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ABSTRACT

RNA surveillance systems function at critical steps during the formation and function of RNA molecules in all organisms. The
RNA exosome plays a central role in RNA surveillance by processing and degrading RNA molecules in the nucleus and
cytoplasm of eukaryotic cells. The exosome functions as a complex of proteins composed of a nine-member core and two
ribonucleases. The identity of the molecular determinants of exosome RNA substrate specificity remains an important unsolved
aspect of RNA surveillance. In the nucleus of Saccharomyces cerevisiae, TRAMP complexes recognize and polyadenylate RNAs,
which enhances RNA degradation by the exosome and may contribute to its specificity. TRAMPs contain either of two putative
RNA-binding factors called Air proteins. Previous studies suggested that these proteins function interchangeably in targeting the
poly(A)-polymerase activity of TRAMPs to RNAs. Experiments reported here show that the Air proteins govern separable
functions. Phenotypic analysis and RNA deep-sequencing results from air mutants reveal specific requirements for each Air
protein in the regulation of the levels of noncoding and coding RNAs. Loss of these regulatory functions results in specific
metabolic and plasmid inheritance defects. These findings reveal differential functions for Air proteins in RNA metabolism and
indicate that they control the substrate specificity of the RNA exosome.
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INTRODUCTION

The highly conserved RNA exosome plays a central role in
RNA surveillance in the archaea and eukaryotes (Houseley
et al. 2006; Doma and Parker 2007; Fasken and Corbett
2009; Lykke-Andersen et al. 2009). This process destroys
RNA molecules containing certain types of mutations and
those that fail in their conversion from unprocessed pre-
cursors to mature transcripts capable of forming normal
ribonucleoprotein complexes. In Saccharomyces cerevisiae
and humans, the exo/endo-ribonuclease Dis3/Rrp44 and
the nuclear exoribonuclease Rrp6 carry out the enzymatic
activities of the exosome, which functions to rapidly degrade
aberrant RNAs and form the mature 39 ends of certain
RNAs, including rRNAs, snRNAs, and snoRNAs (Briggs
et al. 1998; de la Cruz et al. 1998; Allmang et al. 1999; van
Hoof et al. 2000). Despite the critical role the exosome plays
in RNA surveillance, important questions remain about its

activation and the mechanism used to distinguish between
RNAs destined for processing or for degradation. The highly
conserved TRAMP complex, composed of a noncanonical
poly(A) polymerase (Trf4 or Trf5 in S. cerevisiae), a zinc-
knuckle protein (Air1 or Air2), and an RNA helicase (Mtr4),
enhances exosome degradation or processing through succes-
sive rounds of polyadenylation and subsequent recruitment
of the degradation machinery (Vanacova et al. 2005; Wyers
et al. 2005; Egecioglu et al. 2006; Houseley and Tollervey 2006;
Houseley et al. 2007; Rougemaille et al. 2007; Ciais et al. 2008;
Grzechnik and Kufel 2008; Roth et al. 2009). Thus, TRAMP
plays a critical role in determining nuclear RNA fate, but the
molecular details that govern its specificity remain unknown.

In S. cerevisiae at least two distinct TRAMP complexes
exist: TRAMP4 and TRAMP5 (named for the presence of
Trf4 or Trf5, respectively). Despite significant similarities
between the complexes, recent experiments suggest differ-
ences in substrate specificities (Egecioglu et al. 2006; Ciais
et al. 2008; Roth et al. 2009). For example, TRAMP5 appears
to preferentially enhance the degradation of aberrant rRNA
precursors (Houseley et al. 2007). Recent microarray analysis
indicated that while deletions of TRF4 or TRF5 alter global
gene expression, there is little overlap between the transcripts
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affected, suggesting a difference in substrate specificity (San
Paolo et al. 2009). However, the determinants of this specificity
remain elusive. Air1 and Air2, as putative RNA-binding
proteins, may have unique RNA-binding specificities, ac-
counting for the unique gene expression patterns. Accord-
ingly, TRAMP4 preferentially contains Air2p, and TRAMP5
appears to only contain Air1p (LaCava et al. 2005; Vanacova
et al. 2005; Wyers et al. 2005; Houseley and Tollervey 2006).
If Air1 and Air2 do, indeed, function as RNA-binding
proteins, differences in their substrate recognition specific-
ities may explain the unique gene expression profiles seen in
trf4-D and trf5-D mutants.

The genes expressing Air1 and Air2 arose from the whole
genome duplication event that occurred 100 million years
ago (Kellis et al. 2004). The proteins share 45% amino acid
identity, with the majority of the identical amino acids
concentrated in the first two-thirds of the protein. This
highly conserved stretch of amino acids contains five zinc
knuckle motifs, which may provide protein- or nucleic
acid–binding abilities. Structural and biochemical studies
indicate that the fourth and fifth zinc knuckles function in
Air2 binding to Trf4, while additional biochemical analysis
indicates that the zinc knuckles also function in proper
binding to at least some substrates in vitro (Hamill et al.
2010; Fasken et al. 2011; Holub et al. 2012). The presumably
unstructured and less conserved C-terminal region, as well
as the remaining four zinc knuckles, of Air2 may contribute
to RNA binding. These findings correlate well with earlier
studies showing that Trf4 fails to polyadenylate substrates
in vitro in the absence of Air1 and Air2 (Vanacova et al.
2005; Wyers et al. 2005). It seems possible that Air1 and
Air2 function as RNA-binding proteins in context on the
TRAMP complexes, and therefore TRAMP4 and TRAMP5
specificity may reflect differences in Air1 and Air2 substrate
recognition. Indeed, studies using Air-GFP fusion proteins
suggest slightly different subnuclear localizations for the
proteins (Huh et al. 2003). However, currently available
studies on relatively few RNA substrates suggest that Air1
and Air2 function interchangeably (LaCava et al. 2005;
Vanacova et al. 2005; Houseley et al. 2007).

Homologs of Trf4 and Trf5 exist in eukaryotes from
yeast to humans, though only the Cid14 from Schizosac-
charomyces pombe, which forms a similar TRAMP complex
with homologs to Air1 and Mtr4, has been shown to
be functionally homologous to the Trf proteins from
S. cerevisiae (Aravind and Koonin 1999; Saitoh et al.
2002; Win et al. 2006; Buhler et al. 2007; Wang et al.
2008). Humans contain two Trf homologs, PAPD5 and
PAPD7, both of which exhibit 37% identity to the catalytic
domain of S. cerevisiae Trf4. Although these proteins
remain uncharacterized, recent experiments suggest that
they may serve a similar role in RNA degradation, because
short poly(A) tails exist on some mRNAs destined for
degradation by the exosome (West et al. 2006). Human
orthologs to Air1/2 and Mtr4 also exist; ZCCHC7 shares

35% and 34% identity to Air1 and Air2, respectively, across
the five zinc knuckle–containing regions, while hMtr4/
SKIV2L2 exhibits 51% total identity to Mtr4p. Indeed, recent
studies showed that hMTR4 and hRRP6 precipitates contain
hZCCHC7 and hPAPD5, suggesting conservation of the
interaction between Air1/2 and Trf4 in humans (Lubas et al.
2011). The high degree of conservation, along with the recent
identification of adenylation as a possible signal for RNA
degradation in humans, strongly suggests that humans have
functionally related TRAMP complexes.

Studies implicating the Air protein subunits as the likely
source of TRAMP RNA-binding specificity highlight their
potential role in regulating the RNA surveillance activity of
the nuclear exosome. Our understanding of the molecular
details of RNA surveillance remains clouded by the idea
that the Air proteins in the most advanced model system,
budding yeast, function redundantly. To better define the
specificities of the TRAMP complexes, we used phenotype
profiling and RNA deep sequencing to identify differences in
strains deficient in nuclear exosome function and lacking either
Air1 or Air2. These results reveal distinct growth phenotypes
and accumulation patterns of polyadenylated RNAs in these
strains, indicating that Air1 and Air2 proteins each target
specific transcripts for polyadenylation and degradation by the
nuclear RNA exosome, resulting in profound effects on the
physiology of the cell.

RESULTS

Nonredundant functions of Air1 and Air2 proteins

To investigate the functional overlap between Air1 and
Air2, we constructed air1-D rrp6-D and air2-D rrp6-D
strains. The strains show no apparent synthetic interaction
between RRP6 and either AIR1 or AIR2, because the
double-mutant strains grow comparably to rrp6-D and
wild-type strains (Fig. 1A). We also constructed an air1-D
air2-D strain but did not use it further because it grows
extremely slowly and exhibits multiple colony sizes, sug-
gesting genetic instability (Fig. 1A). Finally, we considered
the possibility that the cell might balance the overall level of
Air proteins by up-regulating the expression of one protein
upon deletion of the other’s gene. However, Western blot
analysis shows no appreciable change in the amount of Air1
or Air2 upon deletion of the gene encoding the other
protein (Supplemental Fig. S1). Moreover, the RNA-seq
measurements described below show no significant change
in AIR1 or AIR2 mRNA levels in strains deleted for the
other gene.

Next, we explored the potential for functional redun-
dancy between Air1 and Air2, by screening air1-D rrp6-D
and air2-D rrp6-D strains, along with all single-mutant
strains, against a variety of conditions (Supplemental Table
S1). Strains lacking Air2 and Rrp6 (air2-D rrp6-D) show a
growth defect when grown with glycerol as the sole carbon
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source, while the air1-D rrp6-D and single-deletion strains
grew similarly to wild-type cells (Fig. 1B). The air2-D rrp6-D
strain grows slowly on ethanol, another nonfermentable
carbon source, and displays a frequency (15%) of re-
spiratory-deficient (petite) cells similar to the frequency
seen for wild type, indicating that the glycerol and ethanol
growth defects probably result from an overall metabolic
deficiency rather than a loss of mitochondrial function
(data not shown). The air2-D rrp6-D strain also displays
enhanced sensitivity to media containing the purine analog
caffeine compared with wild-type and rrp6-D or air1-D
rrp6-D strains (Fig. 1B). Finally, deletion of AIR2, but not
AIR1, suppresses the 5-fluorouracil (5FU) hypersensitivity
previously reported for rrp6-D strains (Fang et al. 2004;
Lum et al. 2004). Plasmid expression of AIR2, but not

AIR1, complements all three of these
Air2-specific growth phenotypes (Fig.
1B). Overall, the results of these pheno-
typic tests show that the Air1 and Air2
proteins do not function interchangeably.

RNA deep sequencing detects
poly(A)+ targets of the RNA
exosome

Next, we examined transcripts targeted
for degradation by either Air1 or Air2
by comparing the population of poly(A)+

RNAs that accumulate in rrp6-D cells
to the poly(A)+ RNA populations in
strains also deleted for AIR1 or AIR2
(Fig. 2A). This approach allows for the
identification of transcripts normally
degraded by Rrp6, represented by an
increase of the polyadenylated tran-
scripts in rrp6-D cells compared with
wild type, and reveals transcripts tar-
geted for polyadenylation by Air1 or
Air2, because the amount of such tran-
scripts should decrease in the poly(A)+

pool in the absence of either of these
proteins. We isolated poly(A)+ RNA
using poly(U)-Sepharose, which binds
transcripts with adenosine tails as short
as 5 nt (Binder et al. 1994; Beilharz and
Preiss 2007). Quantitative RT-PCR anal-
ysis of poly(A)+ coding and noncoding
RNAs before and after poly(U)-Sepharose
selection verified that the procedure
selected the expected RNAs (Fig. 2B).
We then sequenced the RNA samples
from two biological replicates using the
ABI SOLiD deep-sequencing platform
and analyzed the results as described in
Materials and Methods. Recent studies

suggest that some TRAMP substrates receive as few as one
to five adenosines (Jia et al. 2011; Wlotzka et al. 2011),
while others indicate much longer stretches in steady-state
populations (Allmang et al. 1999; van Hoof et al. 2000;
Kuai et al. 2004). Technical aspects of the RNA-seq tech-
nique used here do not allow an unambiguous determi-
nation of the number of adenosines carried by transcripts.
Although our detection of a wide array of known TRAMP
substrates suggests that our findings are representative
of TRAMP activity, we cannot exclude that the poly(U)-
Sepharose selection used might have missed transcripts
with very short stretches of adenosines.

The results revealed that 12% (1124 out of 9014) of all
annotated transcripts increased (P-value <0.05) in the
absence of RRP6 (Supplemental Table S2). This includes

FIGURE 1. (A) Growth phenotypes of air1-D rrp6-D, air2-D rrp6-D, and air1-D air2-D strains
after loss of complementing plasmids. The indicated strains were grown overnight in YPD
media, resuspended at OD600 of 0.5 and 10-fold serial dilutions were plated on synthetic
complete dextrose (SCD) or 5-FOA containing media. 5-FOA selects for cells that have lost the
complementing YCp plasmids. The plates were incubated at 30°C and imaged after 2 d. The
plate in the top panel was imaged a second time after 5 d of growth ( far right panel). (B)
Differential growth phenotypes of strains lacking Air1 or Air2. Cultures of strains with the
indicated genotypes were diluted to an OD600 of 0.5, serially diluted 10-fold, and spotted onto
SC glycerol (2%)–URA plates or SC dextrose (2%)–URA media with no addition, or with
10 mM caffeine, or 2 mM 5-fluorouracil and incubated for 3–5 d at 30°C. (B) Plating of strains
with the indicated genotypes carrying yeast CEN plasmids as in (A) onto SC dextrose (2%)–
URA or SC glycerol (2%)–URA plates.
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(1) 68% of the CUTs (cryptic unstable transcripts; 627 out
of 925); (2) 27% of the SUTs (stable unannoted transcripts;
228 out of 847); (3) 31% of the noncoding RNAs (five out
of 16); and (4) 60% of the snRNAs (49 out of 82), in
agreement with previous results implicating Rrp6 in the
normal turnover or processing of polyadenylated forms of
these transcripts (Allmang et al. 1999, 2000; van Hoof et al.
2000; Phillips and Butler 2003; Xu et al. 2009). Deletion of
RRP6 also results in an increase in the levels of 196
transcripts annotated as open reading frames (Supplemen-
tal Table S2). These include two transcripts: NAB2 (log2

FC = 0.93; P = 0.10) and NRD1 (log2 FC = 2.84; P = 4.3 3

10�06) regulated by Rrp6 (Fig. 2B; Roth et al. 2005; Arigo
et al. 2006) and 78 other classified bona fide protein-coding

genes. Gene Ontology (GO) analysis revealed no significant
(P < 0.01) common biological processes for their products.
Interestingly, most of the 196 elevated transcripts are anno-
tated as dubious (36%) or putative (20%) ORFs. The 70
dubious ORFs comprise 9.5% of the 734 ORFs annotated as
such, suggesting that Rrp6 may play an important role in
degrading these transcripts.

Only 5% (444 out of 9014) of the transcripts decrease in
rrp6-D cells compared with wild type. Most (412 of 444) of
these are ORFs, of which 76% correspond to protein-
coding genes and 18% to dubious or putative ORFs. GO
analysis of the bona fide protein-coding genes revealed
significant shared biological processes including generation
of precursor metabolites (40 genes; P = 1.12 3 10�09),
oxidation–reduction processes (54 genes; P = 8.60 3 10�07),
and energy derivation by oxidation of organic compounds
(30 genes; p = 4.58 3 10�07) (Supplemental Table S4).
Moreover, GYP5 mRNA decreases substantially in rrp6-D
cells, while its antisense CUT402 increases, in agreement
with the findings of Camblong et al. (2009). Less than 7% of
the CUTs, SUTs, snRNAs, and other noncoding transcripts
decrease in the rrp6-D strain. Finally, the results show
increases in the levels of poly(A)+ transcripts from the
internal transcribed spacer (ITS1) and 5.8S portions of the
rRNA loci, consistent with their degradation by Rrp6 (Kuai
et al. 2004; Houseley and Tollervey 2006; Callahan and
Butler 2008). These findings indicate that RNA-seq analysis
of poly(U)-selected RNAs identifies coding and noncoding
poly(A)+ transcripts degraded by Rrp6.

Air2 preferentially targets some snRNAs
for degradation

Analysis of the distribution of fold changes for the snRNA
RNA-seq reads revealed a bias for Air2 in the targeting of
snRNAs for polyadenylation. Comparison of the air1-D
rrp6-D and air2-D rrp6-D reads with the rrp6-D reads
revealed that 57 of the 82 snRNAs decrease significantly
(P < 0.05) in air2-D rrp6-D compared with only 27 in air1-D
rrp6-D cells. Of the latter, 21 also decrease significantly in
air2-D rrp6-D cells, and none decrease only in air1-D rrp6-D
cells (Supplemental Table S3). Seven of the 19 snRNAs that
decrease only in the air2-D rrp6-D cells are box H/ACA
snoRNAs, while nine are box C/D snoRNAs, and four
(LSR1, snr6, snr14, and snr19) are the spliceosomal RNAs,
U2, U6, U4 and U1, respectively (Supplemental Table S3).
These findings suggest that while deletion of either Air
protein decreases the level of many poly(A)+ snRNAs, Air2
preferentially targets a specific subset for polyadenylation.

We used quantitative RT-PCR of poly(U)-selected RNAs
to analyze changes for a subset of the snoRNAs and found
that they increase in concentration in rrp6-D cells and
decrease more in air2-D rrp6-D compared with air1-D rrp6-D
cells, consistent with the RNA-seq data (Fig. 3A). Since
polyadenylation of snoRNAs targets the transcripts for

FIGURE 2. (A) Experimental approach to identify Air protein
targets. Strains with the genotypes indicated at the top of the figure
will contain RNAs (dark or light gray) targeted for Trf4- or Trf5-
catalyzed polyadenylation by Air1 (dark gray) or Air2 (light gray),
respectively. Polyadenylated forms of these RNAs will accumulate in
rrp6-D cells (left). RNAs specifically targeted for polyadenylation by
Air1 or Air2 will be lost when either gene is deleted. Differential loss of
the poly(A)+ RNAs is assayed by poly(U)-Sepharose selection and
RNA sequencing. (B) Quantification of the levels of specific tran-
scripts in RNA samples before and after poly(U)-Sepharose selection.
Real-time qRT-PCR analysis of NRD1, NAB2 mRNA, CUT652 RNA,
and snR45 RNA before [oligo(dT)-primed total] or after [poly(U)-
selected) poly(U)]-Sepharose selection. All histograms represent the
fold change of the transcript compared to WT (RRP6) after normal-
ization to ACT1 mRNA. Error bars represent standard deviations
calculated from two independent reactions.
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degradation by the exosome (Allmang et al. 1999; van Hoof
et al. 2000; Phillips and Butler 2003), we used qRT-PCR
and primers internal to the mature transcripts to measure
the relative levels of these Air2-specific snoRNAs in total
RNA samples and found that they increase more in air2-D

rrp6-D cells than in air1-D rrp6-D cells (Fig. 3B). The
results also suggest that deletion of AIR1 reduces the slight
to moderate increase in total snRNA found in RRP6 cells.
The different effects of the loss of Air1 or Air2 on the total

levels of these snRNAs raise the possibility that the proteins
may play opposing roles in the 39-end formation and
degradation of some snRNAs.

Previous experiments showed that expression of box
H/ACA, but not box C/D snoRNAs from high-copy plasmids
suppresses the 5FU sensitivity of rrp6-D cells (Hoskins and
Butler 2008). Indeed, high-copy plasmid expression of two
of the Air2-specific box H/ACA snoRNAs identified here
(snR5 and snR42) suppresses the rrp6-D 5FU sensitivity,
while the box C/D snoRNA snR45 does not (Fig. 3C).
These findings suggest that Air2 plays a specific role in the
polyadenylation and subsequent degradation of certain
snoRNAs, and loss of this pathway by deletion of AIR2 con-
tributes to suppression of rrp6-D 5FU sensitivity (Fig. 1B).

Air2 and Air1 control the levels of specific sets
of mRNAs

The growth defect of air2-D rrp6-D cells on some carbon
sources suggests a metabolic defect specific to this genotype
(Fig. 1B). Accordingly, we searched the RNA-seq results for
transcripts corresponding to annotated open reading
frames (ORFs) that increased or decreased (P < 0.05) in
the air1-D rrp6-D or air2-D rrp6-D cells compared with
rrp6-D cells. Each group of transcripts was then divided
into bona fide genes, dubious ORFs, and putative ORFs.
GO analysis queried the bona fide genes according to
related cellular processes (Supplemental Table S4). Similar
to the comparison of rrp6-D to wild-type cells, those
carrying the air2-D rrp6-D deletions show a significant
(P < 0.05) decrease, compared with rrp6-D cells, in the
levels of mRNAs encoding proteins involved in generation
of precursor metabolites (10 out of 40; P = 5.18 3 10�04),
glycogen metabolic processes (six out of 40; P = 2.45 3 10�05),
and energy derivation by oxidation of organic compounds
(nine out of 40; P = 3.29 3 10�04). Indeed, quantitative
RT-PCR of two of these transcripts, HXK1 and HXT4,
confirms that levels of these transcripts decrease in the
absence of Rrp6 and more so in the absence of both Air2
and Rrp6 (Fig. 4A). The additional effects on these classes
of transcripts due to the loss of Air2 likely play a role in
the poor growth of air2-D rrp6-D cells on some carbon
sources (Fig. 1B; Supplemental Table S1).

The air2-D rrp6-D strain also shows a specific increase in
transcripts whose products play a role in iron uptake into
the cell (P = 7.44 3 10�04) (Supplemental Table S4).
Quantitative RT-PCR of three of these—FIT1, FIT2, and
FIT3—whose products bind iron siderophores, shows that
loss of Air2 increases their levels above that found in the
wild-type cells (Fig. 4B). Northern blot analysis confirms this
increase (Fig. 4C). The differences in mRNA levels correlate
with physiological effects, because FeCl2 inhibits growth of
rrp6-D and air1-D rrp6-D cells but has less of an effect on
air2-D rrp6-D cells, indicating that loss of Air2 dampens the
sensitivity to iron caused by loss of Rrp6 (Fig. 4D).

FIGURE 3. Absence of Air2 elevates levels of some snoRNAs and
suppresses the 5FU toxicity of rrp6-D. (A,B) Real-time qPCR
validation of Air2-specific snoRNAs targets. All histograms represent
the fold change of the transcript compared to WT (RRP6) after
normalization to ACT1 mRNA. Error bars represent standard de-
viations calculated from three independent reactions. (A) Real-time
qRT-PCR analysis of snoRNAs after reverse transcription of poly(U)-
Sepharose selected [poly(A)+] RNA with a mix of random primers
and oligo-(dT). (B) Real-time RT-PCR of total isolated RNA after
reverse transcription using a mix of random primers and oligo(dT).
(C) Strains with the indicated genotypes and carrying the indicated
yeast expression plasmids (YEp) were diluted to an OD600 of 0.5 and
10-fold dilutions were spotted onto SCD-URA plates with or without
2 mM 5FU. Plates were imaged after a 3-d incubation at 30°C.
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The air1-D rrp6-D strain shows a remarkable decrease
(log2 FC > �6.0, P < 1 3 10�30) in the levels of four
transcripts (REP2, REP3, RAF1, and FLP1) encoded by the
2m plasmid found in most yeast strains (Fig. 5A). These
transcripts encode proteins required for copy number
control and segregation of the plasmid, and defects in their
functions result in decreased 2m plasmid levels in mutant
strains (Jayaram et al. 1985; Murray et al. 1987; Veit and
Fangman 1988). Indeed, measurement of 2m DNA levels in
our test strains shows a large decrease in the air1-D rrp6-D

strain (Fig. 5B). Interestingly, the 2m plasmid decrease
requires a synergistic interaction between the air1-D rrp6-D

mutations because neither deletion alone causes the same
effect (Fig. 5C). Northern blot analysis of the levels of
REP1, REP2, and RAF1 mRNAs confirmed the loss of the
transcripts in the air1-D rrp6-D strain (Fig. 6A). Thus, loss
of Air1 in rrp6-D cells causes a defect in the retention of 2m

plasmid in yeast cells.

Previous experiments showed that 2m

produces two long noncoding RNAs,
whose effects on plasmid function
remain unclear (Sutton and Broach
1985). Analysis of the distribution of
the RNA-seq reads and Northern blot-
ting confirm this and identify two novel
transcripts antisense to FLP1 and REP2
(Fig. 6A,B). Interestingly, the two novel
antisense RNAs increase in concentra-
tion in the absence of Rrp6, suggesting
that the RNA exosome plays a role
in regulating 2m gene expression. Ac-
cordingly, we name these transcripts
2mCUT1 and 2mCUT2 (2m cryptic un-
stable transcripts). Together, the analy-
sis of poly(A)+ mRNA levels reveals that
Air1 and Air2 govern the expression
levels of distinct sets of mRNAs, which
impacts the metabolic fitness and plas-
mid inheritance functions of the cell.

DISCUSSION

The results presented here provide evi-
dence that the Air1 and Air2 components
of the TRAMP complexes function in
concert with the Rrp6 component of the
nuclear RNA exosome to regulate the lev-
els of specific classes of RNAs in the cell.
First, phenotypic profiling revealed spe-
cific growth differences between strains
lacking Rrp6 and either of the Air pro-
teins. These include (1) defects in the
ability of air2-D rrp6-D cells to grow on
nonfermentable carbon sources or caf-
feine, (2) the ability of an air2-D deletion

to suppress the 5FU sensitivity of an rrp6-D strain, and (3)
suppression of rrp6-D-dependent iron sensitivity by air2-D.
Second, RNA-seq analysis uncovered specific classes of poly-
adenylated RNAs whose levels change upon deletion of
either Air1 or Air2. These include Air2-specific changes in
the levels of (1) many polyadenylated snoRNAs, (2) some
iron-responsive mRNAs, and (3) transcripts involved in
carbohydrate transport and catabolism. Moreover, absence
of Air1 causes loss of mRNAs whose products play a critical
role in proper maintenance of the endogenous 2m plasmid.
While many of the transcripts analyzed in this report are
known TRAMP substrates, for others we cannot discount the
possibility that some of the effects of Air protein loss may
reflect TRAMP-independent functions of the proteins, such as
their ability to interact with the arginine methyltransferase
Hmt1 (Inoue et al. 2000). Our findings clearly show a lack of
redundancy in the function of Air1 and Air2 for many
transcripts, yet many RNAs that accumulate as poly(A)+

FIGURE 4. Absence of Air2 decreases levels of mRNAs encoding proteins involved in glucose
transport and metabolism while elevating levels of mRNAs involved in iron import. (A) Real-
time qRT-PCR analysis of the indicated mRNAs after reverse transcription of poly(U)-
Sepharose selected [poly(A)+] RNA with a mix of random primers and oligo(dT). (B) Same as
in A, but with the indicated iron transport genes. (C) Northern blot analysis of the levels of
FIT3, FIT2, and ACT1 mRNAs. Indicated strains were grown in YPD at 30°C, and 20 mg of
total RNA was run on a 1% agarose gel and analyzed by Northern blotting for the indicated
RNA species. (D) Differential growth phenotypes of 10-fold dilutions of cells with the
indicated genotypes on SCD plates incubated with and without 4 mM FeCl2 for 3 d at 30°C.
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species in the absence of Rrp6 are equally affected by loss of
either Air1 or Air2. This agrees with previous experiments
that showed that some poly(A)+ noncoding RNAs accu-
mulate in strains lacking either protein (LaCava et al. 2005;
Vanacova et al. 2005; Houseley et al. 2007). Thus, the
synthetic effect of the double mutation on growth could
reflect lack of Air activity on polyadenylation of some
RNAs. Alternatively, activities of the Air proteins outside
the context of TRAMPs, for instance, via known interac-
tions with Hmt1, may explain the synthetic effect. Never-
theless, these results support our conclusion that Air1 and
Air2 each play specific roles in the regulation of RNA levels.

Previous analysis of increases in RNA levels resulting
from deletion of TRF4 or TRF5 revealed little overlap
between the apparent targets of the poly(A)-polymerases
(San Paolo et al. 2009). Loss of Trf4 increased the levels of
noncoding RNAs, snoRNAs, and transcripts from Ty
retrotransposons, while loss of Trf5 increased the levels of
a diverse set of mRNAs. Our findings suggest that many of
the Trf4-specific transcripts receive poly(A) tails with the
guidance of either Air1 or Air2, in agreement with evidence
indicating that Trf4 forms TRAMP complexes with either
protein (Wyers et al. 2005). Interestingly, most of the
transcripts that increased in concentration in the TRF4

deletion experiment did not increase in
cells with a catalytically inactive Trf4,
indicating that the observed effects oc-
cur independently of polyadenylation
by Trf4 (San Paolo et al. 2009). Our
experiments rely directly on differences
in the polyadenylation status of RNAs,
which complicates strict comparison of
the two sets of data.

In light of our phenotypic evidence
demonstrating that Air1 and Air2
do not function interchangeably, we
determined the global specificity of
Air1 and Air2 targeting of RNAs for
polyadenylation. Deep sequencing of
poly(A)+ RNAs revealed unique sub-
sets of polyadenylated transcripts that
decrease upon deletion of AIR1 or
AIR2, suggesting that Air1 or Air2 spe-
cifically targets these transcripts for
polyadenylation and subsequent deg-
radation. Interestingly, many poly(A)+

transcripts that did not increase in
concentration upon deletion of RRP6
alone, decreased upon additional dele-
tion of AIR1 or AIR2. These transcripts
may represent RNAs polyadenylated by
TRAMP but degraded independently of
Rrp6, by Exo10 (core exosome + Dis3/
Rrp44). This view agrees with experi-
ments that showed that Rrp6 and Exo10

can function independently in the degradation of many
RNAs (Callahan and Butler 2008).

RNA-seq analysis indicated that Air2 preferentially tar-
gets the polyadenylation of many snoRNAs, because their
poly(A)+ forms decrease significantly more upon loss of
Air2 than Air1. The fact that many of these Air2-specific,
and none of the Air1-specific snoRNAs, belong to the box
H/ACA class suggests that suppression of the 5FU sensi-
tivity of an rrp6-D strain by deletion of AIR2, but not
AIR1, results from changes in the levels of this class of
snoRNA. Indeed, previous experiments, and results re-
ported here, show that increased expression of box H/
ACA, but not box C/D snoRNAs, suppresses the 5FU
sensitivity of rrp6-D strains (Hoskins and Butler 2008).
Moreover, the decrease in the number of poly(A)+

snoRNAs correlates with an increase in the total amount
of RNA for these snoRNAs. This suggests that the 5FU
suppression probably requires the accumulation of poly(A)-
snoRNA processing or degradation intermediates. Finally,
because this effect occurs in air2-D rrp6-D, but not rrp6-D
cells, the degradation of these snoRNAs likely requires
targeting of polyadenylation by Air2 and subsequent degra-
dation by Exo10. Thus, polyadenylation by TRAMP may
play a critical role in determining snoRNA fate; functioning

FIGURE 5. Absence of Air1 causes the loss of 2m plasmid and transcripts. (A) Graphical
comparison of the relative log2 fold change in the number of RNA-seq reads for the indicated
2m plasmid transcripts between wild type (wt) and strains with the indicated genotypes.
(B) Semiquantitative PCR analysis of 2m plasmid DNA and chromosome VI levels for DNA
from strains with the indicated genotypes. (C) Real-time qRT-PCR analysis of 2m plasmid
DNA levels from strains with the indicated genotypes. 2m plasmid DNA levels are normalized
to the amount of chromosome VI DNA determined by the same method.
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to direct Exo10 in 39-end processing, or degradation of the
snoRNA.

The RNA-seq results showed that the levels of some
mRNAs that encode proteins involved in iron import and
assimilation increase significantly only in air2-D rrp6-D

cells. TRAMP4 and Rrp6 function in 39-end processing of
TIS11/CTH2 mRNA, whose transcription is activated by
iron deprivation and whose gene product binds to and
activates the degradation of transcripts encoding proteins

involved in iron-dependent processes under conditions of
iron deficiency (Puig et al. 2005; Ciais et al. 2008). TIS11/
CTH2 mRNA levels actually increase 1.8-fold in air2-D
rrp6-D compared with rrp6-D cells, yet some transcripts
subject to Cth2-targeted degradation increase in the air2-D
rrp6-D strain, while most do not change significantly in the
rrp6-D strain or the double mutant. Thus, the increase in
iron-responsive mRNA levels in the air2-D rrp6-D strain
most likely occurs independently of the mRNA-destabiliz-

FIGURE 6. Identification of novel antisense CUTs from the 2m plasmid. (A) Distribution of RNA sequence reads from the 2m plasmid. The chart
shows the density of RNA-seq reads mapped to each strand (black or gray) of the B-form of the 2m plasmid for strains with the indicated
genotypes. (Block arrows below the chart) The positions and orientations of protein-encoding transcripts and line arrows indicate noncoding
transcripts. The noncoding transcripts include two previously described RNAs overlapping RAF1 (the ‘‘1620b’’ RNA) and REP1 (the ‘‘1950b’’
RNA) and two novel transcripts 2mCUT1 and 2mCUT2 antisense to FLP1 and REP2, respectively. (B) Northern blot analysis of the levels of
mRNA levels from strains with the indicated genotypes. Total RNA (20 mg) from each strain was separated by electrophoresis on a 1% agarose-
formaldehyde gel, transferred to GeneScreen membrane (DuPont), and probed with strand-specific 59 32P-labeled oligonucleotides.
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ing activity of Cth2. We propose that the iron response
results from the Air2-specific defect in carbohydrate me-
tabolism caused by a decrease in many transcripts encoding
proteins required for sugar uptake and catabolism, which
reflects itself in the growth defect of air2-D rrp6-D cells on
some carbon sources. In this view, the iron response
results from an increased requirement for iron import and
assimilation needed to support the production of iron-
containing proteins involved in respiration. Recent find-
ings point to a regulated balance between the expression
of genes involved in carbohydrate metabolism and iron
assimilation, and evidence exists that Rrp6 plays a Cth2-
independent role in regulating the expression of some
iron-responsive genes (Lee et al. 2005; Puig et al. 2008).

Analysis of mRNA levels also revealed a specific re-
quirement for Air1 in the control of 2m plasmid levels.
Stable segregation and copy number control of this plasmid
require the activity of four plasmid-encoded proteins:
Rep1, Rep2, Raf1, and Flp1. Rep1 and Rep2 act together
to repress expression of their own genes and that of Flp1.
Raf1 acts as an antirepressor of Rep1/Rep2, leading to
balanced expression of Flp1, Rep1, and Rep2. Flp1 func-
tions to enhance plasmid replication, thereby maintaining
constant copy number (Jayaram et al. 2004). The plasmid
also produces transcripts overlapping and antisense to these
genes, but the contribution of these RNAs to the regulation
of 2m plasmid levels remains obscure. The RNA-seq data
revealed that the air1-D rrp6-D double mutation causes
a remarkable decrease (log2 FC > �6.0, P < 1 3 10�30) in
the levels of the four transcripts (Figs. 5, 6). Indeed,
measurement of 2m DNA levels in our test strains shows
a significant decrease in plasmid levels in only the air1-D
rrp6-D strain (Fig. 5). Northern blot analysis of the levels of
REP1, REP2, and RAF1 mRNAs confirmed loss of the
transcripts in the air1-D rrp6-D strain and identified novel
antisense RNAs—2mCUT1 and 2mCUT2—degraded by
Rrp6 (Fig. 6). Thus, loss of Air1 in rrp6-D cells causes the
loss of 2m plasmid. Perhaps the novel 2m CUTs function to
regulate the expression of their respective antisense mRNAs
in a manner similar to that suggested for GYP5 and its
antisense RNA (Camblong et al. 2009). Humans contain
a single apparent Air protein homolog, ZCCHC7, and
segregation of Epstein-Barr virus episomes appears to
follow similar rules to that of the yeast 2m plasmid (Kapoor
et al. 2001; Kapoor and Frappier 2003). Thus it is tempting
to speculate that a similar mechanism may govern the
inheritance of yeast plasmids and viral genomes in meta-
zoans. Additional research will determine if the loss of
the 2m plasmid results from deregulation of the plasmid-
encoded RNAs or if plasmid and RNA loss results from
changes in the level of some unlinked factor. Neverthe-
less, these findings reveal that Air1 and Air2 govern the
expression levels of distinct sets of mRNAs, which
impacts metabolic and plasmid inheritance functions of
the cell.

In summary, the experimental results reported here show
that the Air protein components of the TRAMP complex
play distinct roles in some aspects of RNA surveillance. The
identification of specific sets of transcripts whose polyade-
nylation and degradation results from the action of Air1 or
Air2 provides substrates and phenotypes that set the stage for
dissection of the structural features of the RNAs and proteins
that guide the specificity of nuclear RNA surveillance.

MATERIALS AND METHODS

Strains and plasmid construction

Manipulations of S. cerevisiae used standard procedures (Sherman
1991). Cells were grown in YPD media (1% yeast extract, 2%
peptone, and 2% dextrose) or in SC medium (synthetic complete:
0.67% Bacto-yeast nitrogen base without amino acids, 2%
dextrose [SCD], ethanol [SCE], or glycerol [SCG] and amino
acid supplements as required). Strains used in this study are listed
in Supplemental Table S5. The air1-D rrp6-D and air2-D rrp6-D
strains were made from parental BY4742 by transforming with
rrp6TLEU2, transforming in a URA3 CEN RRP6 plasmid, fol-
lowed by transformation with an air1TbleR or air2TbleR fragment
made by PCR amplification from the pUG66 bleR cassette
(Gueldener et al. 2002). The resulting strains were then plated
on 5-fluoroorotic acid to select for cells that lost the URA3 CEN
RRP6 plasmid. All disruptions were confirmed by PCR.

For serial dilution plating, strains were grown in YPD or
appropriate selective media, and 10-fold serial dilutions, starting
with 104 cells, were spotted onto YPD or SCD-ura plates supple-
mented with compounds tested (Supplemental Table S1). Plates
were incubated for 3–5 d at 30°C (unless otherwise noted). To test
for petite frequency, strains were grown overnight in YPD media,
and cells were harvested and resuspended in water, and 1 3 103

cells were plated onto YP with 2% glycerol and 0.1% dextrose.

Poly(A)+ RNA selection and deep sequencing

Strains were grown in YPD to an A600 of 2.0–3.1, and total RNA
was isolated as described previously (Patel and Butler 1992).
Polyadenylated RNAs were selected on poly(U)-Sepharose accord-
ing to published protocol, with modification (Beilharz and Preiss
2007). A final concentration of 50 mM Tris-HCl was used in both
the elution buffer and the high salt binding buffer. Total cellular
RNA was isolated as previously described (Burkard and Butler
2000), and 150 mg of RNA was added to 150 mL of poly(U)-
Sepharose equilibrated in high salt binding buffer. Poly(A)+ RNA
was eluted by resuspending in a 600-mL elution buffer for 5 min at
45°C. After collection of the resin by centrifugation at 3300g for
30 sec, the supernatant was removed with a syringe and pelleted at
3300g for an additional 30 sec, and was gradually concentrated and
desalted into sterile ddH2O using an Amicon Ultra-4 Centrifugal
Filter Device (Millipore). After determination of poly(A)+ RNA
concentration by spectrophotometry, the RNA was submitted to
the University of Rochester Functional Genomics Core for SOLiD
Sequencing (Applied Biosystems). Preparation of fragment library
and bead populations and subsequent sequencing were performed
according to the manufacturer’s instructions.
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RNA-seq mapping and statistical analysis

The color space FASTA files and quality score files from the RNA-
seq runs were used as input to Bowtie (version 0.12.7) for
mapping with the running options ‘‘-all -f -tryhard -sam -e 70
-color -best -quals’’ (Langmead et al. 2009). Then SAMtools
(version 0.1.17) was used to convert SAM files to sorted and
indexed BAM files and sort and index them (Li et al. 2009). Reads
unambiguously mapped inside a single gene were counted and
used as weights to divide each multimapped read to all of the
genes to which it mapped. Reference genome and gene annotation
files were downloaded from the Saccharomyces Genome Database
(July 2011 version) for mapping. After the read counts were
summarized by gene, Spearman correlations between any two of
the eight samples were calculated. The Bioconductor package
edgeR (version 2.2.5) was used for TMM (trimmed mean of M
values) normalization followed by statistical testing to find genes
differentially expressed (Supplemental Table S6; Robinson et al.
2010). The correlation coefficients for the replicate sample reads
were (1) wt.1 versus wt.2 = 0.999, (2) rrp6-D.1 versus rrp6-D.2 =
0.996, (3) air1-D rrp6-D.1 versus air1-D rrp6-D.2 = 0.996, and (4)
air1-D rrp6-D.1 versus air1-D rrp6-D.2 = 0.996. Analysis of
sequence reads from the wild-type and rrp6-D cells revealed an
anomalously high read count from the rRNA loci in one of the
wild-type biological replicates. Accordingly, further analysis of
rrp6-D versus wild-type strains used only one set of wild-type
data. The validity of this decision is supported by the agreement
between this analysis and the qRT-PCR data reported in Results.
Comparisons between the other strains used in the study were
unaffected by disqualification of the one wild-type data set.

Real-time PCR

cDNA was synthesized using a qScript cDNA Supermix or Flex
cDNA kit using oligo(dT) primers (Quanta Biosciences). Quan-
titative PCR (qPCR) was performed using SYBR GreenER master
mix (Invitrogen) with a model 7500 fast real-time PCR system and
software (Applied Biosystems). RNAs were quantified using
primers whose sequences are available upon request.

Northern blot analysis

The listed strains were grown in YPD to an A600 of 2.0–3.5, total
RNA was isolated as described previously (Patel and Butler 1992),
and 20 mg was separated by electrophoresis on 1% agarose or 8%
polyacrylamide 8 M urea gels. After transfer to a GeneScreen
membrane (PerkinElmer Life Sciences), the blots were probed
with 59 32P-labeled oligonucleotides specific for each transcript
(sequences available upon request) as previously described (Briggs
et al. 1998). Levels of specific RNAs were normalized to ACT1
RNA levels after quantification by storage PhosphorImager
analysis (Molecular Dynamics).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this paper.
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