Widespread use of poly(A) tail length control
to accentuate expression of the yeast transcriptome
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ABSTRACT

Control of poly(A) tail length can affect translation and stability of eukaryotic mRNAs. Although well established for individual
cases, it was not known to what extent this type of adjustable gene control is used to shape expression of eukaryotic
transcriptomes. Here we report on microarray-based measurements of mRNA poly(A) tail lengths and association with the
poly(A)-binding protein Pab1 in S. cerevisiae, revealing extensive correlation between tail length and other physical and
functional mRNA characteristics. Gene ontology analyses and further directed experiments indicate coregulation of tail length
on functionally and cytotopically related mRNAs to coordinate cell-cycle progression, ribosome biogenesis, and retrotranspo-
son expression. We show that the 3’-untranslated region drives transcript-specific adenylation control and translational
efficiency of multiple mRNAs. Our findings suggest a wide-spread interdependence between 3’-untranslated region-mediated
poly(A) tail length control, Pab1 binding, and mRNA translation in budding yeast. They further provide a molecular explanation
for deadenylase function in the cell cycle and suggest additional cellular processes that depend on control of mRNA

polyadenylation.
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INTRODUCTION

In the nuclei of eukaryotic cells, a 5° m’G(5")ppp(5)N
cap structure and a 3’ poly(A) tail are added to nascent
(pre-)mRNA concurrent with gene transcription (Proudfoot
et al. 2002). Both cap and tail are known to influence
mRNA splicing, transport, translation, and stability. In
Saccharomyces cerevisiae, the coupled processes of mRNA
cleavage, polyadenylation, and trimming to a mature length
of ~ 70-90 adenosines are instructed by sequence elements
near the 3’ end of the transcript and carried out by a
multiprotein complex (Minvielle-Sebastia and Keller 1999;
Proudfoot et al. 2002). In a longstanding model, mRNA
cleavage and onset of polyadenylation by the nuclear
poly(A) polymerase Papl lead to the recruitment of
multiple molecules of the canonical poly(A)-binding pro-
tein Pabl to the emerging poly(A) tail. Pabl stimulates the
deadenylase PAN (a dimer of catalytic Pan2 and regulatory
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Pan3 subunits) to trim the tail to its mature length (Brown
and Sachs 1998; Mangus et al. 2004; Dunn et al. 2005). In
the cytoplasm, the poly(A) tail bound by Pabl cooperates
with the cap structure and its cognate binding protein
eukaryotic initiation factor (eIF) 4E during translation
initiation. As first discovered in yeast, the two ends of the
mRNA are brought in close proximity by a bridging
interaction of eIlF4G with both eIF4E and Pabl. This
closed-loop conformation of the mRNA is critical for
efficient translation initiation (Sachs and Varani 2000;
Mangus et al. 2003; Hentze et al. 2006), which in turn
antagonizes mRNA degradation (Schwartz and Parker
1999). A major mRNA decay pathway in eukaryotes begins
with a shortening of the poly(A) tail by the CCR4-NOT
complex (catalytic subunit Ccr4), followed by decapping
and degradation of the mRNA body (Meyer et al. 2004;
Parker and Song 2004; Yamashita et al. 2005). The CCR4-
NOT complex is inhibited by Pabl bound to the poly(A)
tail (Tucker et al. 2002). Thus, while PAN engages in initial
trimming of the poly(A) tail, CCR4-NOT is considered the
predominant deadenylase complex involved in mRNA
deadenylation (Daugeron et al. 2001; Tucker et al. 2001).
Much evidence supports a significant role for poly(A)
tail length control in gene regulation. microRNAs interfere
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with poly(A) tail function (Humphreys et al. 2005) and
cause mRNA deadenylation (Giraldez et al. 2006; Wu et al.
2006). Best understood is the example of “stock-piled,”
underadenylated maternal mRNAs in arrested Xenopus
oocytes. Controlled by cytoplasmic polyadenylation ele-
ments (CPEs) in their 3’-untranslated region (UTR), these
mRNA become readenylated and translationally active
during oocyte maturation and early embryonic divisions
(Mendez and Richter 2001; Read and Norbury 2002;
Colegrove-Otero et al. 2005). Drosophila ccr4 mutants have
specific defects in the female germ line (Benoit et al. 2005;
Morris et al. 2005), and male mice deficient for the CCR4-
associated factor Cafl (Pop2 in yeast) exhibit disruption of
spermatogenesis (Berthet et al. 2004). S. cerevisiae mutants
of the core deadenylase subunits Pan2, Pan3, Ccr4, or Pop2
display many genetic interactions indicative of their impor-
tance in cell-cycle control (Liu et al. 1997; Hata et al. 1998;
Hammet et al. 2002; Westmoreland et al. 2004; Traven et al.
2005; Pan et al. 2006; Woolstencroft et al. 2006).

In this study, we sought to identify the scope of poly(A)
tail length control in a eukaryotic transcriptome to explore
its cellular function(s) and the molecular mechanisms that
establish it. We devised a method, termed polyadenylation
state array (PASTA) analysis, which combines separation
of cellular mRNA on poly(U) Sepharose with subsequent
microarray analyses. PASTA surveys of the S. cerevisiae
transcriptome identified mRNA groups with tendencies
toward either long or short tails at steady state (~ 700
each). Microarray analyses of mRNA fractions purified
from an affinity-tagged Pabl strain demonstrated a positive
correlation between tail length and Pabl interaction. Tail
length correlated positively with ribosome density, and
negatively with open reading frame (ORF) and UTR
lengths. We further found extensive coregulation of poly(A)
tail length on functionally or cytotopically related mRNAs,
suggesting pervasive regulation of gene expression through
poly(A) tail length control. Finally, expression studies with
multiple chimeric green fluorescent protein (GFP) reporter
constructs showed that mRNA 3’ regions autonomously
mediate gene-specific poly(A) length control.

RESULTS

Separation of mRNA by poly(A) tail length

Binding to poly(U) Sepharose at low temperature, followed
by stepwise thermal elution, can be used to fractionate
cellular mRNAs by the length of their poly(A) tail (Palatnik
et al. 1979; Binder et al. 1994). We adapted this approach
for S. cerevisiae, where mature mRNA poly(A) tail lengths
are ~ 70-90 adenosines. Figure 1A shows the bulk tail
length distribution in fractions from a typical poly(U);og
chromatography run with RNA from exponentially grow-
ing wild-type BY4741 cells. Each fraction is enriched for a
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FIGURE 1. Fractionation of mRNA by poly(U)-Sepharose chroma-
tography. (A) Total RNA from BY4741 cells was fractionated on
poly(U) Sepharose by stepwise temperature increases (12°C—45°C, as
indicated above the panels). Separately, all bound mRNA was eluted
from poly(U) Sepharose in a single step (reference [45°C]). Aliquots
of each mRNA fraction were end labeled with [**P]-pCp, digested
with RNases A and T1, and poly(A) fragments analyzed by denaturing
PAGE. DNA markers are indicated on the left. (B) Schematic of the
LM-PAT assay. (C) To test for a PCR bias toward shorter amplicons,
total RNA was isolated from either wild-type cells (PAN2/CCR4) or a
deadenylase mutant strain (Apan2/ccr4-1). The cDNA synthesis step
of the LM-PAT assay was carried out separately for each RNA sample.
Both ¢cDNA preparations were then mixed in proportions outlined
above the panel, prior to PCR for MCDI mRNA. (D) Temperature
eluates were analyzed by LM-PAT with primers specific to the mRNAs
indicated to the left of the panels. Parallel assays were done with RNA
from wild-type (PAN2/CCR4) or mutant (Apan2/ccr4-1) strains. PCR
products were sized against a 100-bp DNA ladder to determine the
range of poly(A) lengths for each mRNA (indicated on the right).

CRT1
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distinct population of tail lengths (peak sizes [nucleotides]:
12°C, ~ 10; 25°C, ~ 205 30°C, ~ 27; 35°C, ~ 38; and 45°C
~ 58). There was minor contamination of long-tailed
mRNAs in the first two elution fractions. These mRNAs
may have bound nonspecifically to the matrix or through
internal poly(A) runs (note also that ethanol precipitation
may introduce some bias against short oligo(A) fragments).

To measure poly(A) tail lengths of individual mRNAs,
we used the ligation-mediated poly(A) test (LM-PAT) (Fig.
1B; Sallés and Strickland 1995). This RT-PCR-based assay
yields product sizes that reflect the poly(A) tail lengths
present on a specific mRNA. Note that the use of a
oligo(dT),,_13 mix and (dT),,—Anchor primer introduces
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some “laddering” of PCR products. Specifically, the lowest
“rung” in the LM-PAT ladder represents all short tails
(~v 7-22 adenosines, e.g., mRNA enriched in the 12°C and
25°C elution fractions) (Fig. 1A) that can accommodate a
single (dT);,—Anchor but not an additional oligo(dT);, 15
primer. LM-PAT results can also be affected by alternative
mRNA 3’-end processing. We have sequenced suspect bands
in some cases and found evidence for alternative 3'-cleavage
site usage in four cases (PWPI, SPA2, SMC3, IRRI) (data
not shown). A further concern with the method is that a bias
toward shorter poly(A) lengths may be introduced by
incomplete saturation of tails with oligo(dT),, ;s prior to
cDNA synthesis or a drift toward shorter amplicons during
PCR. We have included control reactions with total RNA
from a deadenylase double mutant Apan2/ccr4-1 strain
(Traven et al. 2005) throughout this study to guard against
this problem. Apan2/ccr4-1 cells are known to accumulate all
mRNAs examined thus far, with a homogenous tail reflect-
ing their initial endowment in the nucleus (Tucker et al.
2001, 2002). LM-PAT assays for numerous mRNAs showed
only one prominent band corresponding to fully adenylated
mRNA in the double mutant strain (additional data not
shown; Fig. 3, lane 2 in all panels; Figs. 1D, 6B,C),
demonstrating that there is no problem with incomplete
saturation of tails with oligo(dT),, 15 prior to cDNA
synthesis in the LM-PAT assay as used here. Similar results
were obtained with artificial transcripts carrying a defined
length of poly(A) tail, while reactions with a model
transcript carrying a continuum of tail lengths returned
the expected ladder of PCR products (data not shown; see
also Fig. 7C in Preiss et al. 1998). We further mixed cDNA
preparations from either wild-type cells (PAN2/CCR4) or a
deadenylase mutant strain (Apan2/ccr4-1) in different pro-
portions, followed by PCR for MCDI1 mRNA, which exhibits
mostly short tails in wild-type cells. We observed approxi-
mately linear relationships between the amount of each
c¢DNA added to the reaction and the amount of the
corresponding PCR products, demonstrating that the LM-
PAT assay as used here does not display a substantial bias
toward shorter PCR amplicons (Fig. 1C).

To further test the performance of the poly(U) chroma-
tography method, we carried out LM-PAT assays for three
mRNAs of known poly(A) tail length: MFA2 (long),
RPL46/39 (intermediate; Brown and Sachs 1998), and
CRTI mRNA (short; Woolstencroft et al. 2006). RNA
from each poly(U) chromatography eluate was analyzed
(Fig. 1C), alongside total RNA controls from a PAN2/CCR4
and a Apan2/ccr4-1 strain (for strain details, see Materials
and Methods). As expected, MFA2 and RPL46(39) mRNAs
with increasing tail lengths are present throughout all
elution steps, whereas CRT1 is detected as a short-tailed
mRNA eluting only in the low-temperature fractions.
Apan2/ccrd-1 cells accumulate all mRNAs with a homog-
enous tail reflecting their initial endowment in the nucleus
(Tucker et al. 2001). These results demonstrate that

984 RNA, Vol. 13, No. 7

poly(U) chromatography faithfully resolves bulk as well
as individual mRNAs into fractions of distinct poly(A) tail
lengths.

PASTA analysis

Next, we devised two strategies for microarray analysis of
poly(U) eluates. First, we used five separate arrays to
compare each eluate against reference mRNA (Fig. 2A). To
obtain this reference, bound mRNA was eluted from beads in
one batch at 45°C (reference [45°C]). Three biological repeat
experiments were performed, and array data were normal-
ized, replicate averaged, and further processed as detailed in
the Materials and Methods. Each mRNA elution profile is
normalized against the average elution pattern of all mRNAs,
represented by a spot ratio of one on each array. Second, we
compared pooled low-temperature fractions against a pool
of high-temperature eluates on a single microarray (three
biological repeats, data analysis as above; Fig. 2B). Here,
poly(A) status is represented by a single spot ratio, which is
greater than one for an mRNA with a higher proportion of
long-tailed molecules than average and less than one when
this proportion is below average. The two PASTA data sets
correlated well with each other (Spearman rank correlation
coefficient r = 0.6921, P < 0.0001) (data not shown). We
then classified the high-resolution elution profile data using a
self-organizing-map (SOM) algorithm-based approach, sim-
ilar to that applied to polysome profiles in previous work
(Preiss et al. 2003). Inspection of the SOM classes (data not
shown) suggested two groups of ~ 1250 mRNAs each, as
candidates for a high proportion of short- or long-tailed
mRNA molecules, respectively (Fig. 2A, bottom half). For
the pool comparison, we chose spot ratio cutoffs of > 1.33
and < 0.75 (Fig. 2B, bottom half) to generate pools of
roughly equal size to those derived from the SOM selection.
To suppress experimental noise, we then required an
equivalent tail length assignment in both experimental
approaches, yielding a combined PASTA-long list of 796
and a combined PASTA—short list of 612 mRNAs (Fig. 2C).
All detectable unassigned mRNAs were entered into a third
list (PASTA—unassigned, 4446 mRNAs). To independently
verify our PASTA selections, we performed LM-PAT assays.
In wild-type cells, candidates from the PASTA-long list
typically exhibited noticeable proportions of longer-tailed
molecules, while cases chosen from the PASTA—short list had
mostly short tails (Fig. 3A,B, left-most lanes). Estimates by
densitometry (dashed box) suggest a shift of at least threefold
in the long/short ratio between examples from the different
PASTA lists. LM-PAT assays were done with 34 mRNAs
from either the PASTA-long or —short lists and confirmed
these assignments in 31 cases (Figs. 3, 6, 7; see Table 2
below). These data indicate that our PASTA-long and —short
lists are highly enriched for “true” cases.

LM-PAT assays throughout this study were also done
with RNA from deadenylase mutant strains. These data



Adenylation control and gene regulation

elutlon temp OC) ref.
(45°C)

eIutxon temp (°C

@@i@@

{085

0004

SOM-long 10

=

pool-long

spot ratio

SOM-short

s pool-short

0.1
no.of mRNAs
elution temperature (°C)
o D
SOM-long pool-long
(1360) (1163) poly(A) state
ribosome 7 //I\\ UTR
occupancy: length
PASTA-long ribosome mRNA
SOM-short pool-short  density ¥ PNt length
(1182) (1128) 5
MRNA N | SN .
2 s % ORF size
abundance " |4 -
mRNA half-life

PASTA-short

FIGURE 2. Polyadenylation state array (PASTA) analysis. mRNA was fractionated as detailed
in Figure 1A. (A) For high-resolution PASTA analyses, each temperature eluate (reverse-
transcribed into Cy5-labeled cDNA) was compared against reference mRNA (ref. 45°C; Cy3-
labeled cDNA). The lower panels show the mRNA elution profiles of candidate mRNA groups
(SOM—short or SOM-long; averaged data from three biological repeat experiments). Profiles
are colored by spot ratio for the 45°C elution. (B) For low-resolution PASTA analyses, pools of
elution fractions were compared to each other by microarray (30°C, 35°C, and 45°C [Cy5-
labeled cDNA] versus 12°C and 25°C [Cy3-labeled cDNA]J). The graph displays the resulting
data (averaged spot ratios from three biological repeats against mRNA frequency; high over
low temperature pool). Outlined in purple are mRNA groupings chosen for further analysis
(pool-short or pool-long). (C) The diagrams illustrate the selection of mRNAs on the basis of
coherent tail length assignment in A and B. (D) Statistically significant relationships between
PASTA assignment and characteristics of mRNAs in S. cerevisiae taken from Table 1 are
visualized here in simplified form. Each parameter is represented as a black dot with
connecting lines indicating relationships as follows: Solid lines represent correlations exposed
by this study; dashed lines are correlations determined by previous studies (Graber et al. 2002;
Wang et al. 2002; Arava et al. 2003; Hurowitz and Brown 2003; Beyer et al. 2004; MacKay et al.
2004); green lines represent positive correlations; red lines represent negative correlations; and
black lines indicate no simple correlation. (Multiple connections indicate conflicting published
information.)

indicate that prevalence of short-tailed
forms in wild-type cells for any of the 44
mRNAs tested is not due to diminished
initial polyadenylation, as all had long
tails (> 55 adenosines) in the Apan2/
ccr4-1 strain (e.g., Figs. 1D, 3, 6B,C).
The ccr4-1 strain exhibited accumula-
tion of all mRNAs tested with tails of an
intermediate length (~ 25-45 adeno-
sines) (Figs. 3, 7C; see Table 2 below).
These results mirror changes in bulk
poly(A) tail length in these mutants
(data not shown). Results in the Apan2
strain revealed that mRNA from the
PASTA-long list showed increases in
long-tailed molecules in the absence of
Pan2, whereas those with a PASTA-
short assignment remained unchanged
(Figs. 3, 7C; Table 2 below). This sug-
gests a stronger dependence on Ccr4 for
mRNAs in the PASTA—short list.

Relationship of PASTA assignments
to established genome-wide trends

To detect global relationships between
our PASTA assignments and other
mRNA characteristics in S. cerevisiae,
we obtained microarray or serial analy-
sis of gene expression (SAGE) data sets
of mRNA half-life (Wang et al. 2002),
abundance, as well as ribosome density
(ribosomes per unit length of mRNA)
and occupancy (fraction of mRNA mol-
ecules bound to ribosomes) (Arava et al.
2003; Beyer et al. 2004; MacKay et al.
2004), observed mRNA length and total
UTR length (Hurowitz and Brown
2003), and predicted 3’-UTR length
(Graber et al. 2002). After calculating
the median and student’s T-test P-value
for all these parameters within each
PASTA list (Table 1), we found a posi-
tive correlation of poly(A) tail length
with ribosome density on the mRNA.
Negative correlations were observed
between poly(A) tail length and ORF
size, mRNA-, and (3’) UTR length.
Median mRNA abundance was strongly
increased in the PASTA-long list and
only marginally increased in the
PASTA-short list. The latter probably
reflects a small bias in the microarray
data toward more reliably detectable,
abundant mRNAs. Thus, we tentatively
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TABLE 1. mRNA characteristics

PASTA list

all mRNAs Unassigned Long Short
mRNA characteristics Median (No.) Median (No.) Median (No.) P-value Median (No.) P-value
Ribosome occupancy 0.780 (6165) 0.783 (4346) 0.813 (760 5e-6 0.800 (552) 0.015
Ribosome density (100 nt) " 0.360 (6165) 0.354 (4346) 0.430 (760 0.004 0.268 (552) 2 e-11
mRNA half-life (min): overall 21 (4687) 21 (3274) 20 (649 0.0005 20 (422) 0.1
mRNA half-life (min): pOIy(A)+ 13 (4687) 13 (3956) 11 (713 5e-7 13 (523) 0.1
mRNA abundance (c/c) 0.700 (6297) 0.631 (4369) 1.747 (771 2e-14 0.820 (548) 0.06
OREF length (nt) 1149 (5194) 1182 (3692) 783 (732 2 e-42 1983 (410) 5e-57
mRNA length (nt) 1437.5 (5194) 1469.5 (3692) 1052.5 (732 2 e-50 2252 (410) 5 e-51
UTR Iength (nt) 277 (5194) 277 (3692) 247.5 (732 1e3 314.5 (410) 0.061
Predicted 3’-UTR length (nt) 136 (6281) 136 (4298) 118 (746 3e5 139 (538) 0.15
Pab1-enrichment (this study) 2.25 (5865) 2.22 (4216) 3.08 (779 3 e-99 1.98 (585) 4 e-9

Genome-wide data sets on mRNA properties were obtained from published work as follows: mRNA half-life (Wang et al. 2002); abundance
(copies per cell), ribosome density (ribosomes per unit length of mRNA), and occupancy (fraction of mRNA molecules bound to ribosomes)
(Arava et al. 2003; Beyer et al. 2004; MacKay et al. 2004); ORF length, experimentally observed mRNA length, and total UTR length (Hurowitz
and Brown 2003); and predicted 3'-UTR length (Graber et al. 2002). mRNA enrichment with Pab1-protA was measured in Figure 4 of this study.
We calculated median values and student’s T-test P-values for these parameters within the different PASTA groups.

conclude a positive correlation between poly(A) tail length
and mRNA abundance. Microarray data are available for
overall mRNA half-life (based on random-primed cDNA
synthesis) as well as poly(A)" mRNA half-life (based on
oligo[dT] priming) (Wang et al. 2002). We found no clear
correlation of PASTA assignments with overall mRNA half-
lives, while there was a significantly reduced median
poly(A)" mRNA half-life in the PASTA-long list. The
graph in Figure 2D summarizes all identified global
relationships between poly(A) tail length and other mRNA
characteristics. We note that new and established relation-
ships within this correlative network are largely compatible
with each other, suggesting that poly(A) tail length control
is an important part of the gene regulation program of
S. cerevisiae.

Poly(A) tail length positively correlates
with Pab1 binding

Integral to models of poly(A) tail function is that a longer
tail will bind Pabl in larger numbers and/or with increased
affinity. To test this tenet on a genome-wide scale, we
generated a strain carrying protein A—tagged Pabl. Pabl—
RNA complexes were purified from cell lysates on IgG
Sepharose and eluted by TEV protease cleavage (Fig. 4A,B;
Gerber et al. 2004). We prepared RNA from Pabl purifi-
cations (three biological repeats) or mock purifications
(two biological repeats) as well as aliquots of total RNA
from each of the yeast cultures. Each purified RNA sample
was then compared with the corresponding total RNA by
microarray. The array data were processed to generate a
measure of mRNA enrichment with Pabl as detailed in the
Materials and Methods. Median enrichment was ~ 2.3-fold
across all mRNAs (Fig. 4C; Table 1), consistent with Pabl
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binding to most mRNAs. Figure 4D plots the frequency
of members of the different PASTA lists occurring within
the tagged Pabl enrichment ranking, illustrating a positive
correlation between tail length and extent of Pabl associ-
ation. Median values of Pab1 enrichment within the PASTA
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FIGURE 3. Confirmation of mRNA tail length distribution by LM-
PAT assay. Shown are analyses of five PASTA-long candidates in A
and five PASTA—short examples in B. For each case, assays were done
in parallel with total RNA from wild-type, Apan2/ccr4-1, Apan2, and
ccrd-1 strains (1, 3, 3, and 1 pg input, respectively). Range of poly(A)-
tail lengths is shown to the right of the panels. The dashed box
exemplifies quantification of PCR product size distribution by
densitometry that was done for all lanes with wild-type RNA. A ratio
of signal above to signal below the dashed line was calculated as an
arbitrary measure of mRNA tail length distribution. This ratio was
=1.5 for all examples in A and =0.5 for all cases in B.
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TABLE 2. mRNA data and primer sequences

mRNA data and primer sequences:

PASTA Other Stabilization Elongation

Gene score comment PAT primer sequence in ccr4-1 PAT length in Apan2
MFA2 Long CGATCACCACTGCTTCCACAC A~43 LONG YES
RPL46 Long CCAACAACACTATCCGTTACAACGC A~26 LONG YES
CRT1 No signal GTCATGAAATTCGTCAATGGCC A~50 SHORT NO
APQ12 Long GAAACGCCTCTGCTTACTCGG A~39 LONG YES
CYC1 Long GCCTGTGAGTAAACAGGCC A~41 LONG YES
TIM17 Long GCACCTTCCTCTCAACCTCTGC A~40 LONG YES
TOMZ20 Long GATGCGGTTGCTGAAGCTAACG A~37 LONG YES
CCT4 Short GATGATATTGCATTCAGCCG A~32 SHORT NO
CINS Short GTGGACAATGAGGGCTCGAG A~42 SHORT NO
COP1 Short GGGATTGTATTCTGCTCGACC A~34 SHORT NO
PAF1 Short CGCCCGAAACTTCAGATGCTG A~44 SHORT NO
PWP1 Short GGAGATGAGCATGATGACATGGC A~35 LONG (FP) YES
RPLT0 Long CCCAGAATACTTTGCTGCTC A~32 LONG YES
RPS13 Long CCGCCACTGCCTCCGCTTTGG A~24 LONG YES
RPS31 Long CCGTCTACAAGGTTAACGC A~35 LONG YES
RRP5 Short GCTACTGAGTATGTCGCTAGCC A~41 SHORT NO
MDN1 Short CTTTACAGACCTGGCATCCAGC A~41 SHORT NO
PUF6 Short GGCTCTCAGCTTTTGGCTAAATTG A~38 SHORT NO
scez Unassigned ~ SOM-short ~ CCGCACAGTTGGAGAATATTG A~49 SHORT NO
SMCT Unassigned ~ SOM-short ~ CTCGTCGAAGATCATAACTTTGG A~45 SHORT NO
MCD1 Unassigned > 0.75 CCTAGTTACGCCGAGGGGATTTC A~46 SHORT NO
SMC3 Short GGTAGCAATAAATTCGCTGAAG A~41 SHORT NO
IRRT Unassigned > 0.75 CACCCAACCGTGGTAGATGC A~46 SHORT NO
TYT (universal) Short GGATTCCTAWATCCTBGAGGAGAAC A~12-42 SHORT NO
HTAT Unassigned SOM-long GCCAAGGCTACCAAGGCTTCTC A~46 SHORT NO
ASH1 Unassigned CATAACTGAGACAGTAGAGAATTG A~42 SHORT NO
MYOT Short GAATCTACCATGATAGGCTCG A~40 SHORT NO
HHT1 Unassigned CAAGTTGGCTAGAAGATTAAGAGG A~41 SHORT NO
CDC14 Unassigned ~ SOM-short ~ GGACTACAAGCGCCGCCGGTGG A~42 SHORT NO
CDC37 Unassigned > 0.75 GGTGGCGGAGATAACCATGAAGAGG A~38 SHORT NO
BUD22 Short CATAACGTCTTCATCTCCTAAC A~41 SHORT NO
NOP4 Short GAGGTAGAACCATATTTATAGG A~38 SHORT NO
MBP1 Short GCAGAACAGATCATCACAATCTC A~51 SHORT NO
SECT16 Short GGAGGACCCAAACCAGCAAGTACG A~43 SHORT NO
EMP24 Long GAGAAGATTCTTTGAGGTCAC A=3Y LONG YES
ERG4 Long GTACGGAAAAGATTGGGATGAG A~44 LONG YES
CTR9 Short GCGAGGGTTAGAATCAAGAC A~37 SHORT NO
BNR1 Short CGCATGCTATGCTGAACGATATTC A~45 SHORT NO
TOM22 Long GATGCTGCAGCAACAGCC A~40 LONG YES
LEO1 Short GTTGCGGTCATCGAGGACGAC A~36 SHORT NO
RPT1 Unassigned GAGCGCATGGTTGGTGAATTGG A~38 SHORT NO
ADET Long CAGGGTCTAAATGGTCTCAC A~40 LONG YES
PEA2 Short GAGACGATCCACCAGATATGC A~44 LONG (FP) YES
SPA2 Short GAAGAGGCAAGTTTGAAGGACG ND ND NO
BRE2 Short GCCCTACAGCAATAAAGCAGC A~39 LONG (FP) YES
PAT-Primer GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT
GFP internal GGAAGCGTTCAACTAGCAGACC

forward
GFP internal CTGTTACAAACTCAAGAAGGACC

reverse
GFP-PAT GGTCCTTCTTGAGTTTGTAACA

LM-PAT assays were done with 34 mRNAs from the PASTA-long or —short list and confirmed these assignments in 31 cases. The PASTA-
unassigned list is depleted of mRNA species with a high proportion of long or short tails, but it is not a stringent selection for candidates of an
intermediate tail length (see main text for details). Therefore, we have not done any unbiased tests for assignment to this list. Ten mRNAs from
the PASTA-unassigned list were chosen for LM-PAT assay based on their gene ontology suggesting short tails. All were found to exhibit short
poly(A) tails, suggesting that our selection criteria for the PASTA-short list were conservative.
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FIGURE 4. Poly(A) tail length positively correlates with Pabl
binding. (A) Western blot of cell extracts from the control (mock)
or protein A-tagged Pabl strain (tagged) probed with B-tubulin
antibodies (Pabl-protA and tubulin bands indicated on the right). (B)
Material eluted from IgG Sepharose by TEV protease cleavage was
separated by 10% SDS-PAGE, followed by deep purple staining
(positions of cleaved Pabl and a copurifying protein [asterisk] are
marked on the right). (C) RNA was isolated from Pabl-protA or
mock purifications (Cy5-labeled ¢cDNA) and compared with total
RNA isolated from the corresponding yeast cultures (Cy3-labeled
c¢DNA) by microarray analysis. mRNA enrichment, Pabl-protA over
mock (derived from several biological repeats), is plotted against
mRNA frequency. Dashed lines indicate positions of the 1000th and
5000th mRNA in enrichment ranking. (D) The graph displays the
frequency of members of different PASTA groups occurring within
the Pabl-protA enrichment ranking using a 200-gene sliding window.

lists confirm this trend (Table 1). These data support a
functional relationship between poly(A) tail length and
Pab1 binding on a genome-wide level and add physiological
relevance to results obtained by the PASTA approach.

Poly(A) tail length coregulation of functionally
and cytotopically related mRNAs

Next, we assessed any statistically significant enrichment of
gene annotations within the PASTA—short or —long lists
using GOstat (http://gostat.wehi.edu.au/; Beissbarth and
Speed 2004). We found highly significant association of a
number of interrelated gene ontology (GO) terms from all
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three categories—molecular function, biological process,
and cellular component—with either the PASTA—short or
—long lists (for a full display, see Fig. 5). The GO terms
DNA/Ty element transposition (biological process) and
retrotransposon nucleocapsid (cellular component) associ-
ated with the PASTA—short assignment and were the most
highly enriched terms (~ 55% of all mRNAs with that
annotation were in the PASTA-short list, with P-values
= 10>°). LM-PAT using a primer universal to the TY1
3" long terminal repeat (LTR) confirmed that these tran-
scripts are severely underadenylated in wild-type cells, while
they are fully adenylated (~ 57 adenosines) in the Apan2/
ccr4-1 strain (data not shown), suggesting that deadenylation
of retrotransposon transcripts may limit their expression.

Ribosome biogenesis-related terms also featured prom-
inently in these analyses. High representation in the
PASTA-long list of mRNAs encoding proteins of both
subunits of the cytoplasmic ribosome (65 of 136 detected
by PASTA) (Fig. 6A) drove overrepresentation of several
relevant GO terms (structural constituent of the ribosome
[molecular function], P-value ~ 10™%, cytosolic ribosome —
small/~large subunit [cellular component], P-values
~ 107 '°-10"%°) with that assignment. By contrast, mRNAs
encoding nucleolar proteins involved in ribosome biogene-
sis were enriched in the PASTA-short list, driving over-
representation of GO terms such as ribosome biogenesis
and assembly, rRNA processing (biological process),
P-values ~ 10~ "2-10"", nucleolus (cellular component),
P-value ~ 10~ %, with that list. A group of ~ 220 mRNAs,
termed the RiBi regulon, are coregulated with cytoplasmic
ribosomal protein (RP) mRNAs in transcriptome profiling
studies across a variety of cellular conditions (Gasch et al.
2000; Beer and Tavazoie 2004; Grigull et al. 2004; Jorgensen
et al. 2004). Most RiBi genes encode proteins involved in
ribosome biogenesis, but other functions are also repre-
sented. We find that the RiBi regulon is enriched for the
PASTA-short assignment (55 of 220 detected by PASTA);
however, this does not apply uniformly to all constituent
functional subgroups (Fig. 6A). For instance, the ribosome
biogenesis subgroup in isolation is more highly enriched
for the PASTA—short assignment (45 of 135), while RiBi
members involved in ribonucleotide metabolism show the
opposite tendency (six of 22). The latter tendency also
persisted beyond the RiBi regulon in that a group of GO-
Biological Process terms related to ribonucleotide metab-
olism were enriched in the PASTA-long list, with P-values
ranging from ~ 10~* to 107> (Fig. 5C). Thus, PASTA
analysis indicates that a large cohort of transcriptionally
coregulated genes involved in ribosome biogenesis is
partitioned into distinct subgroups at the post-transcrip-
tional level along functional (e.g., ribosomal protein versus
ribosome biogenesis) and cytotopic lines (cytoplasmic
versus nucleolar protein localization).

Furthermore, coregulation of mRNAs encoding proteins
destined to mitochondria and the endoplasmic reticulum
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a PASTA list:
GO Molecular Function short long no.genes
catalytic
transferase
nucleotidyltransferase 143(122)
DNA-directed DNA Pol 34(68)
RNA-directed DNA Pol 27(52)
ribose phosphate diphosphokinase 4 [5(5)
hydrolase 4 99(752)
peptidase 9 37(158)
nuclease 144(140)
ribonuclease 32(100)
ATPase 4 32(170)
helicase
RNA helicase 4 13(41)
binding
protein binding 101(488)
nucleic acid binding 122(650)
RNA binding 88(399
structural molecule
str.constituent of the ribosome 82(231)
B p-value (-lg):
GO Cellular Component 222
intracellular 521(4996) — 16-21
ribonucleoprotein complex 105(467) et 10-15
organelle 6 |43(122) i 49
membrane-bound o. 420(3589) under- <3
organelle membrane 7 |97(478) repr. El 24
nucleus 5 [296(1979)
nuclear chromosome 32(173)
retrotransposon nucleocapsid 53(94)
nuclear lumen 112(586)
nucleoplasm 8 59(316)
transcription factor compl. | 5. 26(122)
nucleolus 8 56(298)
mitochondrion -
mitochondrial lumen 4 [37(163)
mitochondrial matrix 4 |37(163)
mitochondrial envelope 6 [54(231)
mitochondrial membrane 5 |46(195)
endoplasmic reticulum 5 |69(333)
non-membrane-bound o. 8 132(934)
cytoskeleton 5 36(196)
cell cortex 7 25(99)
cytoplasm 518(3577)
cytosol -
cytosolic ribosome pITNG7(172)
small subunit 10126(64)
large subunit L 40(93)
site of polarised growth 5 | |270145)
bud neck 4 [ ]23(106)

C

PASTA list:
GO Biological Process short long no.genes
cellular metabolism 359(3419)
nucleobase, -side, -tide, and nucleic acid metabolism 30 3 250(1510)
transcription 6 77(487)
transcription, DNA-dependent 7 73(445)
RNA elongation 4 10(26)
RNA metabolism 5 79(546)
rRNA metabolism 6 46 (249)
RNA processing 9 65 (349)
DNA metabolism 39 137 (557)
DNA recombination 39 70(192)
DNA transposition 56 58(108)
Ty element transposition 55 53(95)
DNA packaging 14 51(206)
cellular biosynthesis 11 4 174 (1117)
nucleotide bss. 4 18 (55)
ribonucleotide b.s. 4 15(39)
purine nucleotide b.s. 5 18(43)
purine ribonucleotide b.s. 4 15(38)
nucleoside monophosphate b.s. 4 10(17)
ribonucleoside monophosphate b.s. 5 10(15)
purine ribonucleoside m.p b.s. 5 10(15)
IMP b.s. 5 10(14)
amino acid derivative b.s.
biogenic amine bs. 4 10(19)
cell organisation and biogenesis 236 (1491)
organelle 0.&b. 186 (995)
cytoskeleton o0.&b. 50(287)
chromosome 0.&b. 64 (257)
establishment/mainten. of chromatin architecture 51(206)
chromatin modification 45(181)
covalent cm. 20(61)
histone modification 20(61)
chromatine remodelling 28(131)
chromatin assembly or disassembly 21(99)
chromosome condensation 7(11)
cytoplasm o.&b. 55(249)
ribosome biogenesis and assembly 55(249)
ribosome biogenesis 51(209)
rRNA processing 44(170)
cellular morphogenesis 4 29(155)
establishment/mainten. of cell polarity 5 24(106)
establishment of cell polarity 5 24(103)
cell division 4 26(127)
cell budding 4 18(81)
cell cycle 5 64 (400)
mitotic cell cycle 7 46 (232)
M phase 4 43(259)
M phase of mitotic cell cycle 6 32(147)
mitosis 6 32(147)
mitotic chromosome condensation 4 6(9)

FIGURE 5. Gene ontology term enrichment within the PASTA lists. The PASTA—long and—short lists were uploaded into the GOstat tool,
available at http://gostat.wehi.edu.au/ (Beissbarth and Speed 2004). GOstat was run with SGD as the gene ontology database, a requirement for
a minimal GO path of three, and correction for multiple testing by false discovery rate (Benjamini). Over- or underrepresented GO terms are
displayed only if the associated P-values were in the order of =10™*. Diagrams summarize association with terms from (A) molecular function,
(B) cellular component, and (C) biological process ontologies. Box shading indicates approximate P-value (see legend in the center of figure).

was suggested by enrichment of corresponding GO terms
(cellular component) within the PASTA-long list (Fig. 5B).
This trend is exemplified by the mRNAs encoding compo-
nents of the mitochondrial import machinery (11 of 29)
(data not shown). Enrichment of several additional nuclear
functionalities in the PASTA—short list was also apparent
(GO terms relating to chromosome condensation, chro-
matin remodeling and modification, DNA replication, and
RNA transcription and processing) (Fig. 5). Finally, we
noticed a propensity of short-tailed mRNAs to encode cell-
cycle-related polarity functions, suggested for instance, by
enrichment of the GO terms cytoskeleton, cell cortex, bud
neck (cellular component), P-values ~ 10~ *~10"7, or estab-
lishment of cell polarity, cell budding (biological process),
P-values ~ 107*-107°. Collectively, the enrichment of
multiple GO terms in either the PASTA-long or —short
lists indicate a widespread and purposeful use of differential
poly(A) tail length control in the transcriptome of
S. cerevisiae.

A corollary of the above is that mRNAs encoding
members of a protein complex tended to be enriched in
the same PASTA group. This is illustrated by the example
of cohesin, a complex required for cohesion between sister
chromatids. mRNAs for three of the six subunits of cohesin
(SMC3, IRR1, and REC8) were in the PASTA—short list. We
confirmed a short tail length for two of these by LM-PAT
assay and established that the three “unassigned” cohesin
mRNAs (SCC2, SMCI, MCD1) did in fact also have very
short poly(A) tails at steady state (data not shown). Thus,
mRNAs encoding all members of a protein complex can
display equivalent poly(A) tail length tendencies.

Origin of different mRNA polyadenylation states

Yeast cells reentering the cell cycle from stationary phase are
known to activate transcription of over 2500 genes within
minutes of nutrient repletion, including the RP and RiBi
genes (Radonyjic et al. 2005). Thus, we employed this readily
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FIGURE 6. The regulation of poly(A) tail length within functional
groups is linked to deadenylation kinetics. (A) The bar chart displays
the distribution of PASTA assignments within indicated mRNA
groups. (B, C) Total RNA was isolated from BY4147 cells in
stationary phase and after replenishing with fresh media (time-points
indicated above the panels). LM-PAT assays were done for six
mRNAs as indicated within the panels. Controls with RNA from
exponentially growing PAN2/CCR4 and Apan2/ccrd-1 cells are also
shown, and poly(A) tail lengths ranges are indicated to the right of
the panels.

accessible experimental system to investigate how distinct
adenylation states of transcriptionally coregulated mRNAs
are established. We followed three RP mRNAs (RPLIO,
RPS13, and RPS31), from the PASTA-long list (Fig. 6B),
and three mRNAs from the PASTA-short list (Fig. 6C),
which encode ribosome biogenesis factors (RRP5, MDNI)
and/or are part of the RiBi regulon (RRP5, PUF6). LM-PAT
assays were done on RNA isolated from stationary phase
cells at the indicated time points after suspension in to
fresh media; controls from exponentially growing PAN2/
CCR4 and Apan2/ccr4-1 cells were also included. The results
confirm the PASTA assignment for all six mRNAs (see
PAN2/CCR4 lanes; in total we confirmed the PASTA assign-
ment of four RP mRNAs and four RiBi mRNAs) (Table 2).
Importantly, an initial burst of transcripts with long poly(A)
tails is clearly seen for the mRNAs with a PASTA-long
assignment, which become slowly deadenylated toward a
steady-state length distribution. By contrast, the mRNAs
with PASTA-short assignment accumulate few, if any,
molecules with long tails, detectable only at 10 min. All six
mRNAs display long poly(A) tails in Apan2/ccrd-1 cells,
indicating that differences in their tail length distribution
are predominantly established through different rates of
deadenylation.
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Role of tail length control during the cell cycle

Our GO analyses showed that mRNAs encoding cell-cycle-
related functions are enriched in the PASTA—short list. This
is consistent with observations that both CCR4 and PAN2
interact genetically with cell cycle and DNA damage
checkpoint regulators (e.g. CRT1 [Woolstencroft et al.
2006], RAD5 [Westmoreland et al. 2004], and DUNI
[Hammet et al. 2002]). Thus, we predicted that genes
enriched in the PASTA-short list may, when deregulated,
generate cell-cycle-related or cell-morphology-related phe-
notypes. This was indeed born out by a statistically
significant enrichment of such phenotype descriptors (from
the MIPS nonessential haploid deletion set) in the PASTA—
short list (Fig. 7A, produced on the FunSpec Web site;
Robinson et al. 2002). Further, microscopy of deadenylase
mutant cells revealed morphological changes consistent
with cell size check point failure in cells lacking functional
Ccr4 and a failure in the axial-to-isotropic growth switch in
deletants of PAN2. Double mutants display a combination
of these defects with both an increased cell size and
elongation of the body axis (Fig. 7B). Similar observations
were made for Accr4 cells in a genomic scale screen (Zhang
et al. 2002). We also monitored the induction/deadenyla-
tion profiles of five cell-cycle-regulated genes (HTAI,
HTTI, ASHI1, MYOI, and MFA2) in a-factor synchronized
cells (Fig. 7C). This showed accumulation of polyadeny-
lated molecules in a temporal “spike” that is much tighter
than overall fluctuation in mRNA level for four of these.
Given the link between poly(A) tail length and translation
efficiency (Figs. 2D, 8; Table 1), translation of these mRNAs
will only be efficient during the spike period. Taken
together, these observations suggest that mRNA-specific
control of deadenylation is important for cell-cycle pro-
gression, by delimiting the expression of many mRNAs in
the PASTA—short list to shorter intervals than suggested by
changes in mRNA expression level.

3’-UTRs drive differences in mRNA polyadenylation
state and protein synthesis

Translational fitness and decay of many individual mRNAs
have been linked to their 3'-UTRs (Muhlrad and Parker
1992; Wickens et al. 2002; Colegrove-Otero et al. 2005;
Hentze et al. 2006). To test for a 3'-UTR involvement in
establishing mRNA-specific tail length as seen here, we
engineered and constitutively expressed a series of GFP
reporter plasmids in wild-type cells. The plasmids con-
tained immediately after the GFP stop codon, 500 base
pairs (bp) of 3’ genomic sequence taken from 10 candidate
genes, as well as two TY1 element LTRs. LM-PAT assays
revealed that in all cases the 3" sequences conferred poly(A)
tail length distribution to the GFP reporter mRNA, as seen
with the endogenous transcripts under the same condi-
tions. GFP protein expression from these constructs
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PASTA list:

deletion phenotype: short long no.genes

Conditional phenotypes 86(535)
Cell cycle defects 48(274)
Cell morphology and organelle mut. 77(530)
Transcriptional mutants 5 18(76)
other cell cycle defects 5 35(207)
Slow-growth (slg) 4 38(236)
Heat-sensitivity (ts) 4 46(313)
Nucleic acid metabolism defects 4 35(218)
other cell morphology mutants 4 14(57)
Silencing mutants 3 8(26)
Budding mutants 3 21(120)
Tubulin cytoskeleton mutants 3 13(65)
other cell wall mutants 3 14(73)
Mating efficiency 3 8(31)
Cell wall mutants 3 27(185)
Spindle mutants 3 7(26)
Mating and sporulation defects 3 28(199)
Cytoskeleton mutants 3 18(113)
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FIGURE 7. poly(A) tail length control is important during the cell cycle. (A) PASTA lists were
uploaded onto the FunSpec Web site (http://funspec.med.utoronto.ca/; default parameters;
Robinson et al. 2002) and analyzed for enrichment of MIPS nonessential haploid deletion
phenotype descriptors. The table lists all associations with a P-value of ~ 10~ or less; box
shading indicates approximate P-value (see legend to the right of the table). No significant
enrichment was found with the “unassigned” group. (B) DIC images (equal magnification) of
the indicated yeast strains. Morphological changes are consistent with cell size-check point failure
in ccr4-1 cells and a failure in the axial-to-isotropic growth switch in A pan2 cells. Double mutants
display a combination of these defects with increased cell size and body axis elongation. (C) LM-
PAT assays were done on total RNA samples taken from wild-type cells before, and at indicated
time-points after, release from mating factor synchronization. The HTA1, HHTI, ASHI, MYOl,
and MFAI mRNAs all fluctuate in transcript level during the time-course. LM-PAT data for
RPL46(39) is shown in the bottom panel as a control with approximately constant mRNA level
and adenylation state throughout the time-course. Although the MYOI mRNA is clearly induced
at 50 min after cell-cycle release, no long-tailed form is seen, possibly because deadenylation of
MYOI1 mRNA proceeds too quickly to be captured in our assays. Results with total RNA from
unsynchronized wild-type, Apan2/ccr4-1, Apan2 and ccr4-1 strains (as in Fig. 3) and estimated
poly(A) tail lengths are further shown to the right of the panels. The dashed boxes frame time-
points where mRNA deadenylation following transcript induction is seen. Signals within the
dashed boxes were quantified and partitioned into intensity derived from mRNA with an
elongated or a minimal poly(A) tail (cut-off indicated by the dashed horizontal lines). This
yielded the following long/short intensity ratios: (20, 30, 40 min) HTAI, 2.171, 0.901, 0.489;
HHTI, 0.923, 0.312, 0.208; (60, 70, 80 min) ASH1, 1.413, 0.579, 0.573; MFA2, 2.287, 1.390, 0.991.

furthermore positively correlated with
the tail-length (data not shown).

Next, we introduced the inducible
GALI promoter into our GFP plasmids
and followed mRNA deadenylation and
protein expression over time after gen-
erating a transcriptional pulse using a
galactose induction/ glucose repression
regimen (Decker and Parker 1993).
Shown in the upper panel of Figure
8A are LM-PAT assays of GFP tran-
scripts terminated by 3'-UTRs derived
from the RPLI0O, MDNI1, or MCDI
genes. While the GFP-RPLI0 mRNA is
deadenylated slowly, GFP-MDNI and
GFP-MCDI are deadenylated rapidly,
with short-tailed forms predominating
by 15 min after glucose repression.
These patterns match the deadenylation
kinetics and steady-state tail distribu-
tions of the corresponding endogenous
transcripts (data not shown; Fig. 6C).
We also performed semiquantitative
PCR with primers amplifying an inter-
nal portion of the GFP transcripts (mid-
dle panel in Fig. 8A). The results suggest
some increases in transcript turnover at
later time points (~ 25-30 min) for
GFP-MDNI and GFP-MCDI compared
with GFP-RPL10, and they reveal a
minor resurgence of transcription at
the 40-min time point. This imperfec-
tion was previously seen in this induc-
ible system (Decker and Parker 1993)
but does not affect interpretation of the
experiment, which is based on observa-
tions at earlier time points. Next, we
measured GFP protein expression in the
same cultures by quantitative Western
blotting (Fig. 8B, representative of four
independent experiments). There was
some lag time between mRNA induc-
tion (at 5 min) and an visible increase in
GFP protein (at 10-15 min). Quantita-
tion of the ratio of GFP signal over the
GAPDH loading control (Fig. 8C)
shows that, from the earliest time point
onward, GFP expression correlates pos-
itively with mRNA poly(A) tail length.
Similar trends were observed with GFP-
chimera exhibiting the 3'-UTRs of the
RPL46(39) or the CRTI mRNA (speci-
tying slow or fast deadenylation, respec-
tively) (data not shown). Collectively,
these results demonstrate that multiple
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FIGURE 8. The 3'-UTR drives adenylation state and protein expression level. GALI-regulated
GFP constructs harboring the indicated 3'-UTRs were maintained in BY4741 cells. Transcrip-
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fluorescent imaging. (C) Graph of corresponding GFP/GAPDH protein ratios over time (ratio

tion of tail length with an ability to
interact with Pablp and mRNA trans-
lation efficiency (ribosome density) on
the mRNA. This strongly suggests that
the translational functions of Pabl and
poly(A) tail length identified in single
gene studies are important for the
expression of substantial proportions
of the transcriptome.

The lack of a positive correlation
between poly(A) length and mRNA
half-life observed here was a surprise.
Although this may be due to poor
microarray data compatibility between
separate studies and laboratories, we
also find no such correlation in fully
coherent data obtained for S. pombe
(Lackner et al. 2007). Genome-wide
studies have found global mRNA half-
lives to be significantly longer than
poly(A)™ half-lives (Wang et al. 2002),
indicating that the model of poly(A)
shortening as a prerequisite for further
mRNA decay holds true on a transcrip-
tome-wide level. Work with exemplary
mRNAs has described poly(A) shorten-

for GFP-3'RPLI0 at 40 min set to one).

3’-UTR sequences can drive gene-specific differences in
mRNA adenylation state outside their normal genomic and
mRNA sequence context. These differences are set up
through differences in mRNA deadenylation rates and
correlate positively with protein synthesis from the mRNA.

DISCUSSION

poly(A) tail lengths and other mRNA characteristics

The surveys of poly(A) tail length and function in the
transcriptome of S. cerevisiae reported here document the
importance of poly(A) tail length control to eukaryotic
gene regulation. The multiple correlative relationships of
tail length and several other physical and functional
characteristics of the S. cerevisiae transcriptome (Fig. 2D;
Table 1) suggest a remarkable level of integration in gene
expression. Comprehensive genome-wide analyses in Schiz-
osaccharomyces pombe further demonstrate evolutionary
conservation of these relationships between the distantly
related yeasts (Lackner et al. 2007). Any global correlation
between mRNA characteristics could imply mechanistic
relationships or reflect independent co-opting of parame-
ters to suit an overall goal in gene expression. Definitive
statements in this regard are not possible on the basis of
global data alone, but our evidence is indicative of
particular scenarios as follows. We find a positive correla-
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ing to an oligo(A);_; tail, and the decay

of this oligoadenylated intermediate as
kinetically distinct and mechanistically separable phases of
turnover (Decker and Parker 1993). Together with the
prevalence of oligo(A)-tailed mRNA observed in our LM-
PAT assays, this suggests as a testable scenario that pro-
cesses acting on the oligo(A)-tailed intermediate (e.g.,
terminal deadenylation, decapping) may limit the decay
rate of a large enough number of yeast mRNAs to preclude
detection of a clear genome-wide trend. The negative
correlation of ORF length and mRNA length with poly(A)
tail length is reminiscent of the inverse relationship
between ribosome density and ORF length found in S.
cerevisiae (Arava et al. 2003) as well as S. pombe (Lackner et
al. 2007). The length of an ORF is subject to constraints in
terms of the encoded protein function and thus this may
represent an example of co-opted parameters (see also
Arava et al. 2003). Finally, the negative correlation between
poly(A) tail- and 3’-UTR length is suggestive of regulatory
elements residing in the 3'-UTR (see also below).

Cellular roles of poly(A) tail length control

Our PASTA analyses demonstrate a striking coregulation of
poly(A) tail lengths on functionally and cytotopically related
mRNAs. This is consistent with early observations that
protein coding potential was not distributed evenly between
cellular mRNA fractions of different poly(A) tail length in
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Dictyostelium discoideum (Palatnik et al. 1979), and with
recent studies to identify polyadenylation-controlled neuro-
nal mRNAs (Du and Richter 2005) and post-transcrip-
tionally regulated Xenopus tropicalis maternal mRNAs
(Graindorge et al. 2006). Our data further broadly support
the “post-transcriptional operon” model, which posits that
eukaryotes coregulate related mRNAs based on their func-
tional organization in ribonucleoprotein (RNP) complexes
(Keene and Lager 2005). We chose to analyze this issue
further for the mRNAs encoding proteins of the cytoplasmic
ribosome and ribosome biogenesis factors. Our data indicate
that cells adjust the expression of RP mRNAs to be sustained
and efficient by keeping the tail long, while ribosome bio-
genesis mMRNA expression is under stricter control through
more avid deadenylation. This demonstrates that poly(A)
tail length control divides this group of transcriptionally
coregulated mRNAs into distinct subclasses, suggesting a
previously unrecognized mode of regulation of ribosome
biogenesis. The latter may have interesting implications for
cell-cycle control, as the rate of ribosome synthesis was
proposed to set the critical cell size threshold at the G,/S
phase transition of the budding yeast cell cycle (Jorgensen
et al. 2004) and connections have been made between nucleo-
lar function and DNA replication, positioning of the mito-
tic spindle, mitotic exit, or cytokinesis (Dez and Tollervey
2004). Further links to the cell cycle abound among the GO
terms and MIPS deletion phenotypes enriched with the
PASTA-short list and our deadenylase mutant strains
display cell-cycle-related phenotypes. This indicates that
many mRNAs encoding cell-cycle-relevant functions are
present with mostly short tails in a mixed cell population,
and suggests that appropriate (temporal) limitation of their
expression during the cell cycle depends on proper dead-
enylase function (see Fig. 7C). This provides an attractive
explanation for the reported genetic interactions of the
deadenylases with cell-cycle regulators (Hammet et al.
2002; Westmoreland et al. 2004; Woolstencroft et al. 2006).

S. cerevisiae appears to lack cytoplasmic poly(A) poly-
merases to readenylate mRNAs and thus establishes any
waves or spikes of polyadenylated mRNAs mainly through
a combination of transcriptional control and differential
deadenylation rates. S. pombe and higher eukaryotic cells
possess cytoplasmic poly(A) polymerases, and ample evi-
dence in these organisms documents the importance of
cytoplasmic polyadenylation during the meiotic and
mitotic cell cycle (see Introduction; Groisman et al. 2002).
This suggests deep evolutionary conservation of poly(A) tail
length control in the context of the eukaryotic cell cycle,
which can be further explored with the PASTA method
described here.

Mechanism of poly(A) tail length regulation

The genome-wide studies reported here establish global
positive correlations between poly(A) tail length, Pabl

binding, and efficiency of mRNA translation. They further
suggest a mechanistic involvement of the 3’-UTR, which is
substantiated by experiments with GFP-3'-UTR fusion
constructs. This is fully consistent with models established
previously for individual examples; however, since our
observations are based on genome-wide surveys, they
establish these principles for a substantial portion of the
yeast transcriptome. Pulse-chase analyses with the chimeric
GFP mRNAs demonstrate a tight temporal correlation
between mRNA tail length and translation and highlight
the accumulation of an oligoadenylated mRNA intermedi-
ate prior to decay of the mRNA body. The experiments
demonstrate that the 3’-UTR drives these mRNA-specific
differences and suggest that changes in translation effi-
ciency are primarily responsible for differences in protein
expression. Our conclusions are valid for exponentially
growing cells, but it is an attractive possibility that cells may
disrupt the link between poly(A) tail length and translation
in response to physiological cues, as recently described for
environmental stress (Hilgers et al. 2006).

Detailed studies for each individual mRNA species will
be required to determine the exact mechanistic relation-
ships between 3'-UTR function, poly(A) tail length, trans-
lation, and mRNA decay. An example is set by the HO
mRNA, which is regulated at the post-transcriptional level
by binding of Puf5 and Puf4 to its 3'-UTR. Both PUF
proteins interact with Pop2 and recruit the Ccrd de-
adenylase and associated proteins (Tadauchi et al. 2001;
Goldstrohm et al. 2006), including the translational repres-
sor Dhh1 (Coller and Parker 2005). This enhances HO
mRNA deadenylation, destabilization, and possibly also
translational silencing (Goldstrohm et al. 2006). Specific
mRNA targets have been identified for all six S. cerevisiae
PUF proteins. Each PUF target group exhibits common
themes in the functions and subcellular localization of the
proteins they encode (Gerber et al. 2004), which broadly
match those that we find enriched in our PASTA lists.
Furthermore, genome-wide studies have shown that Ccr4,
Pan2, and Puf4 all contribute to the decay of mRNAs
encoding ribosomal proteins and ribosome biogenesis
factors, while another RNA-binding protein, Publ, prefer-
entially stabilized RP mRNAs (Grigull et al. 2004). Puf6
represses translation of ASHI mRNA and possibly several
additional mRNAs that localize to the distal bud tip (Gu
et al. 2004).

Oligoadenylated mRNA may represent a state of trans-
lational silencing or imminent decay, suggesting that
inclusion of an mRNA in our PASTA—short list may reflect
on the removal of the mRNA from polysomes toward the
repressive environment of processing (P-) bodies. This
notion is supported by the presence of Ty retrotranspo-
son-derived transcripts in our PASTA—short list. Virus-like
retrotransposon particle assembly takes place at or near
P-bodies. As P-bodies are sites of mRNA degradation and
storage (Brengues et al. 2005), it has been suggested that
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P-body-associated translational repression promotes
assembly of retrotransposon RNA into virus-like particles
(Beliakova-Bethell et al. 2006). Our observations suggest
poly(A) tail length control as another aspect of this switch
from translation to packaging of retrotransposon RNA.
P-bodies fluctuate during the cell cycle (Lian et al. 2006),
possibly tying them in with the cellular functions of
poly(A) tail length control described here. Further, the
P-body-resident Dhhl binds Pop2 and DHHI interacts
genetically with CCR4 and POP2 (Hata et al. 1998; Coller et
al. 2001). Thus, in current work we address the possible
involvement of the PUF proteins and P-bodies in dynam-
ically establishing transcriptome-wide poly(A) tail length
patterns.

MATERIALS AND METHODS

Yeast strains and culture

To generate the protein A-tagged PABI strain, primers designed
with 40 nucleotides (nt) of PABI sequence directly upstream and
downstream of the native stop codon were used in PCR with pYM8
cassette (Knop et al. 1999) as a template. The integration cassette
was transformed into W303-1A cells (MATa ade2-1 canl-100 his3-
11,15 leu2-3112 trpl-1 ura3-1) and correct integration determined
by PCR and Western blotting. Integration of this tag had no impact
on cell growth under normal conditions. The CCR4/PAN2 wild-
type (Y136=MATa trpll ura3-52 gcn4 leu2::PET56), and ccr4-1
(Y369=Y136 but ccr4-E556A) strains were gifts from Jorg
Heierhorst, St. Vincent’s Institute, Melbourne, Australia (Traven
et al. 2005). To generate Apan2 mutants, the disruption cassette
was amplified from the Euroscarf (BY4741) deletion series and
transformed into Y139 and Y369 to generate the isogenic Apan2
(YTP1) and Apan2/ccr4-1 (YTP2) strains.

For PASTA analyses, BY4741 cells were grown in YPAD to an
ODgp of 0.5-0.8. In refeeding experiments, BY4741 cells were
grown to saturation overnight, 50 OD units were harvested,
washed and resuspended in 50 mL fresh media, and incubated
at 30°C. Samples (5 mL) were taken at indicated time intervals
into tubes containing 100 wL 10% aqueous sodium azide, pelleted,
washed in dH,0, and snap-frozen for RNA analysis. For cell-cycle
experiments, 50 OD units of BY4741 cells (ODgoo ~~ 0.5) were
harvested and resuspended in to 250 mL fresh media containing
300 pg/mL of mating factor (Sigma T-6901) and incubated for
~ 80 min at 30°C. Cells were monitored by microscopy until
> 90% were large unbudded cells (Amon 2002). Synchronized
cells were harvested, washed once, and resuspended in 100 mL
fresh media. Samples (~ 5 OD units) were taken at 10-min
intervals, washed in dH,O, and snap frozen for RNA analysis.
DIC images were captured using a Zeiss Axioplan microscope.

GFP reporter constructs

We amplified 500 bp of 3" sequence from within ~ 20 bp of the
gene’s native stop codon with primers that include a BamHI or
BgllI site immediately followed by a stop codon at the 5" end,
and a Kpnl site at the 3’ end to facilitate the replacement of the
original CYCI terminator of the pMET25 GFP $°°T plasmid (Egan
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et al. 1999). Inclusion of the stop codon in the primer ensured
that the same carboxy terminus was present on GFP in all cases.
For steady-state RNA expression studies (data not shown),
BY4741 cells transformed with the reporter constructs were grown
to ODggo 0.5-0.8 in synthetic glucose media supplemented with
CSM-URA (Bio-101 Systems).

Plasmids for galactose transcriptional pulse chase experiments
were generated by replacing the MET25 promotor (flanked by Sacl
and Spel) from plasmids detailed above by the 820bp GALI
promoter (a gift from Gabriel Perrone, UNSW, Sydney, Australia).

Poly(A) tail measurements

To measure poly(A) tail lengths of multiple individual mRNAs,
we used the Ligation-Mediated poly(A) Test (LM-PAT) assay (see
schematic in Fig. 1B; Sallés and Strickland 1995); 1-3 pg total
RNA, or 10% of each fraction eluted from poly(U) chromatog-
raphy, served as input for the LM-PAT assays. Briefly, RNA was
first incubated with oligo(dT);, ;s primers in the presence of
T4-DNA ligase at 42°C. This creates a poly(dT) copy of each
mRNA’s poly(A) tail within the sample. Addition of an excess of
(dT) ,—anchor primer and further incubation at 12°C favors
annealing of the anchor primer to unpaired poly(A) ends and
ligation to the poly(dT) stretch. This assembly is then used to
prime synthesis of first-strand ¢cDNA with Superscript II (Invi-
trogen). Aliquots of this cDNA were then used as templates in
PCR reactions with primers specific to the mRNA 3'-UTR of
choice and the anchor region. Fast-Start polymerase (Roche) was
used to avoid preferential amplification of shorter amplicons. LM-
PAT PCR products were visualized by 2% high-resolution agarose
gel electrophoresis (Agarose 1000, Invitrogen) and scans on a
FLA-5100 imager and MultiGauge software (Fuji).

For bulk poly(A) tail length analysis, 90% of each poly(U)
chromatography fraction was 3'-end labeled with [**P]-pCp and
digested with RNAses A and T1 as described (Minvielle-Sebastia
et al. 1991). Poly(A) tracts were resolved by denaturing (urea)
16% PAGE and analyzed by autoradiography or phosphorimaging
using the Fuji FLA-5100 imager.

Poly(U) Sepharose chromatography

The procedure was based on published protocols (Binder et al.
1994), with modifications. Dry poly(U),qy Sepharose 4B (GE
Healthcare) was hydrated and washed three times in 0.1 M NaCl
and 10 mM Tris-HCI (pH 7.4) at room temperature. Then followed
washes in elution buffer (EB; 0.1 M NaCl, 0.01 M EDTA, 0.5 M
Tris-HCl at pH 7.4, 0.2% SDS, 25% formamide) and high salt
binding buffer (HSBB; 0.7 M NaCl, 0.01 M EDTA, 0.5 M Tris-HCl
at pH 7.4, 0.2% lauryl sarcosine, 12% formamide), one time each
for 5 min at 70°C. Total cellular RNA was purified using the Hot
Phenol method. For each run, 600 wL of HSBB, ~ 150 pL of wet
gel volume, and 150 pg of total yeast RNA were denatured for
5 min at 70°C in 1.5 mL tubes. For binding, tubes were incubated
in an Eppendorf Thermomixer (1100 rpm in a cold room), first for
10 min at 35°C, followed by cooling to 12°C for 90 min (including
~ 25 min ramp-down time). The matrix was washed four times
with HSBB at 12°C for 5 min. Each thermal elution step was per-
formed in the Thermomixer, by resuspending the matrix in 600 pL
EB at the specified temperature for 5 min. The supernatant from a
1/2 min microcentrifuge spin at 6000 rpm containing the
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eluted mRNA was removed with an insulin syringe, respun and
precipitated in 2 vol ethanol and 1/10 vol of 5 M NaCl, and
coprecipitant (glycogen or Pellet Paint, Novagen). mRNA was
resuspended in H,O and desalted using BIO-RAD Micro Bio-Spin6é
columns.

For high-resolution PASTA analyses, corresponding elution
fractions from three parallel poly(U) chromatography runs were
reverse-transcribed and labeled with Cy5. As a reference sample,
three single-step eluates at 45°C were pooled and then split into
five aliquots for reverse transcription and Cy3 labeling. For low-
resolution PASTA analysis, the 30°C, 35°C, and 45°C fractions
(Cy5-labeling) were pooled and reverse-transcribed, as were the
12°C and 25°C fractions (Cy3-labeling).

RNP affinity purification

Purification of protein A-tagged Pabl/mRNA complexes was per-
formed as described (Gerber et al. 2004). RNA was isolated from
tagged Pabl purifications or from mock purifications using an
isogenic untagged strain. In parallel, total RNA was isolated from
an aliquot of each of the yeast cultures. Cy5-labeled cDNA was
made from each purified RNA sample and compared on a
microarray to Cy3-labeled ¢cDNA prepared from corresponding
total RNA. Microarray methods were as detailed below except that
a 1:1 mixture of random decamer and anchored dT,,VN was used
for reverse transcription.

Microarray methods

Reverse transcription and dye coupling were performed as des-
cribed in the TIGR protocol (http://pga.tigr.org/sop/M004_
la.pdf). Aliquots of spike-in RNAs (Lucidea ScoreCard, GE
Healthcare) were added to samples where required. Labeled
c¢DNAs were hybridized to spotted oligonucleotide microarrays
(MWG Biotech set of 40-mer probes for 6250 yeast ORFs; UNSW
Center for Gene Function Analysis). Hybridization and wash
conditions were as previously described (Gelling et al. 2004).
Images were recorded on an Axon GenePix 4000A scanner with
software GenePix 5.0. GPR files were installed in GeneSpring 7.2
for Lowess normalization and further data processing. Microarray
data are available through ArrayExpress.

For high-resolution PASTA, three biological repeat experiments
were performed and replicate averaged. Weak and/or low quality
signals were removed by accepting only spots flagged “present”
and applying filters on minimal intensity (> 15 in both channels)
and number of replicate measurements (two or more replicates
in at least three of five conditions). Additional removal of 11
nonsensical elution profiles left 5772 elution profiles for further
analysis. For low-resolution PASTA, the same criteria for spot
quality and intensity were applied, qualifying spot ratios of 6121
mRNAs for further analysis.

RNA preparations from the protA-Pabl and mock purifications
received aliquots of spike-in RNAs (Lucidea ScoreCard, GE Health-
care) prior to reverse transcription. Array data from the protA-Pabl
and mock purifications were normalized against ScoreCard sig-
nals, replicate data averaged, and minimal spot intensity filters
applied as detailed above. Each mRNA’s ratio from the protA-Pabl
microarrays was finally divided by that mRNA’s ratio in the
mock microarrays to generate a measure of mRNA-enrichment
with Pabl.

Pulse chase analysis of GFP reporter mRNAs

BY4741 cells were transformed with Gall-driven plasmids har-
boring the GFP coding region followed by 500 bp of sequence
taken from regions immediately 3" of the stop codon of different
genes. Cells were grown in synthetic CSM-URA (Bio-101 Systems)
with 2% raffinose to an ODgg of 0.7-0.9. Two percent galactose
was added to activate transcription. Repression was achieved by
the addition of 4% glucose. Aliquots of cells (5 ODggp units for
RNA or 1 ODgq unit for protein analysis) were harvested directly
into prechilled tubes containing 1/100 volume of 10% aqueous
sodium azide at each time point. Cells for RNA extraction were
flash-frozen and treated as above. Total cellular protein was
extracted using the NaOH/TCA method (Yaffe and Schatz
1984). Quantitative Western blot was performed using the LI-
COR Odyssey Infrared Imager. Anti-GFP and -GAPDH antibodies
were gifts form Trevor Lithgow, University of Melbourne,
Melbourne, Australia. Fluorescent secondary antibodies were anti-
mouse/alexa-680 and anti-rabbit/alexa-750 conjugated antibodies
(Invitrogen).
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