrated.
Library and plasmid construction. Plasmid libraries were constructed with
genomic DNA isolated from yeast ⌬cup1/⌬crs5 and rrp6⌬ (Y576) strains. DNA
was partially digested with Sau3AI, and 3- to 5-kb fragments were size selected
by agarose gel electrophoresis, purified, and inserted into the BamHI site of
YEp24 (8). To construct pSAD141-3, the NAB6 open reading frame (ORF) was
PCR amplified from W303 genomic DNA with primers containing SalI and SphI
restriction enzyme sites (forward [SalI] primer, 5⬘-CAGCGTCGACCCTAATG
TGCCAA ATACGCTTG; reverse [SphI] primer, 5⬘-CAGCGCATGCCTTCTG
AGCCAAAACTGTCCG), digested, and inserted into the SalI and SphI sites of
YEp24. To construct pSAD162-1, the LOS1 ORF and 5⬘ and 3⬘ flanking DNA
was PCR amplified from W303 genomic DNA with primers containing BamHI
and EagI restriction sites (forward [BamHI] primer, 5⬘-CAGCGGATCCTGAG
AATCTAATGAG TTGTCCCCC; reverse (EagI) primer, 5⬘-CAGCCGGCCG
ATCTTCGTTTGCCTCCCTGC), digested, and inserted into the BamHI and
EagI sites of YEp24. To construct pSAD64-5, the MTR4 ORF and 5⬘ and 3⬘
flanking DNA was amplified from wild-type (WT) W303 genomic DNA using
primers containing EagI and SphI restriction sites (forward [EagI] primer, 5⬘-C
AGCCGGCCGCAACCTCGGGAAATTCTCGT-3⬘; reverse [SphI] primer, 5⬘CAGCGCATGCCTCCATGTACTGATGTTTGCTTCG-3⬘). This 4.2-kb fragment was cloned into YEp24 digested with EagI and SphI. To construct
pSAD147-1, the REX2 ORF and 5⬘ and 3⬘ flanking DNA was amplified from
wild-type W303 genomic DNA using primers containing SalI and SmaI restriction sites (forward [SmaI] primer, 5⬘-CCCGGGCGTTCCAAGTATTCGTTCA
GCGAC-3⬘; reverse [SalI] primer, 5⬘-CAGCGTCGACTTGATAATGGAGTC
CACTTCAGGG-3⬘). This fragment was cloned into YEp24 digested with SalI
and XmaI. pSADG1 (RRP6), pSADG33 (REX3), pSADG13 (REX1), and
pSADG35 (DIS3) were from the plate suppressor screen and contained partially
Sau3AI-digested genomic DNA from W303 ligated into the BamHI site of
YEp24.
Plate suppressor screen. Approximately 5,000 CFU of the rrp6⌬ strain containing the cup1⌬/crs5⌬ genomic plasmid library was plated onto medium lacking
uracil and grown at 37°C for 5 days. Plasmids were isolated from the largest
colonies, and inserts were sequenced. Plasmids that were isolated more than
once in the screen were retransformed into the rrp6⌬ strain and retested at 37°C
on plates for confirmation of suppression.
Strain growth for MES. The rrp6⌬ strain was transformed with a YEp24
genomic plasmid library, plated on selective media, and grown at 25°C. After 5
days, colonies were recovered and frozen in 1.5-ml aliquots, each containing
27,000 CFU, representing about 10-fold genomic coverage per aliquot. One
1.5-ml aliquot was used to inoculate 25 ml of yeast synthetic medium lacking
uracil with glucose. After 2 h of growth at 25°C, the culture was used to inoculate
200 ml of fresh medium to an A600 of 0.01. Cultures were grown at 30°C for 3
days and regularly diluted with prewarmed medium to maintain constant exponential growth. At 0, 24, 48, and 72 h, cell samples were harvested by centrifugation and frozen prior to plasmid isolations. Two independent sets of transformations and growth experiments were performed.
MES probe preparation. Plasmid DNA from each time point was isolated
using a yeast plasmid preparation kit (Zymoprep) and amplified through Escherichia coli strain DH10B. Passage through bacteria was necessary to generate
enough DNA to generate probes. Single-stranded, insert-specific DNA probes
were prepared by “linear” PCR (40 cycles) with Taq polymerase and one vectorspecific primer to incorporate aminoallyl dUTP residues, which were subsequently labeled with either Cy3 or Cy5 monofuctional dye (Amersham). To avoid
labeling of the vector DNA, purified plasmid was linearized by restriction enzyme digestion before use. Probes were constructed with either forward- or
reverse-directed primers, and Cy3 and Cy5 dyes were switched in duplicate
hybridizations to eliminate strand biases. Replicate probes were constructed
from two independent growth experiments. For a single growth experiment, at
least six microarray probe pairs were prepared: T0 (Cy3) hybridized with T24,
T48, and T72 (all Cy5) and T0 (Cy5) hybridized with T24, T48, and T72 (all Cy3).
If a particular gene or genomic region was not amenable to PCR, it is possible
that it could have been underrepresented in the probe pool. This type of technical difficulty could explain occasional false negatives, such as MTR4.
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Identification and verification of MES suppressors/enhancers. MES probes
were hybridized to yeast Y6.4k microarrays (University Health Network Microarray Centre, Toronto, Canada), following the manufacturer’s suggestions.
The hybridized microarrays were scanned using a GenePix 4000A (Axon Instruments) scanner, and the data were analyzed in Excel spreadsheet format. Each
gene was assigned a rank (1 to 12,437) based on its median ratio of red/green
signal (MRAT) value, the data were sorted by the yeast identification number,
and gene expression was examined along the chromosomes. Genomic regions
where several neighboring genes were highly affected in replicate growth experiments were considered good candidates for PCR verification. This was done by
standard PCR amplification (25 cycles) with gene-specific primers and plasmid
DNA from the MES pools isolated at 0, 24, 48, and 72 h. PCR products were
separated on 1% Tris-acetate-EDTA agarose gels and visualized by ethidium
bromide staining. To identify the individual suppressor genes, single ORFs from
the genomic regions were PCR amplified from WT genomic DNA and cloned
into YEp24. PCR products included approximately 500 bp 5⬘ and 3⬘ of the coding
sequence. Plasmids containing potential suppressors were transformed into
rrp6⌬ strains with YEp24 as the vector-only control. Cells were grown in uracil⫺
medium at 25°C to mid-log phase and diluted to an A600 of 0.05 in uracil⫺
medium at 30°C at zero hour. The A600 was read every 3 h.
Growth assays on suppressors. The rrp6⌬ strain was transformed with YEp24
(as the vector-only control) or YEp24 containing a suppressor, including RRP6,
NAB6, LOS1, REX3, MTR4, and DIS3 (see the details of plasmid construction
above). To test growth on plates, cells were grown overnight in medium lacking
uracil at 30°C and 10-fold serially diluted; 300-l aliquots of multiple dilutions
were spread onto duplicate plates lacking uracil and grown at 30°C for 2 days or
at 37°C for 4 days. To assay growth in liquid at 30°C and 37°C, suppressorcontaining rrp6⌬ cells were grown at either 30°C or 37°C for greater than 12 h to
establish steady-state growth at the desired temperature. Once the cells reached
steady-state growth and were in early log phase (A600 ⫽ 0.1), absorbance readings at 600 nm were taken every 2 to 3 h to monitor the growth rate, and the cells
were diluted into fresh medium as needed to maintain log-phase growth.
Analysis of rRNA and snoRNA processing. Wild-type, rrp6⌬, and suppressorcontaining cells were grown to mid-log phase and then shifted to 37°C for 15
min. RNA purification and Northern blotting analysis were performed as
previously described (32). To probe for snR38, the radiolabeled DNA oligonucleotide JAS3 was used (GAGAGGTTACCTATTATTACCCATTCAGA
CAGGGATAACTG).
The percentage of unprocessed 5.8S rRNA was calculated by dividing the
signal from the upper bands by the total signal from 5.8S rRNA species.
Affymetrix microarrays. The wild type (W303 plus YEp24), the rrp6⌬ strain
(rrp6⌬ plus YEp24), or the rrp6⌬ strain containing either RRP6-YEp24, MTR4YEp24, REX3-YEp24, DIS3-YEp24, NAB6-YEp24, or LOS1-YEp24 was grown
at either 30°C or 36°C for greater than 12 h to establish steady-state growth.
Total RNA was isolated by hot-phenol extraction from 10 ml of cells in late log
phase (A600 ⫽ 1.0). Microarray probes were synthesized and hybridized to
Affymetrix Yeast Genome YGS98 arrays according to the manufacturer’s specifications. For each strain, microarray analysis was performed on at least three
independent RNA samples. All microarrays were analyzed using the statistical
program R (http://www.r-project.org) and the bioconductor package (http://www
.bioconductor.org; 20). The median value of triplicate microarrays was used in
further analysis. Prior to analysis, the data values were transformed into log base
2 in order distribute the data around zero. To analyze the effects of RRP6
deletion, as well as the suppressors, we divided RNA values from the rrp6⌬ and
rrp6⌬ suppressor-containing strains with those from the wild-type strain. To
examine the effects of growth at 36°C on wild-type, rrp6⌬, and rrp6⌬ plus YEp24RRP6 cells, we divided the values obtained at 36°C with those obtained at 30°C.
UV cross-linking assay. UV cross-linking of cells and subsequent isolation of
poly(A)⫹ RNA-containing complexes on oligo(dT) beads was done as previously
described (5). Nab6p-TAP fusion protein was detected by Western blotting using
protein A-specific antibodies (Sigma).

RESULTS
We first identified high-copy-number suppressors of the
temperature-sensitive phenotype of cells with the exosome
component, RRP6, deleted. rrp6⌬ cells were transformed with
a high-copy-number yeast genomic library and plated at the
nonpermissive temperature (37°C). Fast-growing colonies
were isolated, and their plasmids were recovered and sequenced. As expected, a large fraction (26%) of the plasmids
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FIG. 1. Schematic representation of MES. The yeast strain of interest is transformed with a plasmid library and plated on appropriate drop-out
medium at the permissive temperature. Transformants are recovered and grown in liquid selective medium at the assay temperature. Plasmids
improving the growth of the mutant strain are enriched in the population (suppressors); plasmids inhibiting growth of the mutant strain are
diminished in the plasmid population (enhancers). At specified time points, plasmid DNA is isolated, labeled with fluorophores, and hybridized
to microarrays for identification. In this example, 0-h (T0) plasmids are labeled with Cy3 (shown as green), and the 72-h plasmids are labeled with
Cy5 (shown as red). The microarrays are scanned, the MRAT for each gene is determined, and the genes are ranked from highest to lowest MRAT
(the highest MRAT is given a value of 1). Spots that have high MRAT rankings are green, indicating that the gene is more highly abundant in the
T0 plasmid population (enhancers). Spots that are red have low MRAT rankings, because the gene is more highly abundant in the T72 population
(suppressors). Yellow spots are equally abundant in both plasmid populations.

contained the RRP6 gene (data not shown). In addition, we
identified extragenic suppressor-containing plasmids, including
four groups of overlapping fragments, each of which contained
a single “exosome-relevant” gene: DIS3, MTR4, REX1, or
REX3. All four of these suppressors were verified to have
biological activity; single ORFs with flanking DNA rescued the
growth defect of rrp6⌬ (see Materials and Methods). Moreover, the activities of all four suppressors can be easily rationalized. Dis3p, related to the 3⬘ hydrolases RNase II and
RNase R from E. coli, is an exosome component or associates
with the exosome (3), and the helicase Mtr4p is an exosome
cofactor (17, 30, 42). The overexpression of these two genes
may stimulate the endogenous Rrp6p-lacking nuclear exosome
or perhaps mitigate exosome instability in the absence of
Rrp6p. REX1 and REX3 both encode 3⬘35⬘ exonucleases (43).
High-copy-number expression of these genes presumably complements the deficient 3⬘-to-5⬘ exonucleolytic activities of the
rrp6⌬ background.
To identify additional rrp6⌬ suppressors not dependent on a
traditional plate high-temperature rescue strategy, we turned
to our new MES methodology (Fig. 1). In brief, the same
high-copy-number genomic-DNA library—or a similar library
made from rrp6⌬ genomic DNA—was used to transform the
rrp6⌬ strain at 25°C. The entire transformation was then inoculated into liquid culture and grown at 30°C, keeping the
culture in exponential growth by repetitive dilution. We hypothesized that plasmids containing suppressors would stimu-

late cell growth and become enriched in the population. In
contrast, plasmids containing enhancers would cause the cells
to grow more slowly and would consequently decrease in the
population. Cells were collected and frozen at the time of
inoculation (0 h) and then after 24, 48, and 72 h of growth.
Plasmid DNA was isolated from cells at each time point, and
microarray probes were prepared from the inserts. Probes
from the 0-h time point (made with one fluorophore, e.g.,
green) and a later time point (either 24, 48, or 72 h; made with
the other fluorophore, e.g., red) were mixed and hybridized to
cDNA microarrays, which monitored changes in the plasmid
population over time. The genes were ranked by MRAT, the
results were examined for genomic regions in which several
neighboring genes were similarly ranked (high or low in abundance; see Materials and Methods), and both potential suppressors and enhancers were identified. Further testing revealed that most of the enhancers were not specific, i.e., they
caused slow growth in a variety of genetic backgrounds, dictating a focus on the suppressors.
RRP6 and its chromosomal neighbors were easily detectable
as suppressors in the MES analysis (Fig. 2A). Multiple genes in
this cluster were ranked in the top 0.1% of genes, i.e., with
MRAT rankings of less than 12. RRP6 was such a strong
suppressor that the cluster containing RRP6 was already highly
abundant by 24 h, resulting in little or no change in ranking
over time. We also identified a number of candidate extragenic
suppressor regions. The rankings for two representative re-
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TABLE 1. Summary of rrp6⌬ suppressors
Gene

DIS3
LOS1
MTR4
NAB6
REX1
REX2
REX3
a

Suppresses ata:

Method of
identification

30°C

37°C

Plate
MES
Plate
MES
Both
MES
Both

⫺
⫹
⫹
⫹
⫹
⫹
⫹

⫹
⫺
⫹
⫺
⫹
⫹
⫹

⫹, suppression; ⫺, no suppression.

gions are shown (Fig. 2B and C). They included the NAB6
gene, which encodes a putative mRNA binding protein (40),
and the LOS1 gene, which encodes a tRNA binding protein
involved in tRNA export from the nucleus (21). Both of these
suppressors became enriched in the plasmid population over
time (with progressively lower MRAT rankings from 24 to 72 h
of growth). Three additional extragenic suppressor regions
contained the genes encoding the 3⬘-5⬘ exonucleases, REX1,
REX2, and REX3 (data not shown). Only two of these five
genes (REX1 and REX3) were also identified in the plate
suppressor screen (Table 1). Each of these suppressor regions
was validated by MES analyses from two independent growth
experiments and was confirmed by PCR for enrichment of the
extragenic suppressor regions throughout the time course (Fig.
2D). The candidate gene was then subcloned and shown to
partially rescue the growth defects of the rrp6⌬ strain at 30°C
(Fig. 3A) (see below). All five genes were confirmed by all
criteria.
Characterization of the rrp6⌬ suppressors. The MES and
traditional plate screening were done in the same strain back-

FIG. 2. Identification and verification of suppressors of rrp6⌬ in
liquid culture. The MES method was carried out using the rrp6⌬ strain.
Plasmid DNA isolated at 0, 24, 48, and 72 h was used to construct
probes. Microarray probes produced for all later time points (24, 48,
and 72 h) were hybridized against probes from the zero time point. The
genes are ranked by the MRAT value, with the best suppressor assigned rank 1. Because a genomic library was used in the screen, the
candidate suppressor and neighboring genes are enriched in the population. (A) MRAT rankings over time for the region of chromosome
15 containing RRP6 and its neighboring genes. RRP6 (green) and a
cluster of surrounding genes are highly enriched in the plasmid population, i.e., they have very low MRAT rankings even by 24 h.
(B) MRAT rankings over time for the region of chromosome 13
containing NAB6 and its neighboring genes. Note that the NAB6 gene
(shown in green) and some of the neighboring genes increased in rank
(i.e., have lower MRAT rankings) over time from 24 to 72 h, which
indicates that plasmids containing these genes became more prevalent
in the population. (C) MRAT rankings over time for a region of
chromosome 11 containing LOS1 and its neighboring genes. The LOS1
gene (in green) or the neighboring genes had lower MRAT rankings
over time, indicating that plasmids containing these genes became
more prevalent in the population. (D) Confirmation of MES suppressors LOS1, NAB6, REX1, REX2, and REX3. rrp6⌬ cells transformed
with the rrp6⌬ genomic plasmid library were harvested after 0, 24, 48,
and 72 h of growth at 30°C. PCR amplification using gene-specific
primers revealed plasmid enrichment over time. The products were
separated by electrophoresis on 1% agarose and visualized by ethidium
bromide staining. GDA1 was included as a negative control.
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FIG. 3. Abilities of suppressors to rescue the growth defects of the rrp6⌬ strain at 30°C and 37°C. The rrp6⌬ strain was transformed with YEp24,
pYEp24-RRP6, pYEp24-NAB6, pYEp24-LOS1, pYEp24-DIS3, pYEp24-MTR4, and pYEp24-REX3. The doubling time of each strain is presented
in the graph legend. The rrp6⌬ cells overexpressing RRP6 had a growth rate nearly identical to that of the wild-type cells. (A) Transformants were
grown in medium lacking uracil at 30°C (see Materials and Methods). Cell growth was monitored by reading the A600 every 2 to 3 h. The
overexpression of NAB6, LOS1, MTR4, and REX3 improved the growth of the rrp6⌬ strain, whereas DIS3 had no effect. (B) Transformants were
grown in medium lacking uracil at 37°C until they reached early log phase (see Materials and Methods). Cell growth was monitored by reading
the A600 every 2 to 3 h. At 37°C, the overexpression of DIS3, REX3, and MTR4 rescued the growth of the rrp6⌬ strain. Unlike at 30°C, NAB6 and
LOS1 overexpression did not rescue the growth of the rrp6⌬ strain. (C) Transformants were plated on medium lacking uracil and grown at either
30°C or 37°C for 2 or 4 days, respectively. At 30°C, it was hard to detect any differences in growth between the control and the suppressorcontaining cells. At 37°C, the overexpression of DIS3, MTR4, and REX3 substantially rescued the growth defects of the rrp6⌬ strain. In contrast,
NAB6 and LOS1 overexpression did not rescue the rrp6⌬ strain growth defects and were actually toxic to rrp6⌬ cells (less than 0.2% of the plated
cells formed colonies).

ground with the same high-copy-number genomic library, yet
the two approaches identified slightly different genes (Table 1).
These differences could be due to temperature (30°C versus
37°C), to the growth environment (i.e., liquid versus plate), or
to modest technical variations. To learn more about both sets
of suppressors, we transformed the rrp6⌬ strain with highcopy-number plasmids expressing RRP6, NAB6, LOS1, MTR4,
DIS3, or REX3. We examined the growth of these suppressorcontaining strains, as well as the rrp6⌬ strain containing an
empty vector control (YEp24), under steady-state conditions
at 30°C and 37°C, both on plates and in liquid media (Fig. 3).
Interestingly, the suppressors showed substantial differences
in their abilities to suppress the rrp6⌬ defects at 30°C and 37°C.
YEp24-NAB6, YEp24-LOS1, YEp24-MTR4, and YEp24-

REX3 partially rescued the growth defects of rrp6⌬ cells at
30°C in liquid (Fig. 3A; note the log scale, as well as the
doubling times in the graph). Overexpression of DIS3 at 30°C
did not rescue the rrp6⌬ strain growth defect and made wildtype cells slightly sick (with a 20% increase in doubling time
[data not shown]). This suggests that any growth advantage of
DIS3 at 30°C might have been be masked by toxicity. It is
harder to know whether the suppressors affected plate growth
at 30°C, because there was only a slight size difference between
wild-type (YEp24-RRP6) and mutant colonies at this temperature (Fig. 3C).
At 37°C, overexpression of MTR4, DIS3, and REX3 improved the growth rate of the rrp6⌬ strain both on plates and
in liquid (Fig. 3B and C). In contrast, LOS1 and NAB6 over-
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expression had the opposite effect; they are enhancers of the
rrp6⌬ strain growth defect at 37°C, both in liquid (with doubling times of ⬎23 h) and on plates. Overexpression of NAB6
and LOS1 not only caused cells to become slow growing but
also led to a loss of viability (⬍0.2% of cells formed colonies at
37°C) (data not shown).
The abilities of the various genes to suppress or enhance the
growth defects of the rrp6⌬ strain were specific; none of them
rescued the growth defects of a temperature-sensitive actinrelated protein (arp2-1) (35) under identical conditions, and
overexpression of LOS1 and NAB6 at high temperature had no
effect on the growth of a wild-type strain (data not shown). The
results underscore the utility of the MES approach and suggest
that NAB6 and LOS1 would not have been identified in traditional plate screens, because they are toxic to the rrp6⌬ strain
at high temperatures and are difficult to score on plates at
30°C.
Suppressors of rrp6⌬ do not restore 5.8S rRNA or snoRNA
processing. 5.8S rRNA and some snoRNAs are well-examined
substrates of Rrp6p/exosome maturation activity (1, 10, 19, 44).
It is possible that the various suppressors partially rescue the
slow growth of rrp6⌬ cells simply by restoring proper processing of such “bona fide” Rrp6p substrates. To test this hypothesis, we examined 5.8S rRNA and snoRNA (snR38) maturation after a 15-min shift to 37°C in wild-type (W303 plus
YEp24), rrp6⌬ (rrp6⌬ plusYEp24), and rrp6⌬ suppressor-containing (rrp6⌬ containing the various suppressors) cells.
As previously reported, a deletion of RRP6 causes the accumulation of both 5.8S rRNA- and snoRNA-processing intermediates (10, 18, 33, 44) (Fig. 4A). These intermediates were
barely detectable in both the wild-type strain and the rrp6⌬
strain containing YEp24-RRP6. Rex2p overexpression in rrp6⌬
cells resulted in an almost complete rescue of unprocessed 5.8S
rRNA and snR38 (Fig. 4A and B). In contrast, neither of the
other suppressors had any effect. Identical results were obtained under steady-state growth conditions at 30°C (data not
shown). Thus, the mechanism of rrp6⌬ growth suppression of
Rex1p, Rex3p, Mtr4p, Dis3p, Los1p, and Nab6p is almost
certainly not due to restoration of proper 5.8S rRNA and
snoRNA processing.
Effects of RRP6 and its suppressors on RNA levels at 30°C.
Because most of the suppressors could not be explained by a
simple restoration of candidate stable RNA processing, we
turned to standard microarray gene expression analyses. We
first characterized the overall RNA profile of an rrp6⌬ strain
(rrp6⌬ plus YEp24) grown at 30°C. The rrp6⌬ strain RNA
levels were compared to those of a wild-type strain (WT plus
YEp24 vector), and the RNA levels are presented as the difference relative to the wild type (Fig. 5). Previous studies have
shown that there are dramatic increases in polyadenylated
rRNA, snRNAs, snoRNAs, tRNAs, and so-called CUTs (cryptic unstable transcripts) when RRP6 is deleted (1, 16, 27, 29, 44,
45). The fact that a TRF4- or TRF5-encoded poly(A) polymerase acts upstream of the nuclear exosome to identify improperly processed RNAs or CUTs for degradation explains these
observations: weak exosome activity increases the levels of
these polyadenylated degradation intermediates, which are
then visible because of the standard Affymetrix oligo(dT)
cDNA-priming protocol (27, 30, 42, 45). To analyze the effect
of an RRP6 deletion on different classes of noncoding RNAs,
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FIG. 4. Effects of suppressors on 5.8S rRNA and snoRNA processing. RNA was isolated from wild-type cells and rrp6⌬ cells containing
either an empty YEp24 vector, YEp24-RRP6, YEp24-REX1, YEp24REX2, YEp24-REX3, YEp24-NAB6, YEp24-LOS1, YEp24-MTR4, or
YEp24-DIS3. (A) RNA was analyzed by Northern blotting with radiolabeled probes for either 5.8S RNA or snR38 (see Materials and
Methods for details). When RRP6 was deleted, both 5.8S rRNA (5.8S ⫹
30) and snR38 (snR38*) processing intermediates were visible (compare YEp24 with WT). Overexpression of RRP6 and REX2 substantially reduced the levels of both 5.8S rRNA and snoRNA processing
intermediates. (B) Quantitation of the abilities of the suppressors to
restore proper 5.8S rRNA processing. The amount of 5.8S ⫹ 30 rRNA
was divided by the total amount of 5.8S rRNA in each suppressorcontaining strain. The average of two independent experiments is
presented, and standard deviation is represented by error bars.

we used the median expression value for an entire RNA class
as a benchmark. In addition, we examined the effect on the
entire poly(A) rRNA population (total rRNA), as well as each
individual rRNA subclass (5S, 37S, 25S, and 18S). As expected,
there were significant increases in poly(A) rRNA, snRNAs,
snoRNAs, tRNAs, and CUTs in the rrp6⌬ strain (Fig. 5).
There are also mRNAs that are down- as well as up-regulated in the rrp6⌬ strain at 30°C; 11 mRNAs were downregulated 10-fold or more, and 3 mRNAs were up-regulated
10-fold or more (data not shown; see Table S2 in the supplemental material). Although mRNA down-regulation has not
been verified by independent assays, signals were low compared to both a WT strain and the rrp6⌬ strain rescued with
high-copy-number RRP6 (data not shown). Moreover, a similar number of mRNAs were reported to be down-regulated in
rrp6⌬ cells in a previous study (23). Note that RRP6 itself is the
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FIG. 5. Polyadenylated stable RNAs in the rrp6⌬ strain at 30°C.
Affymetrix microarrays were used to examine the levels of poly(A)stable RNAs in WT cells and in the rrp6⌬ strain containing either an
empty YEp24 vector (black), YEp24-DIS3 (yellow), YEp24-NAB6 (orange), YEp24-REX3 (green), YEp24-LOS1 (blue), YEp24-MTR4
(red), or YEp24-RRP6 (purple). The RNA levels in the rrp6⌬ strains
were normalized relative to the wild-type strain and are presented as
the increase relative to the WT. (A and B) The relative levels of
poly(A) rRNAs that accumulate in rrp6⌬ cells containing either an
empty YEp24 plasmid (black) or YEp24-suppressor plasmids. The
levels of poly(A) 37S, 18S, 25S, and 5S rRNAs increased when RRP6
was deleted, and these levels were reduced by a subset of the suppressors. For rRNA classes with multiple Affymetrix probes, the median
value was used. (C) Relative levels of poly(A) tRNAs, snRNAs, snoRNAs,
and CUTs that accumulated in rrp6⌬ cells containing either an empty
YEp24 plasmid (black) or YEp24-suppressor plasmids. Deletion of
RRP6 resulted in an increase in poly(A)-stable RNAs whose levels
were modulated by the supressors.
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most down-regulated probe set, because of the gene deletion
(see Table S2 in the supplemental material).
To analyze suppressor effects on the RNA population in the
rrp6⌬ strain at 30°C, we normalized microarray data from the
suppressor strains relative to the WT and compared these
values to similar data from the rrp6⌬ strain (Fig. 5). All of the
suppressors lowered the levels of poly(A) 37S and 25S rRNAs,
and REX3, DIS3, and NAB6 partially rescued 18S rRNA levels
(Fig. 5A; compare the colored bars to the black bars). Interestingly, none of the suppressors had a strong effect on the
dramatic increase in poly(A) 5S RNA (Fig. 5B). The abilities
of all of the suppressors to reduce the levels of some poly(A)
rRNA species suggest that these effects may be indirect, i.e.,
the increase in the growth rate may lead to a decrease in
some poly(A) rRNAs. However, it is important to note that
Dis3p lowers poly(A) rRNA levels even without affecting
the growth rate.
The levels of poly(A) tRNAs, CUTs, snRNAs, and snoRNAs
were reduced by only a subset of the suppressors (Fig. 5C).
Both Mtr4p and Rex3p substantially lowered the levels of
poly(A) CUTs, snRNAs, and snoRNAs, whereas only Rex3p
overexpression affected tRNA levels (Fig. 5C). Dis3p overexpression slightly decreased the levels of snRNAs and snoRNAs.
Nab6p overexpression reduced the amount of poly(A) snRNAs by
about twofold, and Los1p overexpression did not lower the
levels of any of the poly(A)-stable RNAs. The fact that MTR4,
DIS3, and REX3 differentially affected the different stable
RNA classes (compare the yellow, red, and green bars in Fig.
5) suggests that each of these exonucleases or exosome cofactors preferentially processes or degrades specific noncoding
RNAs.
The suppressors also restored the mRNA levels of several
genes that were substantially down-regulated in the rrp6⌬
strain. For example, 3 of the 11 most down-regulated mRNAs
in the rrp6⌬ strain are COS7, YVC1, and YBR074W (see Table
S2 in the supplemental material). The expression of each of
these genes was up-regulated approximately 2- to 15-fold by all
the growth-restoring suppressors, but not by the only suppressor that did not rescue growth at 30°C, DIS3. This indicates
that either the growth-restoring suppressors all impact a common set of mRNAs or the levels of some mRNAs are due to
slow growth and increase with an improved growth rate.
Suppression by NAB6 is likely linked to mRNA metabolism.
Nab6p has sequence characteristics of an mRNA-binding protein (40). Indeed, protein-A-tagged Nab6p can be UV crosslinked in vivo to polyadenylated RNA in a wild-type strain
(Fig. 6) (5). Furthermore, genetic experiments show that a
deletion of NAB6 partially rescues the growth defects of two
mutants involved in 3⬘-end formation: rna14-3 and pcf11-2
(data not shown). Based on these properties, we looked for
mRNAs preferentially up-regulated by NAB6 overexpression
in the rrp6⌬ strain (i.e., we divided the levels of RNAs in rrp6⌬
plus NAB6 by the levels in rrp6⌬ plus YEp24). The mRNAs
that are most up-regulated by Nab6p overexpression are shown
in Table 2; as expected, the top probe set is NAB6. In this set,
we looked for mRNAs down-regulated in the rrp6⌬ strain
whose up-regulation upon NAB6 overexpression was unlikely
to be due to an increase in the growth rate, i.e., mRNAs
unaffected by other growth-restoring suppressors (Table 2).
Several transcripts were up-regulated three- to fivefold, includ-
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FIG. 6. Nab6p binds to poly(A) RNA. (A) Cells expressing Nab6TAP as the only source of Nab6p were treated with (⫹UV) or without
(⫺UV) UV cross-linking in vivo. Subsequently, poly(A)⫹ RNA was
purified on oligo(dT)-cellulose columns and treated with RNase prior
to analysis by Western blotting for the presence of Nab6-TAP. In
control experiments, the poly(A)⫹ RNA fractions were also analyzed
for the presence of Npl3p and Nop1p; as previously reported, Npl3p
binds and Nop1 does not bind poly(A)⫹ RNA (39) (data not shown).

ing mRNAs from the RAD51, RIM4, MTL1, GYP5, SUL1, and
NAM8 genes. Interestingly, mRNAs from the RAD51, MTL1,
SUL1, and NAM8 genes are also two- to fourfold up-regulated
by NAB6 overexpression in a wild-type background (data not
shown). The effect of NAB6 overexpression on RAD51 and
NAM8 mRNAs in both backgrounds has been verified by quan-
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titative PCR (data not shown). These results suggest that
NAB6 rescues the growth defect of the rrp6⌬ strain by stabilizing a specific subset of mRNAs.
Effect of rrp6⌬ on RNA levels during steady-state growth at
36°C. Cells with RRP6 deleted grow much more slowly at 37°C
than at 30°C (doubling times, 9.1 h versus 2.8 h, respectively).
To study this effect and to try to understand why NAB6 and
LOS1 overexpression is toxic to rrp6⌬ cells at high temperature, we performed microarray analysis after growing cells at
high temperature. Because rrp6⌬ cells grow somewhat faster at
36°C (doubling time, 7 h), we thought that this temperature
might reduce the indirect effects on gene expression of even
slower growth at 37°C. Importantly, the overexpression of both
LOS1 and NAB6 was toxic at 36°C, as well as at 37°C; i.e., there
was a further decrease in the growth rate at both temperatures
(data not shown).
To determine the effects of the higher temperature, we first
compared the RNA profiles generated from wild-type (wild
type plus YEp24), rrp6⌬ (rrp6⌬ plus YEp24), and rrp6⌬ plus
YEp24-RRP6 cells grown at 30°C and 36°C. In all three strains,
the levels of poly(A) rRNAs, tRNAs, CUTs, snRNAs, and
snoRNAs all increased at least twofold when grown at 36°C
(Fig. 7A and B). Poly(A) 5S RNAs are dramatically up-regulated in both wild-type and Rrp6p-overexpressing cells upon
the shift to 36°C: 400-fold and 950-fold, respectively (data not
shown). In rrp6⌬ cells, in contrast, poly(A) 5S RNA levels

TABLE 2. NAB6 overexpression restores mRNAs that are down-regulated in the rrp6⌬ strain at 30°C a
Transcript
identifierb

YML117W
YBR076W
YBL048W
YOR387C
YOR049C
YER095W
YNL017C
YAL067C
YOR008C-A
YOR178C
YDR076W
YGR023W
YHL024W
YBR294W
YGL258W
YHR086W
YBR132C
YDR255C
YOR302W
YGL259W
YMR140W
YEL065W
YDL248W
YOR087W
YMR058W
YIL141W
YLR162W
YPL249C
YJL153C
a

Change in mRNA levels (n-fold)c
Gene

NAB6
ECM8
RSB1
RAD51
SEO1
GAC1
RAD55
MTL1
RIM4
SUL1
NAM8
AGP2
RMD5
YPS5
SIP5
SIT1
COS7
YVC1
FET3
GYP5
INO1

rrp6⌬/WT

NAB6/WT

DIS3/WT

REX3/WT

MTR4/WT

LOS1/WT

2.09
9.91
2.28
2.31
1.53
0.86
1.42
1.00
1.24
1.07
1.05
0.71
0.60
0.88
0.46
0.53
0.46
0.48
0.22
0.13
0.31
0.24
0.08
0.11
0.12
0.20
0.10
0.15
0.06

49.58
34.30
9.66
8.98
6.37
4.86
4.66
4.11
4.09
3.66
3.16
3.07
2.81
2.79
2.03
1.70
1.70
1.57
1.12
1.00
0.99
0.93
0.82
0.80
0.65
0.64
0.62
0.58
0.18

1.03
12.08
0.86
1.56
3.10
0.72
1.52
0.42
1.20
0.30
0.92
0.48
0.23
0.77
0.68
0.45
0.27
0.42
0.03
0.07
0.17
0.39
0.06
0.03
0.33
0.13
0.13
0.19
0.01

0.88
11.18
2.03
3.97
2.50
1.06
1.10
4.26
0.98
0.62
1.12
1.53
1.24
1.23
2.72
0.81
1.16
1.01
1.71
0.98
0.89
0.84
1.58
1.13
1.03
1.11
2.03
0.28
0.06

2.28
4.22
1.21
1.26
0.43
0.59
0.99
1.65
0.71
0.68
0.84
1.13
0.76
0.52
0.39
0.54
0.73
1.22
2.65
1.23
2.73
0.44
1.48
1.54
0.16
5.02
0.19
0.13
0.19

1.01
13.76
3.41
0.10
2.44
1.27
1.70
1.04
0.88
2.23
1.08
1.43
1.19
1.23
0.19
1.05
1.13
1.00
1.37
1.02
0.91
0.40
0.70
0.70
0.11
0.79
0.18
0.29
0.06

The table lists the mRNAs that are most up-regulated by NAB6 overexpression in the rrp6⌬ strain (rrp6⌬ plus NAB6 divided by rrp6⌬ plus YEp24).
Boldface indicates mRNAs that are down-regulated in the rrp6⌬ strain and specifically up-regulated by NAB6 overexpression, i.e., they are less affected by the other
suppressors.
c
Difference in mRNA levels in the rrp6⌬ and rrp6⌬ strains overexpressing NAB6, DI53, MTR4, or LOS1, all relative to wild type.
b
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FIG. 7. Polyadenylated stable RNAs in the rrp6⌬ strain at 36°C. Affymetrix microarrays were used to examine the levels of poly(A)-stable RNAs
that accumulated during steady-state growth at 36°C. RNA from wild-type (gray) or rrp6⌬ cells containing an empty YEp24 vector (black),
YEp24-RRP6 (purple), or YEp24-MTR4 (red) was isolated. (A and B) RNA levels from steady-state growth at 36°C were normalized relative to
RNA levels from the same strains grown at 30°C. The graphs show the increase in the levels of poly(A)-stable RNAs resulting from steady-state
growth at 36°C. (C and D) RNA levels from rrp6⌬ strains containing either YEp24, YEp24-RRP6, or YEp24-MTR4 grown at 36°C were normalized
to RNA levels of wild-type cells grown at 36°C. Deletion of RRP6 caused an increase in the levels of poly(A) rRNA, tRNAs, CUTs, snRNAs, and
snoRNAs at 36°C (black bars). Overexpressing RRP6 (purple bars) and MTR4 (red bars) can suppress the accumulation of a subset of these
poly(A)-stable RNAs.

actually decrease upon a shift to 36°C; however, levels are still
twofold higher than those from the wild-type strain (data not
shown). These observations suggest that growth at 36°C may
cause defects in tRNA, snRNA, snoRNA, and rRNA processing, which lead to their identification and polyadenylation by
the Trf4p pathway.
To determine the effects of the RRP6 deletion, we compared
rrp6⌬ strain RNA levels at 36°C to those from a wild-type
strain grown at the same temperature (Fig. 7C and D). As
observed at 30°C, there was an increase in poly(A) tRNAs,
snRNAs, snoRNAs, CUTs, and some rRNAs at 36°C (Fig. 7C
and D). The magnitude of the effect at 36°C was not as high as
at 30°C, however, due in part to the already elevated levels of
poly(A)-stable RNAs in the wild-type background at 36°C (see
above) (Fig. 7A and B).
Deletion of RRP6 more dramatically affects mRNA levels
when cells are grown at 36°C. Six hundred eight mRNAs were
down-regulated greater than 10-fold, whereas only 83 mRNAs

were up-regulated more than 10-fold relative to wild-type cells
at 36°C (Table 3 and data not shown). The down-regulated
mRNAs include a number of factors involved in mRNA metabolism, such as 18 transcription factors, the DEAD box RNA
helicase Dbp2p, the mRNA export factor Mex67p, and the
mRNA surveillance factor Mlp1p. It is possible that the RRP6
deletion more directly affects the levels of a subset of these
RNA metabolism mRNAs and encoded proteins, which then
cause decreases in a larger set of mRNAs.
MTR4 overexpression significantly rescues the growth defects of the rrp6⌬ strain at 36°C, from a doubling time of
approximately 7 h to 3.3 h. To learn more about how MTR4
overexpression rescues the rrp6⌬ strain at 36°C, we examined
the RNA profiles of rrp6⌬ cells overexpressing MTR4 grown at
this temperature. The data are normalized to those from a
wild-type strain grown at the same temperature, and they are
presented side by side and compared with similar data from an
rrp6⌬ strain (Fig. 7C and D). Overexpression of MTR4 had
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TABLE 3. Down-regulated mRNAs that are not restored
by MTR4 overexpression
Downregulation (n-fold)
Gene

CTS1
HCR1
VMA6
IKI3
ADE16
SHM2
RPL15A
ZPS1
AUR1
GMH1
MMM1
SBA1
LAS1
MLP1
PRP19
TUL1
VPH2
SAP190
NMT1
AAT2
IFH1
TRP3
UBA1
RPC25
ZRT3
ORM2
ADH4
UTP13
LST4

YEp24/WT

MTR4/WT

0.002
0.002
0.003
0.004
0.004
0.004
0.007
0.007
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.05
0.06
0.06
0.08
0.08
0.08
0.08
0.1

0.016
0.02
0.022
0.009
0.02
0.003
0.04
0.009
0.05
0.03
0.04
0.03
0.01
0.02
0.07
0.03
0.008
0.03
0.07
0.015
0.04
0.012
0.04
0.04
0.008
0.04
0.07
0.04
0.09

slightly different effects on poly(A)-stable RNAs at 36°C than
at 30°C. As observed at 30°C, MTR4 overexpression reduced
the levels of poly(A) snRNA, snoRNAs, CUTs, and 25S rRNA
and increased the levels of poly(A) 18S RNA (Fig. 7B and C;
compare the black and red bars). However, at 36°C, MTR4
reduced the levels of poly(A) tRNAs and increased the levels
of poly(A) 37S rRNAs. More importantly, MTR4 overexpression restored most of the 608 rrp6⌬-down-regulated mRNAs to
wild-type-like levels; however, 29 mRNAs remained low or
decreased further (Table 3). This suggests that persistent
down-regulation of these mRNAs could cause the residual
growth difference between rrp6⌬ cells overexpressing RRP6
and MTR4.
DISCUSSION
To understand why the rrp6⌬ strain grows slowly, we identified high-copy-number extragenic suppressors on plates at
37°C and in liquid at 30°C. The liquid screen exploited a novel
microarray method called MES, designed to complement the
more traditional plate screen approach. MES identified the
RNA-processing genes LOS1 and NAB6, as well as the genes
encoding the 3⬘-to-5⬘ exonucleases REX1 to -3. A traditional
plate screen also identified REX1 and REX3, as well as genes
encoding the exosome-associated factors MTR4 and DIS3. By
comparing the abilities of these suppressors to rescue at 30°C
and 37°C on plates and in liquid, we found that some suppressors are temperature specific: LOS1 and NAB6 rescue only at
30°C, and DIS3 rescues only at 37°C. Microarray assays com-
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paring the suppressor strains with the initial rrp6⌬ strain indicated that the mRNA population is affected in the rrp6⌬ strain
at 30°C, as well as 37°C; the data suggest that different sets of
mRNAs are growth rate limiting at the two temperatures. The
assays also provide insight into the specificities of different
exonucleases.
MES is an analytical method that identifies high-copy-number suppressors and enhancers by linking the biological activities of genes to altered growth rates; rapid growers in the
population accumulate suppressor genes, whereas slow growers lead to decreases in the representation of enhancer genes.
The use of mixed cultures and microarrays has the virtue of
simultaneously identifying multiple categories of genetic interactors: genes with subtle, as well as strong, effects and enhancers, as well as suppressors. The method is general and can be
used with any starting mutant or physiological condition that
has a slow-growth phenotype. MES identified 15 suppressor
and 7 enhancer regions of the rrp6⌬ slow-growth phenotype; 7
and 6 of these were verified by PCR, respectively (Fig. 2D and
data not shown). Most of the identified enhancers were not
strain specific, almost certainly because they include genes that
are universally toxic at high copy numbers (data not shown). In
contrast, the suppressors were specific to rrp6⌬ and were not
identified in MES with other mRNA export-related slowgrowth mutations, such as mex67-5 (data not shown). Two of
the suppressors that we identified, NAB6 and LOS1, illustrate
the capacity of MES to isolate subtle suppressors that would
not be identified in a traditional plate screen. Neither NAB6
nor LOS1 rescues the growth of the rrp6⌬ strain on plates at
37°C; on the contrary, they are strong enhancers at 37°C. The
other identified suppressors, REX1, REX2, and REX3, are robust suppressors at both temperatures. We note that MTR4
rescues the growth defects of the rrp6⌬ strain at 30°C, but it
was not identified by MES. Most false negatives are probably
due to technical limitations (see Materials and Methods).
The viable rrp6⌬ strain has a myriad of RNA-relevant defects, many of which are likely due to suboptimal exosome
function in the absence of the nuclear Rrp6p subunit and/or to
dedicated functions of Rrp6p. These include the 3⬘-end formation of snRNAs, snoRNAs, and 5.8S rRNA (1, 10, 19, 44).
Aberrant 5.8S rRNA processing then indirectly affects the processing of other rRNAs, i.e., 23S, 21S, and 18S intermediates
accumulate (2). Ribosome assembly could also be impacted by
improper rRNA modification due to insufficient snoRNA activity. In any case, the rrp6⌬ strain has a decrease in functional
60S ribosomal subunits (10).
RRP6 is also implicated in early mRNA biogenic events. It is
essential for retaining improperly processed mRNA near transcription sites (24) and is widely distributed on actively transcribed genes in S. cerevisiae (23). Rrp6p or components of the
nuclear exosome copurify with the poly(A) polymerase Pap1p,
as well as the mRNP proteins Npl3p and Yra1p (11, 46). RRP6
also interacts genetically with many other factors involved in
transcription, mRNA processing, and mRNA export (31, 46).
In Drosophila melanogaster, Rrp6p colocalizes on active chromatin with RNA Pol II and the Spt5/6 transcription factors (6).
The proximity to active transcription sites in yeast, as well as
other organisms, probably reflects a phylogenetically conserved role of Rrp6p and the nuclear exosome in modulating
RNA Pol II transcription or nascent mRNA processing.

1054

ABRUZZI ET AL.

Surprisingly, there are more mRNAs that decrease than that
increase in the rrp6⌬ strain: at 30°C, there are 13 mRNAs more
than 10-fold down-regulated and only 3 more than 10-fold
up-regulated (data not shown; see Table S2 in the supplemental material). At 37°C, the difference is more dramatic, with
608 mRNAs more than 10-fold down and only 83 mRNAs
more than 10-fold up (Fig. 5 and data not shown). There is no
obvious mechanistic explanation that directly links a decrease
in exosome activity to an mRNA decrease, suggesting that the
effect is indirect. A simple explanation we favor is that the
large increase in nuclear poly(A) titrates essential mRNP factors, leading to decreased transport or stability of some mRNA
species. Consistent with this explanation, Hieronymus and colleagues reported that both bulk polyadenylated RNA and a
specific mRNA species accumulate in the nucleus in rrp6⌬ cells
(23).
MTR4, DIS3, REX1, REX2, and REX3 may increase or partially complement defective exosome function or a missing
independent activity of Rrp6p. Only excess Rex2p was able to
partially restore both 5.8S rRNA and snoRNA processing
when overexpressed (Fig. 4). This suggests that MTR4, DIS3,
REX1, and REX3 do not improve the growth rate of the rrp6⌬
strain by restoring stable RNA processing. Additional observations support this conclusion and suggest that there is an
adequate supply of most, if not all, of the stable RNA species,
despite the striking increase in their polyadenylation. For example, we do not see any specific decrease in intron-containing
mRNAs at 30°C or 36°C, suggesting that there is a sufficient
level of functional splicing snRNAs. To test for overall deficiencies in ribosome assembly and translation, we examined
the kinetics of heat shock protein synthesis in the rrp6⌬ strain
and found it to be identical to that of the wild type (data not
shown). All of these observations suggest that snRNA,
snoRNA, and rRNA processing are not growth rate limiting in
the rrp6⌬ strain, consistent with previous work (2, 37).
Despite their inability to rescue some RNA-processing defects, MTR4, DIS3, and REX3 can reduce the levels of poly(A)stable RNAs (Fig. 5 and 7), suggesting that they can stimulate
the degradation of Trf4p-produced poly(A)-stable RNAs. It is
possible that these suppressors modulate the growth rate by
reducing the total level of poly(A)-stable RNA in the nucleus.
Although MTR4 overexpression also rescues most of the
mRNA defects of the rrp6⌬ strain at 36°C, there is a small
group of mRNAs that remain low and accompany the residual
growth rate effect (Table 3). Given that growth is largely corrected, one might have anticipated a different result, namely, a
substantial but incomplete rescue of all mRNA species. This
suggests that the levels of some mRNA species are the cause of
slow growth rather than just its consequence, with different
RNAs being growth rate limiting at 36°C and at 30°C. mRNAs
that are not rescued by MTR4 overexpression are perhaps
unusually sensitive to poly(A) titration or specifically require
Rrp6p for transcription and/or processing. A larger set of affected mRNAs and/or more severe inhibition is probably responsible for the more severe growth defects (and lethality) of
the rrp6⌬ strain at 36°C than at 30°C. This presumably reflects
a more severe exosome deficiency at higher temperature and
perhaps a larger nuclear pool of poly(A)-stable RNAs.
A focus on individual Pol II mRNAs and translation is also
indicated by the two MES growth suppressors, LOS1 and
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NAB6. Neither Los1p nor Nab6p overexpression can restore
5.8S rRNA or snR38 processing at 30°C or 37°C. In addition,
these two suppressors are much less effective at lowering overall poly(A)-stable RNA levels. Indeed, the overall level of
poly(A)-stable RNAs [as calculated by summing all of the
poly(A)-stable and CUT signals from Affymetrix arrays] is not
affected with Nab6p overexpression and actually increases with
Los1p overexpression (data not shown), despite decreases in
the levels of a subset of the poly(A)-stable RNAs by both
Los1p and Nab6p (Fig. 5). Because the microarray analyses of
these strains indicate that increased growth at 30°C is accompanied by increases in specific mRNAs, we favor the notion
that Los1p and Nab6p increase protein synthesis of mRNAs
that are growth limiting for the rrp6⌬ strain.
Based on its known role as a tRNA transporter, overexpressed Los1p may increase protein synthesis by increasing the
cytoplasmic transport of some tRNAs. Because excess exportin
T (the Los1p ortholog in higher eukaryotes) has been shown to
export improperly processed tRNAs to the cytoplasm (7), excess Los1p might actually function by reducing the putative
titration effect of excess nuclear poly(A) tRNAs.
The function of Nab6p is more enigmatic, because NAB6
overexpression partially restores the levels of snRNAs and
rRNAs. However, there are multiple indications that Nab6p is
more directly involved in mRNA metabolism (Fig. 6 and Table
2). Nab6p binds to polyadenylated RNA (Fig. 6), interacts
genetically with mRNA 3⬘-end processing factors (data not
shown), copurifies with the nuclear cap-binding protein
Cbp20p, and is found in complexes containing other translation factors, such as EIF4G (Tif4631 and TIF4632) (13). These
results suggest that Nab6p may be involved in the processing,
export, stability, or translatability of a subset of mRNAs that
are growth limiting in the rrp6⌬ strain at 30°C.
The difference between Los1p and Nab6p on the one hand
and the rest of the suppressors on the other is further highlighted by their different effects at 30°C versus 37°C. Los1p and
Nab6p promote growth at 30°C (the selection conditions for
identifying the two suppressors) but inhibit growth and viability
at 37°C. Los1p is also the only suppressor that increases the
total levels of poly(A)-stable RNAs in the cell at 30°C (data not
shown). At 36°C, the levels of poly(A)-stable RNAs increase at
least twofold in the rrp6⌬ strain (Fig. 7 and data not shown).
When Los1p is overexpressed in this background, the levels of
poly(A)-stable RNAs could rise even higher and be more toxic.
This hypothesis is supported by fluorescence in situ hybridization experiments showing an increase in oligo(dT) staining in
the nuclei of rrp6⌬ cells overexpressing Los1p (data not
shown). Alternatively, the abilities of Los1p and Nab6p to
stimulate the synthesis of a subset of proteins could have a
deleterious effect at 36°C, because it occurs at the expense of
other proteins that are now limiting.
In summary, our data suggest that aberrant mRNA metabolism is most likely responsible for the slow-growth phenotype of the rrp6⌬ strain. In addition, we anticipate that
the MES approach will have wide application beyond suppressor and enhancer screening in yeast, as only minor modifications should be required for its use in mammalian
systems.
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