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1. Summary
Gene expression is regulated at multiple levels to ensure coordinated synthesis of the cells‘
macromolecular components. Besides transcriptional regulation, the control of the later
post-transcriptional steps has substantial impact on gene expression with widespread
implications in physiologically important processes such as development, metabolism,
neuronal function, and for cancer progression. On the one hand, such regulation is mediated
by RNA-binding proteins (RBPs) that control almost every aspect of RNA‘s life in a
dynamic manner from RNA maturation, quality control, localization, translation and
degradation. On the other hand, mRNAs are also post-transcriptionally regulated via
physical interactions with small non-coding RNAs. The best characterized class of such
RNAs is microRNAs (miRNAs), ~22 nucleotide long RNA molecules that negatively
regulate gene expression. Hundreds of RNA-binding proteins (RBPs) and miRNAs are
present in eukaryotic genomes, rivaling in number other classes of regulatory molecules
such as transcription factors and kinases and thus, suggests and elaborate system for posttranscriptional control that may affect virtually every message in a cell.
Whereas many classical studies explored the molecular function and physiological
impact of post-transcriptional regulation on specific mRNA substrates, the recent
development of genome-wide analysis tools enables now to study the extend and logic of
post-transcriptional gene regulation (PTGR) on a global scale. I have pioneered such
‗ribonomic‘ studies and established methods to affinity isolate RNA-binding proteins and
systematically analyzed bound RNAs with DNA microarrays for more than 50 RBPs from
yeast, flies, and humans. These studies revealed that RBPs preferentially associate with
messages that share common functional and structural attributes suggesting the presence of
a highly complex and interweaved post-transcriptional regulatory system. In addition,
unraveling the RNA targets for particular RBPs has lead to new insights into their molecular
and physiological function. In this habilitation thesis, I summarize some of these
investigations and provide an outlook for future research and potential applications for
pharmaceutical sciences.
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2. Introduction
2.1 Posttranscriptional gene regulation
Regulation of gene expression is fundamental for the coordinated synthesis, assembly and
localization of macromolecular structures of cells (Maniatis and Reed, 2002; Orphanides
and Reinberg, 2002). Work during the last decades has revealed that this is achieved by a
multistep program, which is highly interconnected and tightly regulated at the diverse steps
(Orphanides et al, 2002). Thereby, research has mainly focused on the first steps of gene
expression, namely the transcriptional control mediated by transcription factors (TF) that
activate genes by binding to specific DNA promotor sequences and recruit RNApolymerases for RNA synthesis. Whereas the roles of TFs, chromatin structure and
modifications are undisputed, it is now also becoming increasingly recognized that control
of the later post-transcriptional steps has substantial regulatory impact with pivotal roles for
development, metabolism, neuronal function and aging (Costa-Mattioli et al, 2009;
Kuersten and Goodwin, 2003; Tavernarakis, 2008).
Post-transcriptional gene regulation has been divided into several subsequent steps
(Fig. 1). Upon synthesis of RNA precursors by one of the three RNA polymerases present in
eukaryotic cells, these ‗early‘ RNA molecules are immediately bound by a host of RNAbinding proteins (RBPs), forming so-called ribonucleoprotein complexes (RNPs) (Dreyfuss
et al, 2002; Moore, 2005). The maturation of mRNAs involves several processing reactions
occurring in the nucleus: It involves capping, where a tri-methyl guanosine modified cap is
added at the 5‘-end of messages; the splicing-out of introns, which is performed by a large
RNP termed ‗spliceosome‘; editing, a process where certain RNA bases are modified or
inserted/deleted in the transcript changing the coding potential of the messages (Gerber and
Keller, 2001); and 3‘-end cleavage followed by the addition of long polyadenylic acid
(poly[A]) tails, which is important to maintain the mRNA stable and to enhance translation
(Dreyfuss et al, 2002; Maniatis et al, 2002; Moore, 2005) (Fig. 1). After these processing
steps, the mRNAs are exported through nuclear pores to the cytoplasm by a variety of
export factors (Vinciguerra and Stutz, 2004). Messenger RNAs may further undergo
localization to specific subcellular regions by complexes consisting of motor proteins and
RBPs or by the signal recognition particle (St Johnston, 2005). Thereby, transport of
mRNAs has to be accompanied by translational repression, which is mediated by certain
mRBPs (Gebauer and Hentze, 2004; Huang and Richter, 2004). Most mRNAs present in
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cells (~80% in yeast) are rapidly captured by translation factors and assemble with
ribosomes for protein synthesis. Thereby, the translation of messages can be controlled by
global means, which involves the post-translational modification of particular translation
initiation factors, or through competition. In addition, translation control of specific
messages relies on message-specific RBPs. Ultimately, mRNAs undergo exonucleasemediated degradation by normal, nonsense-mediated (NMD), and nonstop decay (NSD)
pathways (Parker and Song, 2004).

Fig. 1 The multiple-steps of the gene expression program.
RNA transcripts are shown in blue; introns in pre-mRNAs are depicted in yellow
(Reproduced from Halbeisen et al, 2008).

2.2 RNA-binding proteins
RBPs often contain characteristic RNA-binding domains that specifically interact with
sequences or structural elements in the RNA (Table 1). Some well-characterized RNAbinding domains include the RNA-binding domain (RBD, also known as RNP domain and
RNA recognition motif, RRM), the K-homology (KH) domain (type I and type II), the RGG
(Arg-Gly-Gly) box, the zinc finger motif (ZnF, mostly C-x8-X-x5-X-x3-H), the double
stranded RNA-binding domain (dsRBD); the Pumilio/ FBF (PUF or Pum-HD) domain; and
the Piwi/Argonaute/ Zwille (PAZ) domain (Auweter et al, 2006; Glisovic et al, 2008; Lunde
et al, 2007). Notably, RBPs often contain an array of such RNA-binding motifs, which
further increases the specificity and affinity towards the RNA.
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Table 1 Examples of eukaryotic RNA-binding domains.
Using these motifs, bioinformatic analyses suggested that eukaryotic genomes encode a
large number of RBPs (Anantharaman et al, 2002). In yeast, almost 600 proteins (~10% of
protein coding genes) are predicted to function as RBPs. In the worm Caenorhabditis
elegans and in the fly Drosophila melanogaster, approximately 2% of the protein coding
genes are annotated as RBPs; in humans, more than 1000 RBPs are annotated representing
about 5% of the protein coding genes. However, it is likely that the number of RBPs is even
higher, since there are probably other RNA-binding domains that remain to be uncovered.
By why do in particular eukaryotes need so many – hundreds and perhaps thousands of
RBPs? One possible explanation is that as eukaryotes evolved highly specific posttranscriptional processes to fine-tune gene expression, a concomitant expansion of the
number of RBPs occurred. For instance, several RNA-binding domains such as the RRMs
underwent drastic amplification during animal evolution, concurrent with the origin of
alternative splicing, which allows increasing the genetic diversity with a limited repertoire
of genes.
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2.3 Non-coding RNAs
Messenger RNA levels are also regulated via direct physical interactions with non-coding
RNAs (ncRNA). The best-characterized class of such RNAs are small ncRNAs such as the
microRNAs (miRNA), ~22-nucleotide (nt) long RNA molecules that negatively regulate
gene expression in metazoan (reviewed in Bartel, 2009; Chekulaeva and Filipowicz, 2009;
Filipowicz et al, 2008). The production of miRNAs is complex and assisted by RBPs that
further undergo regulation. It involves the synthesis of primary miRNAs (pri-miRNA) by
RNA polymerase II. Pri-miRNAs can encode several miRNAs and are occasionally very
long – up to one thousand nucleotides. They from hairpin structures recognized by a nuclear
microprocessor complex, consisting of an RNAse III enzyme called Drosha, and the dsRBP
Pasha/DGCR-8. The complex cleaves pri-miRNAs into ~70 nt long hairpins referred to as
precursor miRNAs (pre-miRNAs). Pre-miRNAs are then exported to the cytoplasm by
exportin 5 and converted into mature miRNAs by the RNAse III enzyme Dicer. One strand
of the duplex is incorporated into the micro-ribonucleoprotein (miRNP) complex – whose
main component is a member of the Argonaute (Ago) family. This complex assembles with
sequences located mostly in the 3‘-UTRs of target mRNAs, and induces changes in
subcellular localization, translation efficiency and stability. The rules of miRNA-target
recognition are not well understood. One important determinant however is the perfect
complementarities between the target site and 7-8 nucleotides at the 5‘ end of the miRNA
(region known as miRNA ―seed‖ (Bartel, 2009). Structural studies with archea Ago proteins
indicate that this miRNA region is presented by the RNA-induced silencing complex (RISC)
to the target mRNA (Wang et al, 2009a). Whether and to what extent nucleotides at the 3‘
end of the miRNAs are used for interaction with the mRNA target is unknown.
Computational analyses have revealed that miRNA target sites often reside in A/U-rich
sequence environments towards the boundaries of 3‘-UTRs (Grimson et al, 2007). To date,
almost 1000 different miRNAs have been mapped in vertebrate and based on bioinformatics
analyses and experimental evidence, it is estimated that miRNAs regulate more than one
third of all human genes – with each miRNA being able to bind up to hundreds of target
mRNAs. Consequently, miRNAs have immense potential for PTGR and are thought to be
implicated in virtually all biological processes of multicellular organisms, as well as a wide
variety of pathological conditions, particularly cancer (Erson and Petty, 2008; Ventura and
Jacks, 2009).
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Although the current literature is dominated by miRNAs, other classes of ncRNAs
exist with strong regulatory potential for gene expression. Strikingly, the recent
establishment of high-throughput sequencing methods and computational genomics revealed
that up to 90% of the genome is transcribed, producing a bewildering number of different
types and forms of RNAs molecules. Among them are long transcripts that, rather than
encoding protein, act functionally as RNAs. These long ncRNAs (lncRNAs) - arbitrarily
considered to be longer than ~200 nucleotides - were initially found to silence genes on
chromatin but nevertheless may also act on mRNA molecules in the cytoplasma (reviewed
in Mercer et al, 2009). One major emergent theme is the involvement of lncRNAs in
regulating the expression of neighboring protein-coding genes. As such, lncRNAs can
mediate epigenetic changes by recruiting chromatin remodeling complexes to specific
genomic loci. For example, hundreds of lncRNAs are sequentially expressed along the
temporal and spatial developmental axes of the human homeobox (Hox) gene loci, where
they define chromatin domains with different histone methylation patterns and RNA
polymerase accessibility (Rinn et al, 2007). The pervasive transcription of enhancers and
promoters further anticipates a core role for lncRNA for regulation of transcription.
Importantly, proximal promoters can be transcribed into lncRNAs that further recruit and
therefore integrate the functions of RBPs into the transcriptional programme, which is
exemplified by the repression of cyclin D1 transcription in human cell lines (Wang et al,
2008). In this case, DNA damage signals induce the expression of lncRNAs associated with
the cyclin D1 gene promoter, where they act cooperatively to modulate the activities of the
RNA binding protein TLS. TLS subsequently inhibits the histone acetyltransferase activity
of CREB and p300 to silence cyclin D1 expression. The ability of lncRNAs to recruit RBPs
to gene promoters largely expands the regulatory repertoire available to the transcriptional
program and of RBPs (Wang et al, 2008). Lately, the ability of ncRNAs to recognize
complementary sequences also allows highly specific interactions that are amenable to
regulating various steps in the post-transcriptional processing of mRNAs, including their
splicing, editing, transport, translation and degradation. Most mammalian genes express
antisense transcripts, which might constitute a class of ncRNA that is particularly adept at
regulating mRNA dynamics. For instance, antisense ncRNAs can mask key cis-elements in
mRNA that are recognized by particular RBPs, through the formation of RNA duplexes. For
instance, the Zeb2 (also called Sip1) antisense RNA, which complements the 5’ splice site of
an intron located in the 5‘-UTR of Zeb2 mRNA, prevents the splicing of that intron, which
contains an internal ribosome entry site required for efficient translation and expression of
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the ZEB2 homeobox protein (Beltran et al, 2008). This sets a precedent for ncRNAs in
directing the alternative splicing of mRNA isoforms. In conclusion, the pervasive
transcription of eukaryotic genomes adds numerous possibilities for regulatory function of
ncRNAs and lately to the RBPs with which they are associated. It will be an important field
of future research to explore these functions and to unravel the connections to human
disease.

3. Global analysis of posttranscriptional gene regulation
The hundreds of RNA-binding proteins (RBPs) and miRNAs encoded in eukaryotic
genomes rival in number other classes of regulatory molecules such as transcription factors
and kinases and thus, suggest an elaborate system for posttranscriptional control that may
affect virtually every message in a cell (Halbeisen et al, 2008; Keene, 2007). About 15,000
mRNA molecules are present in each yeast cell during exponential growth and an at least
10-fold larger number in one typical mammalian cell (Hereford and Rosbash, 1977). This
vast numbers raise questions about the extent to which the location, activity, and fates of
RNA populations are coordinated and about post-transcriptional mechanisms that might
mediate their coordinated regulation (Hieronymus and Silver, 2004; Mata et al, 2005).
Whereas many classical studies explored the mechanistic and physiological impact
of post-transcriptional regulation by RBPs/miRNAs on specific mRNA substrates, the
development of genome-wide analysis tools enables the study of post-transcriptional gene
regulation on a global scale (Halbeisen et al, 2008). An in depth review of the studies that
applied this “systems” approach to unravel the extent and logic of RNA localization, RNA
decay and mRNA translation is given in Appendix I (Halbeisen et al, 2008).
3.1. RNA localization and decay
Global RNA-localization studies revealed unexpectedly large numbers of mRNA molecules
that are transported to specific subcellular compartment for local translation. A classical
example involves the localization of 24 messages to the bud-tip of dividing yeast cells
including Ash1 mRNA, coding for a transcriptional repressor that prevents mating-type
switching in the newly born daughter cell (Shepard et al, 2003). Microarray studies with
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RNA obtained from mammalian dendrites, revealed hundreds of messages that are possibly
transported in neurons, allowing local translation in response to action potentials (Bramham
and Wells, 2007; Matsumoto et al, 2007). Lately, an extensive in situ hybridization study in
Drosophila developing embryos revealed that more than 70% of the 3,000 or so analyzed
mRNA transcripts are located to specific regions (Lecuyer et al, 2007). These and other data
challenges our “trivial” view of RNAs that are randomly distributed in cells and raise the
impression that possibly most mRNAs are directed to specific regions in the cells.
Evidence for coordinated post-transcriptional regulatory programs has also been
gained from global studies on mRNA decay. Messenger decay rates were measured for each
transcript after RNA polymerase inactivation in bacteria (Bernstein et al, 2002b), yeast
(Grigull et al, 2004; Wang et al, 2002), plants (Gutierrez et al, 2002), and human cell
culture (Yang et al, 2003). One intriguing result from these investigations was that mRNA
half-lives often correlate among components of macromolecular complexes or among
members of the same functional class - defining decay ‗regulons‘. For example, transcripts
encoding metabolic proteins generally have long half-lives, whereas transcripts encoding
transcription factors are relatively unstable (Wang et al, 2002). Moreover, similar mRNAturnover patterns can be found among orthologous genes in yeast and human indicating
evolutionary conserved programs of RNA stability control. Such decay programs may also
apply to particular subcellular compartments as seen for IRE1 from Drosophila, a protein
activated during the unfolded protein response in the endoplasmatic reticulum, which directs
the decay of a specific subset of mRNAs, many of them coding for plasma-membrane
proteins (Hollien and Weissman, 2006). In conclusion, these studies underline the
importance of RNA decay in the control of mRNA levels and furthermore, strongly suggest
the presence of specific RNA turnover programs.
3.2. Translational regulation
Several laboratories have used DNA microarray technology to perform genome-wide
analysis of mRNAs in polysomes to investigate global aspects of translational regulation
(reviewed in (Beilharz and Preiss, 2004; Halbeisen et al, 2008; Rajasekhar and Holland,
2004). In yeast, it appears that translational and transcriptional programs are tightly coupled
such as regulation at the translational level often reflects a magnification of the
transcriptional activity - an effect that has been termed ‗potentiation‘ (Preiss et al, 2003). To
gain a comprehensive view of the post-transcriptional regulatory system, its dynamics, and
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the coordination between different layers of the gene expression program, we have
performed an own comprehensive analysis comparing alterations of global transcript levels
(transcriptome) with corresponding ribosome associations (translatome) upon changing
environmental conditions e.g. after treatment of cells with drugs (Appendix II; Halbeisen
and Gerber, 2009a). This analysis was further motivated by the fact that changes of mRNA
levels do not necessarily relate to the encoded proteins, as protein levels will also rely on
differential recruitment of mRNAs to translating ribosomes and on protein decay (Gygi et
al, 1999; Lu et al, 2007).
To analyze the relation between transcriptome and translatome, we have first
established a novel approach to rapidly access the 'translatome', involving the affinitypurification of endogenously formed ribosomes and the analysis of associated mRNAs with
DNA microarrays (Halbeisen et al, 2009b). Using this method, called ribosome-affinity
purification (RAP), we have then compared changes in total mRNA levels (transcriptome)
with changes in the translatome after the application of different conditions of cellular stress
to yeast cells (Appendix II; Halbeisen et al, 2009a). We found that changes of the
transcriptome correlate well with those of the translatome after application of ―severe‖
stresses that stop cell growth. However, this correlation was generally lost under mild
stresses that do not affect cell growth. In this case, remodeling of gene expression was
mainly executed at the translational level – redirecting messages in and out of ribosomes as
we have further validated for components of the mitochondrial ATPase (Fig. 2). In this case,
eight of the 14 nuclear-encoded messages coding for components of the mitochondrial
ATPase showed increased ribosome association but total mRNA levels remained unchanged
after application of low doses of Calcofluor-white, a drug that selectively induces cell-wall
stress. These data suggested that low doses of CFW specifically induce the ‗‗relocalization‘‘
of those mRNAs to ribosomes that code for the mitochondrial ATPase complex (Fig. 2).
Therefore, our study showed that protein synthesis can modulate the expression of
functionally related messages coding for macromolecular complexes to rapidly adapt to
minor changes in cellular needs (for details see Appendix II).
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Fig. 2 Enhanced ribosome association and activity of the mitochondrial F1F0-ATPase by
low doses of Calcofluor-white (CWF).
(A) Heat map representing relative changes of expression of 17 mitochondrial F1F0-ATPase
components after mild stress treatments (blue–yellow color scale). Total: changes of steady-state
mRNA levels, RA: change of ribosome associations. The gene names are indicated to the left, with
the name of the corresponding subunit in parentheses. No changes were seen after treatment of cells
with Menadione, a component that induces genotoxic stress.
(B) Structure of the mitochondrial F1F0-ATPase. Each component is colored according to changes
in ribosome associations depicted in (A). The membrane-associated part (F0) uses a proton motive
force to mechanically drive the soluble part (F1) that exhibits ATPase activity.
(C) Distribution of TIM11, ATP4, and ACT1 mRNAs in polysomal gradients obtained from
untreated cells (upper panel), and from cells treated with CFW (lower panel). RNA was isolated
from each fraction of the polysomal profile and quantified by RT-qPCR (see Materials and
Methods).The mRNA level in each fraction was calculated as a percentage of the total; data and
absorbance (254 nm) profiles from representative experiments are plotted. ACT1 is as a negative
control mRNA that was not expected to alter ribosome association.
(D) Relative mitochondrial ATPase activity of drug-treated versus untreated control cells. Cells were
treated with CFW (CFW) for 20 min; pre-incubated for 10 min with CHX prior to addition of CFW
(CHX+CFW); or treated with CHX or menadione. The activity of purified mitochondria was
normalized to the untreated control sample. Average activities are indicated with a dashed line,
standard errors of the mean (SEM) with continuous lines. Single dots represent biologically
independent experiments (double asterisks [**] indicate p < 0.01; a single asterisk [*] indicates p <
0.05). (Figure reproduced from Halbeisen et al, 2009a).
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4. Systematic mapping of RNA-protein interactions
4.1. RNA-immunopurification Chip analysis (RIP-Chip)
The application of genome-wide analysis tools such as DNA microarrays allows now the
systematic exploration of the post-transcriptional system (Halbeisen et al, 2008). One
particular application that I have been focusing on involves the systematic identification of
RNAs that are associated with RBPs in vivo– applying a method now commonly referred to
as RBP immunoprecipitation-microarray (RIP-Chip) profiling (Fig. 3). This method
involves the affinity purification of tagged RNP complexes from cellular extracts.
Alternatively, antibodies that selectively recognize an epitope of a constituent protein can
also been used to immune-purify RNP complexes. The purified RNPs are then dissociated
into proteins and RNAs, and the identities of RNAs are determined on a global-scale with
DNA microarrays. Likewise, protein components can be identified with mass-spectrometry
or specific proteins are identified with immunoblots.

Fig. 3 RIP-Chip to systematically identify RNA targets of RBPs.
RBPs are immunopurified or affinity-purified via a tag from cellular extracts. Total RNA isolated
from cell extracts, and the RNAs associated with the particular RBP under study are labeled with
different fluorescent dyes and competitively hybridized to DNA microarrays. The fluorescence ratio
for each locus reflects its enrichment by affinity for the cognate protein. In the future, the application
of novel sequencing technologies will certainly increase the sensitivity and reproducibly of the assay
(marked in grey) (Figure adapted from Gerber et al, 2004).
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RIP-Chip was first established in Jack Keene’s lab to study RNAs associated with RBPs in
human cancer cells using antibodies against endogenous proteins (Tenenbaum et al, 2000).
Diverse groups have then further developed and modified the RIP-Chip protocol, such as the
affinity isolation of recombinant or endogenously expressed epitope-tagged RBPs. RIP-Chip
has been employed in diverse species including yeast (Gerber et al, 2004; Hieronymus and
Silver, 2003; Hogan et al, 2008; Inada and Guthrie, 2004), flies (Gerber et al, 2006), worms
(Roy et al, 2002), plants (Schmitz-Linneweber et al, 2005), and in various cell lines
(Galgano et al, 2008; Lopez de Silanes et al, 2004; Lopez de Silanes et al, 2005; Morris et
al, 2008; Penalva and Keene, 2004; Townley-Tilson et al, 2006) (for a more comprehensive
list of references for RIP-Chip experiments performed in various tissues and species, see
Morris et al, 2010). RIP-Chip has also been applied by us and others to identify the
messages that are actively transported by RNP-motor complexes to particular subcellular
regions (Elson et al, 2009; Shepard et al, 2003; Takizawa et al, 2000). For instance, in the
yeast Saccharomyces cerevisiae, mRNAs that are asymmetrically distributed between
mother and daughter cells were revealed upon affinity-purification of the RNA transport
components She2, She3, and the myosin motor protein Myo4, followed by DNA microarray
analysis combined with a secondary GFP-based RNA reporter assays to visualize RNAs in
living cells (Takizawa et al, 2000; Shepard et al, 2003). In addition to the known budlocalized Ash1 and Ist2 messages, this analysis revealed 22 additional polarized mRNAs,
suggesting the existence of widespread cytoplasmic mRNA localization in yeast (Shepard et
al, 2003).
Besides its application to specific RNP complexes, RIP approaches have also been
applied to more ‗general‘ RNA-binding proteins to identify the messages expressed in
particular tissues or cell-types. For instance, tagged poly(A) binding protein (PABP), which
binds to the poly(A) tail of cytoplasmic mRNAs, has been expressed within cells or tissues
of interest using specific promoters to identify muscle- or ciliated sensory neuron-specific
transcripts in the worm C. elegans (Kunitomo et al, 2005; Roy et al, 2002), or in
photoreceptor cells of the fly Drosophila melanogaster (Yang et al, 2005). Likewise, tagged
ribosomal proteins have been pulled-down to isolate actively translating ribosomes to define
gene expression profiles of specific neuronal cells types in the central nervous system of
mice (Heiman et al, 2008), and to study reactions of the translatome upon diverse stress
conditions in yeast (Halbeisen et al, 2009a). Finally, the RIP approach has also been used to
identify targets that potentially undergo miRNA dependent regulation by profiling RNA and
proteins that are bound by Ago proteins (Beitzinger et al, 2007; Hendrickson et al, 2008;
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Hendrickson et al, 2009; Karginov et al, 2007; Landthaler et al, 2008; Zhang et al, 2007;
Zhang et al, 2009). The comparison of Ago-associated mRNAs in wild-type and miRNA
mutants or over-expressing cells further provides a tool to decipher miRNA-specific targets.
A major advantage of RIP is that it is a straightforward protocol that allows for the
concomitant identification of RNA and protein components of RNPs. Drawbacks of RIP are
concerns that during the procedure certain RNAs or proteins may fall-off and others
associate with RNP complexes (Mili and Steitz, 2004). However, how often this occurs has
not been conclusively answered and may depend on the RBP under investigation. For the
isolation of unstable RNP complexes, modifications of the RIP procedure have been
proposed to better preserve RNP complex stability and integrity (Baroni et al, 2008). RNPs
have also been cross-linked either by UV or with chemicals prior to RIP-Chip (San Paolo et
al, 2009). A more elaborate but very specific UV-light cross-linking-immunoprecipitation
(CLIP) protocol has been developed by Ule, Darnell and colleagues, which allows for the
fairly precise mapping of RNA-protein or RNA-RNA interactions sites on transcripts (Chi et
al, 2009; Jensen and Darnell, 2008; Ule et al, 2005; Ule et al, 2003; Wang et al, 2009b; Yeo
et al, 2009). The drawbacks of this method are, however, a more complicated experimental
set-up, and it hardly allows for the analysis of co-purifying proteins. In addition, UV
irradiation may chemically and physically alter the RNP structures and cause some sequence
bias due to the unequal photo reactivity between bases and amino acids (Gaillard and
Aguilera, 2008). Recently, the Tuschl and Zavolan labs have developed an improved CLIP
approach allowing transcriptome-wide determination of cellular RBPs and miRNPs bindingsites at high resolution (Hafner et al, 2010). In this approach, called PAR-CLIP, the
crosslinked sites are revealed by thymidine to cytidine transitions in the cDNAs prepared
from immunopurified RNPs of 4-thiouridine-treated cells. To validate their approach, they
determined the binding sites and regulatory consequences for several intensely studied
RBPs and miRNPs, including PUF and Ago proteins, revealing that these factors bind
thousands of sites containing defined sequence motifs (Hafner et al, 2010).
In line of these recent developments, the future implementation of highthroughput sequencing (HITS) to identify bound RNAs will certainly increase the
reproducibility and the sensitivity of these assays (Shendure and Ji, 2008), possibly
enabling to quantify the number of message partitioned into distinct subcellular
compartments (Chi et al, 2009; Fox et al, 2009; Licatalosi et al, 2008).
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4.2. Defining RNA targets for PUF family RNA-binding proteins
A prime example for the coordination of functionally related transcripts by RBPs is
demonstrated by the Pumilio-Fem-3 binding (PUF) proteins, which I have initially focused
on and systematically identified targets in yeast, flies, and human cells (Appendix III-V;
Gerber et al, 2004; Gerber et al, 2006; Galgano et al, 2008). In the following, I will briefly
introduce these proteins and highlight some of the major findings that we gathered from
mapping their RNA targets on a global scale.
The PUF proteins comprise an evolutionarily conserved family of RBPs that are
implicated in various physiological processes (Bernstein et al, 2002a; Spassov and Jurecic,
2003). They are defined by the presence of an RNA-binding domain, termed Pumiliohomology domain (Pum-HD), which consists of eight repeats, each of which makes contact
with a different RNA base (Edwards et al, 2001; Miller et al, 2008; Wang et al, 2001). PUF
proteins bind to an RNA element that comprises a core ‗UGUR‘ tetranucleotide followed by
3‘-UTR sequences that vary among PUF proteins. In concert with other factors, PUFs
repress gene expression by inhibiting translation or promoting decay (Goldstrohm et al,
2006; Goldstrohm et al, 2007; Kadyrova et al, 2007; Olivas and Parker, 2000). The study of
PUF proteins in diverse model organisms revealed widespread roles for these proteins in
embryonic development, stem-cell maintenance and neurogenesis (Spassov et al, 2003;
Wickens et al, 2002). For instance, in the fruit fly Drosophila melanogaster, Pumilio (Pum)
is required for proper anterior/posterior patterning during early embryogenesis by repression
of the translation of hunchback mRNA (Murata and Wharton, 1995). Furthermore, Pum is
also involved in the development and migration of primordial germ cells (Asaoka-Taguchi
et al, 1999; Forbes and Lehmann, 1998; Lin and Spradling, 1997), and it may be implicated
in long-term memory formation and neuronal excitability (Dubnau et al, 2003; Menon et al,
2004; Muraro et al, 2008). The six yeast Saccharomyces cerevisiae PUF proteins (Puf1p –
Puf6p) regulate aging, mating-type switching and mitochondrial function (Garcia-Rodriguez
et al, 2007; Tadauchi et al, 2001; Wickens et al, 2002). Two paralogous PUF proteins exist
in human, termed Pumilio homolog 1 (PUM1) and Pumilio homolog 2 (PUM2). PUM1 and
PUM2 are often co-expressed in diverse tissues suggesting that they may occasionally act
redundantly (Macdonald, 1992; Moore et al, 2003; Spassov et al, 2003). Based on few
studies investigating PUM2 function, it was assumed that mammalian PUFs have
physiological roles analogous to the non-vertebrate homologs. In germ cells, PUM2
interacts with deleted in azoospermia (DAZ), DAZ-like (DAZL) proteins, and the meiotic
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regulator BOULE (BOL), which are RBPs that function in early germ line stem cells
(Moore et al, 2003; Urano et al, 2005). Moreover, mouse Pum2 mutants have smaller testes,
although fertility seems not to be affected (Xu et al, 2007), suggesting role for Pum2 in the
maintenance of germline stem cells. PUM2 also negatively regulate the expression of
MAPK1 (mitogen-activated protein kinase 1, ERK2) and MAPK14 (mitogen-activated
protein kinase 14) in human embryonic stem cells and in the C. elegans germline. Recent
evidence suggests additional roles of mammalian PUM2 in neurons by regulating dendrite
morphogenesis and synaptic function (Vessey et al, 2010; Vessey et al, 2006; Zhong et al,
2006).
I started the systematic identification of PUF targets in yeast and thereby established
a robust RIP-Chip procedure (Appendix III; Gerber et al, 2004) The analysis revealed that
each of the five yeast PUF proteins associated with distinct groups of 40 to 220 different
mRNAs with striking common themes in the functions and subcellular localization of the
proteins they encode: Puf3p binds nearly exclusively to cytoplasmic mRNAs that encode
mitochondrial proteins; Puf1p and Puf2p interact preferentially with mRNAs encoding
membrane-associated proteins; Puf4p preferentially binds mRNAs encoding nucleolar
ribosomal RNA processing factors; and Puf5p is associated with mRNAs encoding
chromatin modifiers and components of the spindle pole body (Fig. 4). The results were
further corroborated by the identification of distinct sequence motifs in the 3’-untranslated
regions of the mRNAs bound by Puf3, Puf4, and Puf5 proteins. A physiological relation
between Puf3p and its mRNA targets has also been observed - as suggested from its
association with mRNA-encoding mitochondrial proteins, puf3 mutant cells showed a slowgrowth phenotype on non-fermentable carbon sources indicative of a functional connection
to mitochondrial physiology (Gerber et al, 2004). In agreement with these findings, more
recent studies from us and other laboratories showed that Puf3 could guide certain mRNAs
coding for mitochondrial proteins to mitochondria (Eliyahu et al, 2010; Saint-Georges et al,
2008), and that it plays a role for mitochondrial biogenesis (Garcia-Rodriguez et al, 2007).
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Fig. 4 Classification of mRNAs interacting with yeast Puf Proteins.
(A) Column charts showing compartmentalization of characterized gene products encoded by the
Puf targets. The same compartments are shown for the entire genome in the columns designed
‗‗All‘‘ (YPD, May 2003). The number of genes represented in the charts is indicated on the top of
columns. An asterisk indicates classes with p values of less than 0.001. (B) Fraction of membraneassociated gene products among the Puf targets. We classified the targets by combining both GO and
YPD annotations (May 2003). ‗‗Plasma membrane‘‘ (light blue) is a subpopulation of the total
membrane-associated proteins (blue). Soluble cytoplasmic or nuclear proteins were classified as
‗‗non-membrane.‘‘ ‗‗All‘‘ refers to the genome-wide compartmentalization of characterized genes,
and respective numbers were retrieved from YPD. ‗‗Puf2 Top 40‘‘ refers to the 40 highest enriched
Puf2p targets and equals the total number of Puf1p targets (Figure reproduced from Gerber et al,
2004).

Genome-wide identification of RNAs associated with the orthologous PUF protein from
Drosophila melanogaster, called PUMILIO, revealed distinct clusters of mRNAs in
embryos and in ovaries of adult flies (Appendix IV; Gerber et al, 2006). More than 1,000
messages were significantly associated with the protein. Subgroups of these Pum-associated
mRNAs had commonalities, such as function in the anterior-posterior patterning system,
and the subunits of the vacuolar H-ATPase (Fig. 5).
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Fig. 5 mRNAs associated with Pum encode proteins of specific macromolecular complexes
and regulatory pathways.
(A) Subunits of the vacuolar ATPase. Red, subunits whose mRNAs associated with Pum; gray,
subunits whose mRNAs were not enriched with a FDR of _1%. Subunits of the V1 domain are
labeled with capital letters: A, Vha68; B, Vha55; C, Vha44; D, Vha36; E, Vha26; F, Vha14; G,
Vha13; H, VhaSFD. Subunits of the V0 domain are indicated by small letters: a, Vha100; c, Vha16;
c, PPA1; e, VhaM9.7; d, VhaAC39. (B) Components of anterior–posterior pattering systems
associated with Pum in embryos and/or adults. Messenger RNAs associated with Pum are shown in
red and their protein products in blue. Proteins whose mRNAs were not found to be associated are in
black (Figure reproduced from Gerber et al, 2006).

Moreover, a characteristic sequence motif was present in 3’-UTRs of PUMILIO-bound
mRNAs resembling the one previously identified for the yeast Puf3 protein. Hence, the data
obtained from the yeast and Drosophila studies provided an additional source for
considering their evolution. For instance, conservation of amino acid residues in the RNAbinding domain (the PUM-homology domain) between homologous PUF proteins correlated
with identified core motifs in 3’-UTR of mRNA targets. However, the proteins encoded by
the mRNA targets appeared not to be particularly conserved. This discordance suggested
that acquisition or loss of RBP binding motifs in UTRs of genes may provide a surprisingly
fluid evolutionary mechanism to modify post-transcriptional regulatory connections (Gerber
et al, 2006).
Lately, we also defined an overlapping set comprised of more than 1,000 messages
that were reproducibly associated with human PUM proteins in cancer cells, many of them
encoding functionally related proteins that act in medically relevant pathways such as
angiogenesis or Ras signaling (Appendix V; Galgano et al, 2008). As previously seen with
yeast and Drosophila targets, a very similar consensus sequence element was highly
enriched in the 3‘-UTR of targets and confers binding to human PUM proteins (Fig. 6).
Strikingly, we found an extensive overlap of PUF mRNA targets with evolutionarily
conserved miRNA binding sites offering the possibility for functionally relevant localization
of PREs downstream the miRNA sites. Moreover, high-confidence miRNA binding sites
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were significantly enriched in the 3‘-UTRs of experimentally determined PUM1 and PUM2
targets. These results suggested some cross-talk between PUM proteins and miRNA
regulatory system, and we are currently analysing this relation with global and specific
approaches (Kanitz and Gerber, unpublished results).

Fig. 6 PUF consensus motif in 3‘-UTR sequences associated with PUM1, Drosophila Pum
and yeast Puf3, Puf4 and Puf5 proteins.
Height of the letters indicates the probability of appearing at the position in the motif. Nucleotides
with less than 10% appearances were omitted (Figure adapted from Galgano et al. 2008).

4.3 Exploring the post-transcriptional regulatory landscape in yeast
To survey the structure and extend of the proposed coordinative post-transcriptional
network, we have by now analyzed the sets of RNAs specifically associated with more than
40 regulatory RBPs in yeast (Appendix VI; Hogan et al, 2008). As previously seen for Puf
proteins, many RBPs bound mRNAs, which protein products share identifiable functional or
cytotopic commonalities (Fig. 7). We observed connections between the RNAs associated
with RBPs and the phenotype of RBP-mutant cells, unexpected binding of RBPs to noncoding RNAs, and combinatorial binding of previously unrelated RBPs to the same RNAs.
We identified specific sequences or predicted structures significantly enriched in target
mRNAs for 16 RBPs. These potential RNA-recognition elements were diverse in sequence,
structure, and location: some were found predominantly in 3-untranslated regions, others in
5-untranslated regions, some in coding sequences, and many in two or more of these
features. Although this study only examined a small fraction of the universe of yeast RBPs,
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70% of the mRNA transcriptome had significant associations with at least one of these
RBPs and, on average, each distinct yeast mRNA interacted with three of the RBPs,
suggesting the potential for a rich, multidimensional network of regulation that may even
outperfom better characterized transcriptional regulatory networks (Hogan et al, 2008).

Fig. 7 RBPs bind mRNAs encoding functionally and cytotopically related proteins.
(A) Enrichment of ‗‗cellular component‘‘ GO terms (rows) in target sets (1% FDR) of RBPs
(columns). The significance of enrichment of the GO term is represented as a heat map (scale is to
the left of the figure) in which the color intensity corresponds to the negative log10 p-value,
calculated using the hypergeometric density distribution function and corrected for multiple
hypothesis testing using the Bonferroni method. Only a subset of significantly enriched GO terms
are shown. RBPs whose targets are significantly enriched (p _ 0.01) for at least one ‗‗cellular
component‘‘ or ‗‗biological process‘‘ GO term are shown. (B) Same as in (A), except for
‗‗biological process‘‘ GO terms (Figure reproduced from Hogan et al, 2008).

To address the combinatorial arrangement of RBPs and the fate of RBP targets, I also
studied selected RNA-binding proteins in more detail. In collaboration with Kenji Irie
(Tsukuba University, Japan), we studied the targets and functional implication of Khd1p, a
yeast protein known to repress translation of ASH1 mRNA during actin-dependent transport
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to bud-tips. Applying RIP-Chip, we found that Khd1p binds to hundreds of mRNAs, many
of them encoding membrane associated proteins (Hasegawa et al, 2008). The combination
of bioinformatics, RNA localization, and in vitro RNA-binding assays further revealed that
Khd1p binds to CNN repeats in coding regions of mRNA targets. Interestingly, we found
that Khd1p appears to differentially affect the fates of its mRNA targets; whereas some
messages are translationally repressed such as Ash1 mRNAs, other messages become
stabilized upon interaction with Khd1p like Mtl1; reflecting the redundant structure of posttranscriptional regulatory systems (Hasegawa et al, 2008).
The discovery that most regions of the genome are actively transcribed into noncoding RNAs has dramatically increased the interest into their function and regulation.
Recent data has shed light on the molecular machinery that promotes the decay of such
transcripts – the so-called TRAMP (Trf4/5-Air1/2-Mtr1) complex degrades aberrant and
short-lived RNAs (including ―cryptic unstable transcripts‖ or CUTs) in the budding yeast S.
cerevisiae. Trf4p and Trf5p are non-canonical poly(A) polymerases that are alternative
subunits of these complexes. They add short poly(A) tails to their substrate RNAs that
function as landing pads for the exonucleases of the nuclear exosome mediating RNA decay
(e.g. of aberrant tRNAs). Although alternate compositions of TRAMP complexes have been
characterized by several groups, the RNA substrate specificities and the processes controlled
by them have not been analyzed in detail. In collaboration with Prof. Walter Keller‘s lab
(Biozentrum, University of Basel), we have performed a first systematic comparison of the
RNA targets and functional implications of different TRAMP complexes (Appendix VII;
San Paolo et al, 2009). To this end, we combined genome-wide analysis tools (microarray
profiling of mutants and establishing a cross-linking immunopurification method X-RIPChip), with classical genetic and cell-biological methods to obtain a comprehensive picture
of the targets and actions of the TRAMP4 and TRAMP5 complexes in budding yeast. The
three key results of this study were: First, we found that Trf4p and Trf5p target distinct
groups of RNAs for degradation. Previous studies suggested largely overlapping targets
based on genetic studies showing that cells bearing single deletions of either of the two
genes are viable, whereas the double deletions are lethal suggesting strong functional
redundancy. Second, we found that most RNAs that were altered by the trf4 deletion were
restored to wild type levels by the overexpression of TRF4(DADA), a mutant in which two
essential aspartate residues in the polymerase‘s active site had been converted to alanine,
leading to the complete loss of polyadenylation activity. This showed that the
polyadenylation activity of Trf4p is dispensable in vivo and suggests that most RNA targets
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of the TRAMP4 complex do not require a poly (A) tail in order to be digested by the nuclear
exosome. This finding was unexpected as it was generally thought that the protein needs the
polyadenylation activity to initiate RNA decay by the exosome. Third, we identified new
roles for the TRAMP complexes in RNA metabolism. For instance, our data provided
evidence for the implication of TRAMP complexes in spliced-out intron decay, a process
that to our knowledge has not been analyzed in great detail yet. In addition, we showed that
disruption of trf4 causes severe shortening of telomeres, and we provided experimental
evidence that TRF4 functions in telomere maintenance. In conclusion, these results provided
a first map for overlapping yet distinct functional specificities of TRAMP complexes, and
demonstrate strong connections between RNA surveillance and other RNA-related
processes. (San Paolo et al, 2009).

4.4 Future approaches to study posttranscriptional regulation
The ability to isolate native ribonucleoprotein particles (RNPs) is fundamental in the study
of posttranscriptional gene expression. As outlined above, to date, most laboratories have
employed RIP or CLIP procedures to systematically map the RNA targets for RBPs, their
binding sites and/or identified RNP components with mass-spectrometry (MS). Therefore,
only the development of genomics tools enabled approaching the RNA-protein interaction
network on global scale. In the future, one aim will certainly be to reduce the sample size possibly allowing single-cell analysis - and requires to increase the sensitivity and
specificity of these assays. The employment of next generation sequencing tools will
certainly be very helpful to get a more robust and quantitative analysis of the RNA targets,
including the identification of rare and novel RNA molecules/species (Shendure et al, 2008)
(see also comments above in section 4.1).
On the other hand, little information is available regarding the full complement of
RBPs and miRNAs associated with a specific RNA. This becomes even more important in
light of the rapidly increasing number of ncRNAs – in particular the lncRNAs – playing
important roles for gene expression control in cell-differentiation and development. Such
information will also be important to unravel the combinatorial regulation of mRNAs by
multiple RBPs, and how the assorted RBPs change with environmental cues. Several labs
have therefore begun to develop methods to identify RBPs (and possibly also miRNAs) that
are associated with ncRNAs or specific mRNAs (Butter et al, 2009; Hartmuth et al, 2004;
Hogg and Collins, 2007; Srisawat and Engelke, 2001; Vasudevan and Steitz, 2007;
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Windbichler and Schroeder, 2006). For this purpose, the 3‘UTR (or other regions) of
transcripts are intrinsically tagged with RNA tags, called aptamers, which allow selection of
tagged transcript by affinity purifications. For example, the streptavidin (S1) tag has been
successfully used to purify proteins bound to AU-rich sequences (ARE elements) from
human cells (Butter et al, 2009; Vasudevan et al, 2007). In our experience, the reported
procedures are not very robust yet - possibly due to the low copy number of most messages.
In this respect, it would be interesting to further develop RNA tags allowing the rapid and
robust purification of all kinds of transcript from cells.
Besides the analysis of the targets for RBPs/miRNAs, the combination of genomic
and quantitative proteomics should permit the quantitative description of mRNA translation
and degradation. Novel large-scale proteomics approaches enable now the quantitative
measurement of hundreds of proteins in parallel (Ong and Mann, 2005; Schiess et al, 2009).
Concomitant analysis of the changes in the RNA and protein levels upon RBP depletion or
overexpression could therefore provide global information of the different status of mRNAs
and of their downstream effects (Baek et al, 2008; Selbach et al, 2008). We have conducted
such an analysis in collaboration with Ruedi Aebersold‘s group at the ETH Zurich, where
we analyzed concomitant changes of mRNAs and proteins upon overexpression of a specific
RBP (Gis2p, see Chapter 5).
In the end, a major challenge will also be to connect the different levels of gene
expression systems though large-scale data integration, which should lead to new systemslevel insights into the logic of cellular and physiological function (Brockmann et al, 2007;
Lackner et al, 2007).

5. Emerging principles of the RNA-protein interaction network
To date, RIP-Chip or related protocols have been employed to more than 50 RBPs from
yeast, some RBPs from worms, flies, plants, and over 20 human RBPs (for a comprehensive
review on RIP/CLIP experiments see Morris et al, 2010). Besides specific insights into the
cellular role of the particular RBPs under investigation, these studies strongly support and
further extended the 'post-transcriptional operon model' initially proposed by Jack Keene
and colleagues (Keene and Tenenbaum, 2002). In analogy to prokaryotic operons, this
model predicts that RBPs in eukaryotes coordinate groups of mRNAs coding for
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functionally related proteins. Cis-acting elements in the mRNA may provide the means to
mimic the coordinated regulatory advantages of clustering genes into polycistronic operons
(Keene, 2007; Keene et al, 2002). In the following, I will briefly summarize the major
insights from RIP-Chip experiments obtained by us and others.
First, RBPs bind to unique sets of RNA. Thereby, the number of the associated
RNAs can vary widely as shown in our ribonomic study of 46 yeast RBPs revealing unique
associations with 20 to >1,000 distinct transcripts per RBP (Hogan et al, 2008). Second,
sequence or structural elements in the RNAs are enriched among targets often defining the
binding site for the RBP. Using bioinformatic tools, we have identified diverse
sequence/structural elements among the bound RNAs and verified that they are sufficient to
direct protein interaction in several instances (Tanja Scherrer and A.P.G., submitted)
(Galgano et al, 2008; Gerber et al, 2004; Gerber et al, 2006; Hasegawa et al, 2008; Hogan
et al, 2008). Third, bound mRNAs often encode functionally and/or cytotopically related
proteins. This is perhaps best exemplified with the yeast Puf proteins, the targets of which
share striking common cytotopic features (Gerber et al, 2004). Fourth, it appears that RBPs
tend to regulate other regulatory proteins such as RBPs and transcription factors. We further
propose that post-transcriptional interactions between RBPs form a dense and intertwined
network, with potential for nearly half of the RBPs to auto-regulate transcript levels. As
such, there is higher incidence for potential autoregulatory loops among RBPs than among
TFs (10%) (Kanitz and Gerber, 2009) (Fig. 8). These observations suggest that posttranscriptional gene regulation (PTGR) is rather robust, self-sustaining and causes changes
in gene expression independent of a transcriptional input event (e.g. our translatome analysis
of cells exposed to different sorts of stress; Appendix II, Halbeisen et al, 2009a). Fifth, the
spectra of targets of RBPs strongly overlap with targets of other RBPs, suggesting strong
combinatorial binding of RBPs. Such combinatorial regulation may greatly impinge on the
regulatory potential of the RBPs - breaking-up simple linear correlations between RBPs and
the fates of its targets. For instance, we have examined this for Khd1, a yeast protein that
oppositely controls the expression of mRNA targets: some messages are increasingly
expressed ("up-regulated") whereas others are repressed ("downregulated") by Khd1p
(Hasegawa et al, 2008).
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Fig. 8 Dense network of post-transcriptional regulatory interactions between yeast RBPs.
To explore the cross-talk and post-transcriptional regulatory potential between RBPs, we analyzed
the posttranscriptional regulatory network comprised of RBPs as potential regulators, and their
corresponding mRNAs as targets. We retrieved RNA-protein interaction data for 40 canonical RBPs
from (Hogan et al, 2008) and data for eight ―novel‖ RBPs using protein microarrays are shown in
green (Scherrer T, Gerber AP, submitted). The network reveals 36 RBPs as regulators and 48 RBPs
as targets, adding up to 221 mRNA-protein interactions. The circular layout was created with
Cytoscape (Cline et al, 2007), where each node corresponds to one RBP with connections between
them corresponding to protein-mRNA interactions shown in blue. RBPs are sorted clock-wise with
decreasing connections to other RBPs. Associations of RBPs with their own mRNA are shown with
loops colored in red. RBPs framed in brown are exclusively targets of other RBPs (Network
structure was created in collaboration with Dr. Sarath J. Chandra, Medical Research Council,
Cambridge, UK).

Sixth, the RNA-protein network appears to be very dynamic and responds to environmental
or developmental signals by altering the RNA and protein content of RNPs. Thereby, posttranslational modification of the RBP (e.g. phosphorylation) can alter subcellular
localization or RNA-binding activity of the RBP (Huttelmaier et al, 2005; Paquin et al,
2007). For instance, we have observed different sets of mRNAs bound to PUMILIO
proteins in embryos and adult flies, which cannot be solely explained by the altered gene
expression at the two developmental stages (Gerber et al, 2006). The dense network of
interconnections between RBPs could also enable to respond quickly to different cues and
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control the RNA levels by the combinatorial interplay of RBPs, which form dynamic RNPs
(Fig. 8).
Finally, I wish to add two evolutionary aspects: On one hand, we have obtained data
that distinct yet overlapping groups of transcripts can be coordinated by paralogous RBPs.
Besides our analysis of the paralogous human PUM proteins (Galgano et al, 2008), the
determination of the RNA targets for the two yeast TRAMP complexes (TRAMP4/5)
suggest overlapping yet distinct roles for decay of RNAs (San Paolo et al, 2009). Moreover,
we have evidence for the evolvement of new mRNA regulatory circuits by paralogous RNPs
that may be used for cellular adaptation to highly-specific environmental conditions (Luca
Schenk and APG, unpublished results). On the other hand, as we have shown for PUFfamily proteins, the protein domains and the sequence motifs responsible for protein binding
may be well conserved during evolution but the identities of the proteins and the mRNAs
which contain these proteins and motifs do not have to be necessarily conserved as well. We
have therefore speculated that this discordance suggests that acquisition or loss of RBPbinding motifs in UTRs of genes may provide a surprisingly fluid evolutionary mechanism
to modify post-transcriptional regulatory connections (Gerber et al, 2006). On the other
hand, we have lately found strong structural and functional conservation among mRNA
targets for conserved ZnF RBPs from yeast and human (Gis2 and ZNF9; see Chapter 5). In
this case however, the proteins preferentially bind to sequence motifs located in coding
sequences of mRNA targets, which have been generally better conserved than UTR
sequences during evolution.
RPBs tend to 'coordinate' groups of functionally related messages. In this regard,
'coordination' is different from 'control' - while 'control' describes an individual RBP-RNA
interaction that results in a specific outcome, 'coordination' describes a process of
integrating multiple control functions to achieve a higher level of harmonization in the
outcome (Mesarovic et al, 2004). The phenotypic consequences of coordination may reflect
the combined effects of the trans-acting RBP (or miRNA) on multiple targets. The RNAprotein network is further complicated by the possibility that multiple states of a specific
mRNA population may exist and therefore, not every RNA molecule may have the same
fate. For example, if there are 10 copies of a mRNA x in the cell, 5 may be bound by RBP a,
and actively translated in the cytoplasm, 3 may be bound by RBP b and stored in an inactive
state, and 2 may be transported to a subcellular compartment by RBP c. Therefore, the
steady-state levels of specific mRNAs does not have to change upon changing conditions
(e.g. tumorigenesis, cell differentiation, stress), but the organization of the RBP-protein
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interaction network (=ribonome) may considerably change with implications for translation
or the subcellular location of messages.

6. RNP networks in human disease
Considering that RBPs are key cellular components coordinating functionally related groups
of messages, it is evident that defects in their function should be commonly observed in
human disease as their RNA-binding capacity can impact many different genes and
pathways For instance, alteration of post-transcriptional gene regulation can mark disease
such as alternative splicing of mRNAs in cancer (Tazi et al, 2009), or can even directly
cause disease as exemplified by nucleotide repeat expansions in neurodegenerative disorders
(Cooper et al, 2009). In the following, I will review some aspects of the roles for RNA and
RBPs in disease. I also briefly discuss some of our own investigations on Gis2/ZNF9 –
conserved ZnF proteins from yeast and human for which we identified the RNA targets.
Because ZNF9 is hereditary linked to myotonic dystrophy (DM), we thereby got some
unexpected clues raising speculations about potential implications of ZNF9 in this disease.

6.1 RBP loss of function
To date, about 30 hereditary diseases have been linked to mutation in genes coding for
RBPs (Table 2) (reviewed in Cooper et al, 2009; Lukong et al, 2008). Intriguingly, it
appears that many RBP defects are linked to muscular and neurodegenerative disorders. The
reason for this preference is not known but it indicates that post-transcriptional regulation is
highly regulated in these tissues and cell-types. An increasing number of RBPs has also
become linked to cancer as they can act as oncogenes or tumor suppressors (Galante et al,
2009; Kim et al, 2009); and they coordinate the initiation and resolution of inflammation
(Anderson, 2010).
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Table 2 Disease implications of RBPs and RNA metabolism.

Perhaps the best known example of a disease caused by mutation in a RBPs genes refers to
the Fragile-X-mental retardation protein (FMRP) causing Fragile X syndrome (FSX)
(reviewed in Oostra and Willemsen, 2009). FSX is the most common inherited form of
mental disorder (incidence in males 1:4000), affecting higher-cognitive functions and
leading to craniofacial anomalies. The syndrome is caused by a CGG triplet expansion of
>200 repeats located within the 5‘-UTR of the FMR1 gene. In healthy individuals, the
number of CGG repeats is variable and extends between 6 and 54. Hypermethylation of the
CpG repeats leads to gene silencing and thus, the corresponding protein FMRP is absent in
FXS patients. FMRP harbors two KH domains and one RGG-type RNA-binding domain
and binds to RNA with high affinity. In neurons, FMRP is present in cytoplasmic RNPs
associated with somatic and synaptic polyribosomes, and is thought to repress the
translation of specific messages during their transport to dendrites and at the synapse, which
is now recognized to be an important process for modulation of synaptic plasticity and
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memory formation. However, how FMRP positively or negatively regulates translation is
still unclear - possibly FMRP mediates repression through the RNA interference pathway,
interacting with components of the RISC complex. It is has also been hypothesized that
FMRP controls the translation of mRNAs encoding proteins that regulate endocytic events
of AMPA receptors at the synapse (AMPA receptors are a type of glutamate receptors;
glutamate being the major excitatory neurotransmitter in the central nervous system). Upon
synaptic stimulation, FMRP dissociates from these mRNA allowing their translation, which
results in the uptake of AMPA receptors and long-term depression (LTD). In this model,
absence of FMRP would disrupt this uptake and lead to perturbation of AMPA receptor
internalization. Following this model, new treatments of FXS focus on metabotropic
glutamate receptors antagonists that can control the uptake of AMPA receptors in neurons.
After successful application in mouse models of FXS, Phase I clinical trials have now been
undertaken with Fenobam and AFQO56, and no side-effects have been reported so far
(Oostra et al, 2009).
Other examples where mutations in RBPs lead to disease include mutations in the
Nova genes causing paraneoplastic opsoclonus-myoclonus ataxia (POMA), and SMN1 or
SF2 in spinal muscular atrophy (SMA) (Table 2). These RBPs are splicing regulators (Nova,
SF2) and their mutation may lead to mis-splicing, particularly in neurons leading to a
variety of neurological phenotypes and disease (Cooper et al, 2009; Lukong et al, 2008). As
the interest in RBP-mediated post-transcriptional gene regulation is rapidly increasing, there
will certainly be new discoveries that connect misregulation or absence RBPs to disease.
Many RBPs are also differentially expressed in tumor models (Galante et al, 2009) –
however, generally it is not clear whether the elevated expression of RBPs in certain tumors
is a cause or a consequence of cancer (Kim et al, 2009; Tazi et al, 2009). In fact, there are
only a few RBPs identified to directly act as oncogenes (e.g. CRD-BP, RBM3, PTB,
Musashi 1, and ASF/SF2) or as tumor suppressors (RBM5, Luca-12) (Galante et al, 2009).
For most of these proteins the RNA targets have not been systematically explored yet and
thus, ribonomic profiling of disease-related RBPs is in need to unravel the pathways
regulated by them. The knowledge of these networks may further allow the development of
novel approaches for diagnosis and treatment of cancer.
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6.2 Mutations in cis-acting RNA elements
Next to mutations of trans-acting factors such as RBPs and miRNAs (Mencia et al, 2009),
single point-mutations in cis-acting elements that define RBP/miRNA binding sites can also
cause disease (Chatterjee and Pal, 2009; Cooper et al, 2009). Most prominent are specific
mutations that cause splicing defects. Splice sites are marked by short sequence elements
that define introns in pre-mRNAs. In addition, a variety of so-called splice-site enhancers or
repressors exist that recruit protein factors to modulate splicing (e.g. Nova). The mutation of
either of these sites can disrupt interactions with splicing factors and hence, alters splicing
possibly leading to to disease. Remarkably, it is thought that such mutations are responsible
for about 10% of the genetic diseases caused by point mutations (Cooper et al, 2009).
Although gene expression regulation via UTRs is now increasingly recognized, most
pharmacogenetics studies still focus on the coding sequences leaving UTRs largely
unconsidered. Therefore, careful re-evaluation of single-nucleotide polymorphism (SNP) or
copy number variants (CNVs) in UTRs may reveal novel, previously unrecognized instances
for disease which may lead to new marker for diagnosis. For instance, several recent studies
have found 3’UTR SNPs that affect gene expression via miRNA gene regulation in different
diseases. In this cases, the disruption of miRNA targets binding sites by SNPs or other
mutations of sequences in UTRs has been associated with disease i.e. cancer susceptibility
and initiation (reviewed in (Chen et al, 2008)). Examples include a kRAS variant (a
component of an essential signaling pathway) within let-7 miRNA target sites, which
increases the risk for non-small cell lung carcinoma among moderate smokers (Chin et al,
2008). Polymorphisms of a mir-24 binding site in the dihydrofolate reductase gene leads to
methotrexate resistance (Mishra et al, 2007), and a recent study reported that SNPs inside
miRNA targets sites are correlated with the pathogenetic relevance of known breast cancer
associated SNPs and cancer susceptibility (Nicoloso et al, 2010). In this regard, the
comprehensive analysis of the frequencies of miRNA-binding SNPs in cancers versus
normal tissues through the mining of EST databases or other sources found dozens of SNPs
that are potentially associated with disease/ cancer, indicating that miRNA deregulation by
SNPs may be a rather widespread mechanisms that influences cancer susceptibility (Landi et
al, 2008; Yu et al, 2007). Intriguing, the analogous analysis of frequencies of SNPs in
binding sites for RBPs has not been conducted yet. Since RBPs impinge on all major
physiological processes, I am sure that such an analysis may provide new and unexpected
findings.
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6.3 RNA gain-of-function and myotonic dystrophy
Besides the very specific and minimal mutations in cis-acting elements, longer repeat
expansions, mostly located in introns or UTRs, can cause the production of RNA structures
that could become toxic to cells. RNA gain-of-function is achieved when such RNA
structures capture specific RPBs, thereby forming intracellular aggregates withdrawing the
captured RBPs from their normal default targets (Table 2). One well described example for
this RNA gain-of-function mechanism relates to muscular dystrophy (DM), a multi-systemic
neuromuscular disease characterized by heterogeneous, multi systemic symptoms including
myotonia, progressive muscle weakness and wasting, cataracts, and cardiac conduction
defects (incidence of about 1:4000 people) (Schara and Schoser, 2006). Two types of DM
have been described: CTG expansion in the 3’UTR of DMPK cause DM1 and CCTG repeat
expansions in the first intron of ZNF9 cause DM2 (Ranum and Cooper, 2006). In the case of
DM2, the first intron of ZNF9 bearing CCUG expansions is apparently correctly spliced, but
accumulates in nuclear foci sequestering members of the muscleblind-like (MBNL) family
of RBPs (Cho and Tapscott, 2007; Mankodi, 2008; Ranum et al, 2006). The depletion of
MBNL1 and other RBPs by the RNA repeats leads then to the abnormal splicing of chloride
channel 1 CLCN1 and troponin TNNT2 mRNAs and thus, the phenotypic consequences of
ZNF9 intron repeat expansions are primarily thought to be indirect and disregard a direct
role for ZNF9 in pathogenesis. This idea was substantiated by studies that reported no
alterations of ZNF9 mRNA or protein levels in DM2 patients compared to healthy
individuals (Margolis et al, 2006). However, other and more recent evidence also support a
direct role of ZNF9 in DM2, such as ZNF9+/- heterozygous mice, which develop symptoms
related to DM2 (Chen et al, 2007), and reduces levels of ZNF9 in myoblasts of DM2
patients compared to healthy individuals have also been reported (Huichalaf et al, 2009).
Therefore, it is still not ruled-out whether or not ZNF9 may also have a direct role in the
pathogenesis of DM2.
Intriguingly, ZNF9 is a nucleic acid binding protein that bears seven Zinc-finger
(ZnF) domains and one RGG-box domain, both of which could mediate RNA or DNAprotein interactions (see also Table 1). ZNF9, also referred to as cellular nucleic acid
binding protein (CNBP), was first described to bind to purine-rich single-stranded (ss)DNA
of the sterol response element (SRE) possibly playing a role in sterol metabolism
(Rajavashisth et al, 1989). Several studies further suggested functions of ZNF9 as a positive
or negative regulator of transcription by binding to guanosine-rich ssDNA sequences. ZNF9
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is highly conserved across the seven ZnFs in eukaryotes, which includes related proteins in
the budding yeast Saccharomyces cerevisiae (Gis2), flies (Drosophila melanogaster
[CG3800]) and worms Caenorhabditis elegans [K08D12.3]. Nevertheless, the RGG box is
only present in vertebrates. In conclusion, ZNF9 and homologous proteins in other species
may directly modulate gene expression, either by binding to DNA promoter elements
upstream of genes that they activate/repress, or post-transcriptionally through binding to
RNAs.
In order to investigate the roles of ZNF9 and related protein for RNA regulation, we
have therefore applied an integrated genomic and proteomic approach to explore the role of
this protein in RNA expression regulation (Scherrer T, Femmer, C., Schiess, R., Aebersold,
R. and Gerber AP, unpublished results). We thereby also focused on the related protein from
yeast, termed Gis2p, for which we first identified bound RNAs in cells applying RIP-Chip.
Almost 1,000 different mRNAs were associated with Gis2 in vivo, mainly coding for RNA
processing factors, chromatin modifiers, and GTPases – reminiscent to post-transcriptional
operons. A matched-sample proteome-transcriptome analysis revealed that Gis2 could
differentially balance the expression of functionally related mRNA targets – namely
mRNAs that code for proteins acting in rRNA processing and act in the nucleolus. We also
found a striking functional conservation between the yeast and the human RBP, suggesting
yeast as a suitable model for studying functions of ZNF9: Target mRNAs contained
stretches of G(A/U)(A/U) trinucleotide repeats, which were primarily located in coding
sequences. We further showed with RNA pull-down experiments that these repeats are
sufficient for binding to both Gis2 and human ZNF9, thus implying strong structural
conservation between the orthologous proteins. Based on our definition of the cis-acting
RNA recognition elements for Gis2 and ZNF9, we could predict the putative targets for
human ZNF9 with bioinformatics tools. Strikingly, these predicted ZNF9 targets were
enriched for the same functional categories as seen in yeast, indicating also strong functional
conservation (Fig. 9). The strong functional relation was further supported by the
complementation of the large cell-size phenotype of gis2 mutants with ZNF9. Additionally,
we found that ZNF9 could target many mRNAs coding for proteins involved in muscle
contraction such as myosins and ion channels and hence, ZNF9 may coordinate expression
of a variety of genes with pivotal roles in muscle function. Although this idea has to be
substantiated, we speculate that altered expression of these genes may relate to reported
phenotypes seen with heterozygous ZNF9 knock-out mice, which resemble the
abnormalities seen in DM2 patients.
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Fig. 9 Significantly shared GO terms among experimentally defined and predicted Gis2 and
ZNF9 mRNA targets.
GO term enrichments were assessed for experimentally detected (RIP-Chip analysis of Gis2 targets)
or predicted mRNA targets bearing different length of GWW repeats in coding sequences. Numbers
in brackets indicate the total number of genes in the respective group for which GO annotations were
available. The color intensity corresponds to the log10 p-value.

6.4 Perspectives for drug development and therapy
Ribonomic analysis of RBPs and determination of the cis-acting elements in the
transcripts to which they bind will greatly enhance our understanding of the mode of action
of RBPs and ncRNAs, and possibly open new approaches to cure disease. For instance, the
emerging relation between HuR and cancer has increased interest for HuR as a drug target.
HuR is a member of the Hu (ELAV) family of RBPs that binds to AU-rich elements in 3'UTRs of messages. The HuR binding to mRNAs is important for stabilization of relatively
short-lived

mRNA

targets

coding

for

proto-oncogenes,

anti-apoptotic

proteins,

proangiogenic growth factors and proteins essential for cell migration. Recently, Novartis
has been developing several low-molecular-weight inhibitors of HuR, which are now
considered for further testing as novel anti-cancer reagents (Meisner et al, 2007). The
compounds were identified by high-throughput screening of microbial broths (Actinomyces
sp.), selecting several compounds (dehydromutactin, MS-444 and okicenone) that interfere
with HuR RNA binding, HuR trafficking, cytokine expression and T-cell activation. These
results demonstrated the chemical drugability of HuR and these compounds may become
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valuable tools for studying HuR function. Assessment of HuR inhibition as a central node in
malignant processes might also open up new conceptual routes toward combating cancer
(Meisner et al, 2007). Another approach was taken by the Keene lab: the comparison of the
Connectivity Map (also known as cmap; a set of gene expression profiles obtained from
cells treated with a panel of bioactive small molecules) with profiles of HuR-associated
transcripts in activated T cells identified compounds that modulate HuR-mediated posttranscriptional control (Mukherjee et al. 2009). This latter approach could be generally used
to identify molecules that regulate post-transcriptional control by RBPs that target the 3‘UTR or other regions of selected transcripts. Small molecules are also attractive for
pharmacological modulation of alternative splicing. As the splicing of most introns is
strongly dependent on serine-arginine proteins and hnRNP proteins, the development of
small molecules targeting their activity has great potential to modify splicing and possibly to
cure disease. Indeed, several compounds targeting SR proteins have been developed that
hold promise to interfere with splicing events e.g. HIV-1 splicing (Cooper et al, 2009).
Strong efforts are also undertaken to develop tools to the correct for mis-splicing
with antisense RNA technologies (ASOs) (Bonetta, 2009). Generally, several AOs have
been designed or are under development to hybridize and block sequences in the targets premRNA that are critical for a particular splicing event. Examples of disease-causing genes
currently targeted by AOs include the -globin gene in -thalassemia, the CFTR gene in
cystic fibrosis; and AOs represent potential treatment strategies for SMA and to correct
splicing defects in Duchenne muscular dystrophy (DMD). Future will show whether these
new drug targets are successful and lead to new therapties for the treatment of human
disease.
The first RNA-based drug for the treatment of a human disease was approved in
1998 by the US Food and Drug Administration (FDA). The drug, called fomivirsen, is an
AO that blocks synthesis of a key protein of cytomegalovirus and is used to treat
inflammation of the eye caused by the virus. To date, although only one other RNA-based
drug (an RNA aptamer) has made it to market, the arsenal of potential molecules and
approaches continues to expand. It now includes a new generation of antisense oligos,
aptamers, ribozymes, RNA decoys, splice-site targeted oligos, small-interfering RNAs
(siRNAs), short hairpin RNAs (shRNAs), and microRNAs (miRNAs). Although they all
target RNA, these compounds work by distinct mechanisms. However, they share similar
hurdles to clinical application— the biggest of which is efficient delivery to the desired
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tissue. In conclusion, the design and application of these new therapeutic approaches are
promising – however, there will certainly be many hurdles to be taken before this new
generation of compounds that modulate post-transcriptional gene expression will appear on
the market.

7. Concluding remarks
The advent of global and quantitative analysis tools for the study of gene expression
allowed the detection and quantification of network motifs in gene regulatory systems.
Generally, it appears that many of the principles and structures of transcriptional regulatory
networks are also preserved at the post-transcriptional level. However, systems analysis of
post-transcriptional gene regulation is still in its infancy. The development of novel
techniques for RNA network analysis will hence be crucial to obtain sufficient data for
understanding the ―RNP code‖. The combination of ribonomic approaches with crosslinking
techniques and high-throughput sequencing will help to systematically map RBP binding
sites. The use of next generation sequencing methods will allow a more robust and
quantitative detection of RNAs, including rare and unknown RNA molecules/species.
Furthermore, the application of quantitative proteomics should permit the quantitative
description of mRNA translation and degradation. The data obtained from such studies can
then be used for the development/refinement of mathematical models of gene regulation that
will improve in accuracy and predictive power. Such analyses will certainly lead to new
systems-level insights into the logic of cellular and physiological functions and diseasecausing perturbations and, hence, will hopefully lead to new and unexpected approaches for
their cure.
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Abstract. Post-transcriptional regulation of gene expression plays important roles in diverse cellular
processes such as development, metabolism and
cancer progression. Whereas many classical studies
explored the mechanistics and physiological impact
on specific mRNA substrates, the recent development
of genome-wide analysis tools enables the study of
post-transcriptional gene regulation on a global scale.
Importantly, these studies revealed distinct programs
of RNA regulation, suggesting a complex and versa-

tile post-transcriptional regulatory network. This network is controlled by specific RNA-binding proteins
and/or non-coding RNAs, which bind to specific
sequence or structural elements in the RNAs and
thereby regulate subsets of mRNAs that partly encode
functionally related proteins. It will be a future
challenge to link the spectra of targets for RNAbinding proteins to post-transcriptional regulatory
programs and to reveal its physiological implications.

Keywords. Post-transcriptional gene regulation, RNA-binding protein, translation, DNA microarray, systems
biology.

and mediate diverse RNA processing reactions including 5-end capping, splicing, editing, 3-end cleavage and polyadenylation [2–4]. The transcripts are
subsequently exported through nuclear pores to the
cytoplasm where they may undergo localization to
subcellular regions by comACHTUNGREplexes consisting of motor
proteins and RBPs or by the signal recognition particle
[5]. The transcripts assemble with translation factors
and ribosomes for protein synthesis, which is controlled
by global or transcript-specific mechanisms [6]. Finally,
mRNAs undergo exonuclease-mediated degradation
by diverse decay pathways [7]. The fate and location of
proteins can be further controlled through modification
of specific amino acids, cleavage by site-specific proteases and degradation through the proteasome [8].
Besides many classical biochemical and genetic studies that revealed factors involved in and regulating

Gene expression goes global
Regulation of gene expression is fundamental for the
coordinate synthesis, assembly and localization of the
macromolecular structures of cells. This is achieved by
a multi-step program that is highly interconnected and
regulated at diverse levels (Fig. 1) [1, 2]. It starts in the
nucleus, where transcription factors bind to specific
DNA sequences proximal to the genes they regulate
and recruit RNA polymerases for RNA synthesis. As
soon as RNA precursors are formed, they get covered
by a host of proteins forming ribonucleoprotein
complexes [3, 4]. Messenger RNA-binding proteins
(mRBPs) associate with nascent mRNA precursors
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51

Cell. Mol. Life Sci.

Review Article

Vol. 65, 2008

799

Figure 1. Gene expression is controlled at multiple
steps. See text for details.

these diverse steps in the gene expression program,
the recent development of genome-wide analysis tools
like DNA microarrays allowed fundamental new
insights into the systems architecture of gene regulatory programs. For instance, DNA microarrays have
been extensively used to study transcriptional programs by comparing steady-state RNA levels between
diverse cell types and stages, and by the mapping of
binding sites for DNA-associated proteins through
chromatin immunoprecipitation (so-called ChIPCHIP assays [9, 10]). Integration of these data allowed
the description of complex transcriptional regulatory
networks, involving large sets of genes that control
coherent global responses in physiological and developmental programs [11–13].
In contrast, less is known about the systems architecture that underlies the post-transcriptional steps in the
gene expression program (although many RNA
regulatory processes also occur co-transcriptionally,
we further classify them as post-transcriptional for
simplicity). Considering the large number of mRNA
molecules in the cell – ranging from 15 000 to 150 000
mRNA molecules in yeast and mammals, respectively
– it is rational to assume that the location, activity, and
fates of these RNAs is not left to chance but is highly
coordinated and regulated by an elaborate system.
Such a post-transcriptional regulatory system may be
controlled by the hundreds of RBPs and non-coding
RNAs (e.g. microRNAs) that are encoded in eukaryotic genomes, possibly defining specific fates of each
RNA by the combinatorial binding of distinct groups
of RBPs [14–16].
Here, we summarize recent work that applied genomic tools to decipher the principles and logic of
post-transcriptional regulatory systems. We focus on
studies considering the localization, translation and
decay of mRNAs in eukaryotes. On one hand, this
includes investigations to globally map post-transcrip-

tional regulatory programs to understand their
extent, the underlying principles and conservation
during evolution. On the other hand, it concerns
investigations on the mediators or nodes of these
programs, which involves the characterization of
RBPs and the systematic identification of their RNA
targets (Fig. 2).

RNA localization
RNA localization generally refers to the transport or
enrichment of subsets of mRNAs to specific subcellular regions. RNA localization can be achieved
passively by local protection from degradation or
through the trapping/anchoring at specific cellular
locations. Moreover, asymmetric distribution of RNA
can also be established by the active transport of
RNAs via RBP-motor protein complexes [5, 17].
Here, we discuss studies that systematically mapped
RNA distribution to subcellular structures or organelles, and then refer to investigations aimed at globally
identifying localized mRNAs mediated through active
mRNA transport by RBPs.
In a pioneering study by Pat Brown and colleagues
[18], mRNA species bound to membrane-associated
ribosomes were separated from free cytosolic ribosomes by equilibrium density centrifugation in a
sucrose gradient, and the distribution of transcripts
in the fractions were quantified by comparative DNA
microarray analysis. As expected, transcripts known
to encode secreted or membrane-associated proteins
were enriched in the membrane-bound fraction,
whereas those known to encode cytoplasmic or
nuclear proteins were preferentially enriched in the
fractions containing mRNAs associated with cytoplasmic ribosomes. However, transcripts for more
than 300 genes in the yeast Saccharomyces cerevisiae
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Figure 2. Global approaches to study post-transcriptional gene regulation. (a) Determining the translation status of each mRNA for the
mapping of translational programs. Cell-extracts are fractionated through a sucrose-density gradient and the absorbance at 254 nm is
monitored. RNA is isolated from fractions containing free RNA and ribosomal subunits, monosomes (80S) and polysomes, and analyzed
with DNA microarrays. The relative position of a message in this profile is an indicator for its translational activity. (b) Systematic
identification of RNAs associated with specific RNA-binding proteins. In this so-called ribonomics approach, RBPs are immunoprecipitated or affinity-purified via a tag from cellular extracts. RNAs associated with RBPs are isolated, cDNA copies are fluorescently
labeled and hybridized to DNA microarrays. The Cy5/Cy3 fluorescence ratio for each locus reflects its enrichment by affinity for the
cognate protein.

were found in the membrane-fraction coding for
previously unrecognized membrane or secreted proteins. Rather unexpected, among these was also the
message for ASH1 coding for a well-known transcriptional repressor, suggesting alternative signals for
membrane association [18]. Similarly, application of
this method to map mRNA distributions in the plant
Arabidopsis thaliana allowed the classification of 300
previously unknown transcripts as secreted or membrane-associated proteins [19]. A recent extension of
this approach to eleven different human cell lines
provided a detailed catalog containing more than 5000
previously uncharacterized membrane-associated and
6000 cytoplasmic/nuclear proteins at high confidence
levels [20]. Strikingly, this analysis predicts that 44 %
of all human genes encode membrane-associated or
secreted proteins exceeding previous estimates ranging from 15 % to 30 %. In addition, the comparison of
this catalog to data obtained from hundreds of DNA
microarray profiles from tumors and normal tissues
allowed the identification of candidate genes that are
highly overexpressed in tumors and, hence, could be
particularly good candidates for diagnostic tests or
molecular therapies [20].
Claude Jacqs lab applied a subcellular fractionation
approach to determine transcripts associated with free
and mitochondrion-associated ribosomes in the yeast
S. cerevisiae. Besides the mRNA for ATP14, which
was previously known to localize in the vicinity of
mitochondria [21], nuclear transcripts for diverse

mitochondrial proteins were enriched in the mitochondrial fraction. Interestingly, two characteristics
correlated with this mRNA localization: the phylogenetic origin and the length of the genes. mRNAs
enriched in the mitochondrial fraction were preferentially longer (as deduced from average length of the
encoded proteins) and originate from genes with
bacterial homologues, whereas mRNAs in free cytosolic polysomes were shorter and of eukaryotic origin
[22, 23]. Possibly, such coordinate localization of
groups of mRNAs could allow oriented access for
controlling their fates. This may also apply to other
cellular compartments. For instance, a low-density
array study revealed that 22 out of 649 analyzed
transcripts were enriched in the cytoskeleton fraction
relative to the cytosolic fraction – most of these
encoding ribosomal proteins or structural proteins
that interact with the cytoskeleton [24, 25].
In polarized cells like neurons, mRNA localization has
major physiological implications. In dendrites, RNA
transport and subsequent local protein synthesis is
thought to influence experience-based synaptic plasticity and long-term memory formation; in axons,
local translation modifies axon guidance and synapse
formation [26, 27]. However, to date there are only a
handful of well-characterized examples of localized
neuronal mRNAs, among them the messages coding
for microtubule-associated protein 2 (MAP2), the asubunit of a calmodulin-dependent protein kinase
(aCaMKII), brain-derived neurotrophic factor
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(BDNF), and activity-regulated cytoskeletal-related
(Arc) [5, 26]. Therefore, several genomics-based
approaches have been undertaken to identify novel
localized transcripts. For example, Matsumoto et al.
[28] fractionated brain tissue and isolated RNA from
the heavy portion of polysomes and synaptosomes to
provide a list of potentially dendritic mRNAs that
undergo localized translation. Interestingly, the induction of neural activity by an electroconvulsive
shock triggered a redistribution of the population of
dendritic transcriptome, which may trigger changes in
the translatability of this transcriptome, suggesting
complex mechanisms of local translation in response
to synaptic inputs [28] (Fig. 2A). The hundreds of
potentially localized mRNA in neurons now await
confirmation by in situ hybridization and exploration
as to whether and how these may be regulated through
activating stimuli, such as neurotransmitter release.
To date, more than 100 mRNAs are known to undergo
active mRNA transport in diverse organisms [17, 29].
In neurons, mRNAs are transported over long distances in a microtubule-dependent manner in the
form of large granules consisting of RNA-binding
proteins, ribosomes and translation factors [27, 30].
Several RBPs associated with neuronal RNA transport have been identified, such as zipcode-binding
proteins (ZBP1,2; named after their ability to bind to
a conserved 54-nucleotide element in the 3-UTR of
the b-actin mRNA known as the zipcode), Staufen,
hnRNPA2, cytoplasmic polyadenylation protein
(CPEB) and members of the familial mental retardation proteins (FMRPs). At least for one of these RBPs,
FMRP, a systematic gene array-based screen was
undertaken to identify the mRNAs that are transported and possibly regulated by this protein [31].
Using a ribonomics approach [32], which involved
the immunoprecipitation or affinity isolation of RBPs
followed by the identification of bound RNAs with
DNA microarrays [32] (Fig. 2B), the authors immunopurified the protein from mouse brain tissues and
found ~4 % of all mRNAs (435 messages) associated
with FMRP. In addition, they compared the mRNA
profiles of polyribosomes between normal human
cells and cells derived from fragile X syndrome patients
identifying over 200 messages with altered association
and hence, these are potentially subject to translational
regulation (Fig. 2A). Notably, nearly 70 % of the homoACHTUNGRElogous messages found in both studies had a G-quartet
structure, which was demonstrated as an in vitro FMRP
target [31]. These data provided a good starting point
for further investigations on the most critical targets
involved in fragile X pathophysiology and, possibly, on
other related cognitive diseases.
Probably the best-studied example for actin-dependent RNA transport concerns ASH1 mRNA localiza-
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tion to the bud tip of yeast cells during cell division.
ASH1 codes for a transcriptional repressor repressing
mating type switching in daughter cells [29]. ASH1
mRNA is bound by She2p, an RBP tethered to the
myosin motor protein Myo4p via the adaptor protein
She3p. This RNA-protein complex travels along actin
cables to the emerging bud for local protein synthesis.
To identify other localized mRNAs, affinity purification of components of the She complex followed by
the analysis of bound mRNA with microarrays was
combined with a robust reporter system for in vivo
visualization as a secondary screen [33, 34]. This
analysis revealed 23 additional transcripts that are
localized to the bud-tip and encode a wide variety of
proteins, several involved in stress responses and cell
wall maintenance [33]. These results reveal an unanticipated widespread use of RNA transport in budding
yeast – possibly providing the daughter cells with a
favorable start-up package.
In conclusion, the few studies that investigated spatial
distribution of mRNAs in the cell on a global level
challenge the long-standing assumption of a rather
unorganized pool of mRNAs that randomly diffuse
in the cytoplasm to be eventually translated. Possibly,
many mRNAs may be spatially organized even in nonpolarized cells for local translation or decay in
processing (P) bodies. Further applications of both
subcellular fraction techniques and ribonomics approaches will certainly reveal a more comprehensive
picture of the spatial arrangement of RNAs in cells.

Regulation of translation
Translational regulation has essential roles in development, oncogenesis and synaptic plasticity [35–37].
It concerns the differential recruitment of mRNA
species to the ribosome for protein synthesis, which
results in a lack of correlation between the relative
amounts of mRNA and the amount of the encoded
protein. In an innovative study, the relative contribution of transcriptional and translational regulation in
yeast was measured using large-scale absolute protein
expression measurement called APEX (Absolute
Protein Expression Index), which relies upon observed peptide counts from mass spectrometry [38].
Most (73 %) of the variance in protein abundance can
be explained by mRNA abundance, which is lognormal distributed around an average of 5600 proteins
per mRNA molecule. This indicates that the abundance of most proteins is set per mRNA molecule;
however, one third of the mRNAs must be regulated
at additional levels including translation and/or protein turnover. In mammalian cells, the fraction of
differentially expressed messages may be consider-
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ably higher ranging from 60 % to 80 %, indicating that
gene expression of most messages is heavily controlled
at diverse levels [39].
Translation can be divided into three steps: initiation,
elongation and termination [6]. During translation
initiation, the primary target for translational control,
translation initiation factors (eIFs) recruit the mRNA
to the small ribosomal subunit (40S subunit). Thereby,
eIF4E binds to the cap structure at the 5-end of the
mRNA and interacts with eIF4G, which binds to the
poly(A)-binding protein (PABP). The initiation complex then scans the mRNA in 5 to 3 direction until the
initiation codon is reached where the large ribosomal
subunit (60S) joins the complex leading to the
formation of active ribosomes. Notably, ribosomes
can also be recruited cap-independently to some viral
and cellular mRNAs by direct binding of the small
ribosomal subunit to internal RNA structures, termed
IRES [40]. The assembled ribosomes traverse the
coding region with help of elongation factors (eEFs)
and synthesize the encoded polypeptide with multiple
ribosomes covering the mRNA to form polysomes. At
the termination codon, peptide chain-releasing factors
(eRFs) are required to release the polypeptide from
the ribosome.
Two basic modes of translation regulation have been
described. During global regulation, translation of
most mRNAs is controlled by translation factors. For
instance, phosphorylation of eIF2a reduces the
amount of active initiation complexes and hence
leads to a rapid reduction of translation of most
messages. The availability of eIF4E is controlled by
4E-binding proteins (4E-BP) that displace eIF4G
from eIF4E, and thus inhibit association of the small
ribosomal subunit with the mRNA [6, 41]. The second
mode of translational regulation concerns mRNAspecific control, where translation of defined groups
of mRNAs is modulated without affecting general
protein biosynthesis. This can be carried out by
specific RNA-binding proteins, which often bind to
sequence or structural elements in untranslated regions (UTRs) of protein-coding transcripts and,
hence, repress translation via interactions with eIFs
[6, 42]. A prime example for such regulation represents cytoplasmic aconitase, an enzyme that regulates
iron-dependent translation initiation through binding
to a stem-loop structure in the 5-UTR of messages
involved in iron metabolism (e.g., ferritin mRNA
coding for an iron regulatory protein) [43]. Specific
control can also be exerted by microRNAs (miRNAs)
– small RNAs of 22 nucleotides in length – that have
recently been shown to repress translation via base
pairing to sequences located in 3-UTRs of target
mRNAs [44]. Interestingly, it has recently become
apparent that miRNA- and RBP-mediated transla-

tional regulation may collaborate or compete on
specific mRNA substrates, suggesting interconnections between these different modes of translational
regulation [45].
Genome-wide analysis of translational regulation. A
reliable measure for translation of cellular mRNA is
the degree of its association with ribosomes. Since the
rate of initiation usually limits translation, most
translational responses will alter the ribosome density
on a given mRNA. Actively translated mRNAs are
typically bound by several ribosomes (polysomes) and
can be separated from the small (40S) and the large
(60S) ribosomal subunits and the 80S monosomes by
sucrose gradient centrifugation (Fig. 2A). In classical
experiments, total RNA was isolated from fractions of
the polysomal gradient and assayed for the mRNA of
interest by Northern blot analysis. Several laboratories have further extended this technique using DNA
microarray technology to perform genome-wide analysis of mRNAs in polysomes in yeast, Drosophila and
mammals [46].
The laboratories of Pat Brown and Daniel Herschlag
performed a high resolution translation state analysis
in rapidly growing yeast cells, providing profiles for
mRNA-ribosome association for thousands of genes
[47]. Based on these data, they calculated the ribosome occupancy (fraction of a specific mRNA associated with ribosomes), the ribosome density and the
translation rate for each expressed mRNA. The
average occupancy was calculated at 71 %, indicating
that most mRNAs are likely engaged in active translation. However, about 100 mRNAs showed only
weak association with ribosomes and may therefore
be considered as potential candidates for translation
on demand. The average ribosome density was found
to be 156 nucleotides per ribosome, which is about one
fifth of the maximal packing density, supporting the
premise that translation initiation is the rate-limiting
step for protein synthesis. Surprisingly, the ORF
length appears to be a major factor determining the
ribosome density, which is expressed through an
inverse correlation between the ORF length and the
ribosome density in diverse species [47–49].
Since poly(A) tail length affects translational efficiencies and mRNA stability, two recent studies systematically addressed its length in yeast [48, 50]. In a
procedure called polyadenylation state array analysis
(PASTA), mRNAs were captured with poly(U) Sepharose columns and differentially eluted by increasing temperature. The mRNAs with short tails elute
first and those with long tails last. RNAs fractions
were analyzed with DNA microarrays to identify
groups of mRNAs with similar poly(A) tail lengths. In
the yeast S. cerevisiae, mRNA coding for functionally
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or cytotopically related mRNAs could be attributed to
groups with similar tail length. Long poly(A) tails
were found among mRNA coding for cytoplasmic
ribosomal proteins, whereas short tails were enriched
for DNA/Ty elements and among mRNAs coding for
nucleolar proteins involved in ribosome synthesis, and
proteins with cell cycle-related functions [50]. The
comparison of the data with other genome-wide
analysis revealed that poly(A) tail length positively
correlates with ribosome density and to some extend
with mRNA abundance, and it negatively correlates
with ORF and UTR length [51]. The poly(A) tail
length, and hence ribosome occupancy of messages
correlate with the degree of association with poly(A)binding protein (Pab1p). This provides global support for the concept that long poly(A) tails stimulate
translation via Pab1p and eIF4G. Interestingly,
poly(A) tail length does not correlate with mRNA
decay rates. Therefore, it appears that translation rates
are not directly coupled to mRNA decay control,
although poly(A) shortening is a prerequisite for
mRNA decay [52]. Possibly, processes acting on
oligo(A)-tailed intermediates may limit the decay
rates of large number of yeast mRNAs. A congruent
study performed in fission yeast S. pombe monitored
translational status, poly(A) tail length, mRNA abundance, mRNA decay rates and RNA polymerase II
association under identical conditions [48]. Functional groupings of mRNA in respect to their translational efficiencies, length and abundance were
identified with shorter and abundant mRNAs having
longer poly(A) tails. Notably, ORF length correlated
best with ribosome density and mRNA abundance
with ribosome occupancy. In conclusion, both studies
revealed similar principles that may organize translation and therefore, these may be evolutionarily
conserved. Further studies in other organisms will
reveal whether these principles are universally conserved and possibly affected in disease.
Several studies were aimed at the systematic identification of translationally regulated messages after
subjecting cells to stress and other environmental
stimuli. They applied a low-resolution profile analysis, where the mRNA contents of high sucrose
gradient fractions (polysomes) were compared with
fractions from the low sucrose gradient (the pool of
non-translated mRNAs) (Fig. 2A). In parallel,
changes in the levels of total RNA were measured to
study the relation between transcription/decay and
translationally regulated messages. In yeast, global
effects on translation were first studied for the rapid
transfer of cells from a fermentable to a non-fermentable carbon source mimicking glucose starvation [53],
followed by heat-shock response and rapamycin
treatment [54], amino acid starvation, butanol addi-

803

tion (an end product of amino acid breakdown) [55],
and application of hydrogen peroxide to induce
oxidative stress [56]. First, it should be noted that
these relatively harsh treatments induced global
translation inhibition that goes along with a decrease
in cell growth. Although this global translation
inhibition is triggered by similar signaling pathways
like phosphorylation of eIF2a, the various forms of
stress affected quite different sets of mRNAs. Amino
acid and glucose starvation differentially regulated
the translation of up to 20 % of all mRNAs, whereas
more mild treatments, such as butanol and peroxides,
affected less than 4 % of transcripts. Treatment of cells
with heat/rapamycin or nutrient removal (amino acid
and glucose starvation) co-activated similar translational and transcriptional programs. Here, regulation
at the translational level often reflects a magnification
of the transcriptional activity – an effect that has been
termed potentiation [54]. In contrast, the addition of
butanol or peroxide provoked no potentiation, but
instead changed the abundance and translation rates
of different sets of mRNAs. This could, at least in part,
be explained by the recruitment of stored mRNA for
translation on demand. Nevertheless, in all cases, the
specific sets of mRNAs that undergo treatmentspecific regulation appear to share functional themes
that can be attributed to logic response of the cells
altered physiological circumstances. For instance,
mRNAs coding for proteins related to sugar metabolism and transport, such as hexose transporters,
remain associated with polysomes during glucose
starvation [53]; rapamycin treatment, which blocks
the target of rapamycin (TOR) pathway controlling
cell growth, led to a decrease of nearly all yeast
mRNAs coding for cytoplasmic ribosomal proteins,
whereas mRNAs for proteins acting in the nitrogen
discrimination pathway were increased [54]; amino
acid starvation strongly coregulated or potentiated
transcripts encoding permeases, proteases and proteins involved in degradation pathways, which may
reflect an early amino acid scavenging response to
starvation [55]. Another interesting aspect of these
studies is that the concentration of an applied
compound may significantly matter for the outcome.
Shenton et al. [56] showed that low concentrations of
peroxide (0.2 mM H2O2) induced the translation of
mRNAs coding for antioxidants, cellular transporters
and proteins involved in diverse intermediary metabolism and may reflect the need for metabolic reconfiguration. A tenfold higher concentration of peroxide
(2 mM) resulted in the up-regulation of genes involved in ribosome biogenesis and ribosomal RNA
processing, possibly reflecting the need to repair
factors for efficient protein synthesis. On the other
hand, many translationally repressed mRNAs showed
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increased steady-state (total RNA) levels. Again it
was postulated that this group of messages may
represent an mRNA store that could become rapidly
activated following relief of the stress condition. It will
certainly be interesting to further study whether other
mild treatments with pharmacological compounds
activate dose-dependent non-linear effects via distinct
regulatory programs. If so, this may become of great
medical relevance as diverse drugs are known to act
differentially depending on their dose.
Finally, there are recurring and intriguing observations that mRNAs coding for cytoplasmic ribosomes
generally appear to undergo outstanding and strong
coregulation. Amino acid and glucose starvation
coordinately repress these transcripts abundances
and ribosome association very rapidly, whereas the
addition of butanol or oxidative stress even lead to the
opposite effect – translational activation – that
possibly reflects the requirement of cells to replace
ribosomal proteins and rRNA that became damaged
by free radicals or other toxic products. Therefore,
besides tight transcriptional control of these messages,
they also undergo decent post-transcriptional control
at diverse levels and hence, may represent the most
tightly controlled genes in eukaryotic cells [57].
First studies to investigate global aspects of translational regulation in mammalian cells focused on
IRES-dependent translation in poliovirus-infected
cells [58], and the reaction of mitogenically activated
fibroblasts [59], providing early proof-of-principle for
the methodology introduced above that involves
polysomal fractionation followed by DNA microarray
analysis of RNA contents (Fig. 2A). A further landmark study by Holland and colleagues [60] analyzed
polysomal profiles of murine cell lines after blocking
oncogenic Ras and Akt signaling. Apparently, these
pathways regulate the recruitment of specific mRNAs
to ribosomes to a far greater extent than de novo
synthesis of mRNAs by transcription and thus, Ras
and Akt signaling pathways seem to have a more
pronounced effect on translational versus transcriptional regulation. The authors postulated that the
immediate and direct inductive oncogenic effect of
these signaling pathways could be largely achieved
through translational activation. The differences seen
in RNA abundances during chronic signaling alterations may be secondary to translational effects
caused by mRNAs encoding transcription factors
[60]. Similar studies on different cancer types may
lead to the identification of potential markers and
possibly reveal novel drug targets [37, 61]. Moreover,
a recent study identified specific subsets of mRNAs
regulated by eIF4E overexpression, which is known
to lead to tumor transformation. The authors postulated that down-regulation of eIF4E and its down-

stream targets may represent a potential therapeutic
option for the development of novel anti-cancer drug
[62].
As seen for Ras/Akt activation, it is intriguing that
changes at translation can even outperform changes at
the steady-state mRNA level. This has also been
noticed in a study analyzing radiation-induced
changes in gene expression of human brain tumor
cells or normal astrocytes. Ten times more genes
(~15 %) were altered at the level of translation
compared to the number of genes regulated at the
level of transcription (~1.5 % of 7800 analyzed human
genes) [63]. Only a few transcripts were commonly
affected at both the transcriptional and translational
levels, suggesting that the radiation-induced changes
in transcription and translation are not coordinated.
Those transcripts that were affected at translation fell
into functional groups such as cell cycle, DNA
replication and anti-apoptotic functions. This indicates that DNA damage affects post-transcriptional
gene regulation of previously synthesized mRNAs,
possibly enabling cells to repair DNA instead of being
transcriptionally active [63]. Functional relations
among messages were also recognized in a recent
study performing translational profiling of mouse
pancreatic b-cells in response to an acute increase in
glucose concentration [64]. More than 300 transcripts
(2 % of the analyzed genes) changed their association
with polysomes more than 1.5-fold; most of them
encoding proteins acting in metabolism or transcription. Notably, this set of messages is related to the
group of genes translationally altered during glucose
starvation in the yeast S. cerevisiae [53]. Therefore, in
mammals and yeast, it appears that mRNAs for
functionally related messages may be coordinately
regulated at the translational level. It is possible that a
comparative analysis in different species may allow
evolutionarily conserved translational regulatory programs to be deciphered, which are at the moment still
rather speculative.
Whereas concomitant changes in RNA abundance
and translational rates were rarely detected during
radiation response [63], a recent study identifying
mRNAs that remain associated with polysomes during hypoxia in transformed prostate cancer cells (a
condition that tumors prevent through the induction
of angiogenesis) found both homodirectionally/potentiated mRNAs and distinctively regulated messages [65]. After prolonged exposure of PC-3 cells to low
oxygen levels, global translation was reduced by half;
however, 104 mRNAs, representing about 0.5 % of all
analyzed features, became more associated with
hypoxic polysomes compared to normoxic ones.
Among these, 71 mRNAs were similarly increased in
hypoxic polysomes compared with total RNA levels

57

Cell. Mol. Life Sci.

Review Article

Vol. 65, 2008

representing homodirectional changes; 33 mRNAs
were translationally enriched, some of them potentiated (11 of those coding for ribosomal proteins)
[65].
In summary, the common principles of translational
regulation that emerge from genome-scale studies in
diverse eukaryotes suggest a complex but coordinate
system of regulation. It must be triggered by a variety
of factors that go well beyond the described pathways
that influence global translation. In future, there will
certainly be an increasing number of studies to
decipher translational regulatory programs in cancer,
neurogenesis and development. Intriguingly, despite
the impact of translational regulation during development, only one recent study systematically investigated translational programs during early embryogenesis
in the fruit fly Drosophila melanogaster [49]. The
mapping of translational programs in diverse species
will likely reveal key regulatory networks and how
these are affected in disease.
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5 % of all human genes, interact with specific AREbinding proteins that stabilize the RNA or promote
mRNA degradation by recruiting the RNA decay
machinery.
Genome-wide measurements of mRNA decay. Global analysis of mRNA decay rates following arrest of
transcription has been performed in all three kingdoms of life: bacteria [68–70], archea [71] and
eukaryotes including yeast [52, 72], plants [73], and
human cells [74].
In eubacteria and archea, mRNA decay proceeds
rapidly, with a median half-life of ~5 min. Two main
characteristics seem to be evolutionarily conserved:
adjusted decay rates for functionally related groups of
messages, and the inverse correlation between the
half-lives and the relative abundances of transcripts.
As seen in the archaebacterium Sulfolobus, transcripts
encoding proteins involved in growth-related processes, such as transcription, tRNA synthesis, translation and energy production, generally decay rapidly
(t1/2  4 min), whereas those encoding products necessary for maintaining cellular homeostasis are relatively stable (t1/2 > 9 min). Short half-lives of highly
abundant mRNAs imply high-turnover rates and thus,
enable cells to rapidly reprogram gene expression
upon changes in environmental conditions [68, 71].
Interestingly, the half-life and abundance of distinct
classes of transcripts appear to depend on particular
RNA degradosome components. This finding suggests
the existence of structural features or biochemical
factors that distinguish different classes of mRNA
targeted for degradation [75]. This may also apply to
specific growth phases, as seen in Streptococcus where
certain mRNAs become sensitive to stationary-phaseinduced PNPase [76].
Evidence for the existence of coordinated RNA decay
regulons in eukaryotes was obtained from global
investigation of mRNA decay profiles in yeast and
human cells. Here, transcription was shut-off using
cells that bear a temperature-sensitive allele of RNA
polymerase II or through chemical inactivation, and
the decay of thousands of genes was monitored with
DNA microarrays over a time course [52, 72, 74].
Strikingly, mRNA half-lives among components of
macromolecular complexes in yeast were significantly
correlated [52]. For instance, the transcripts for the
four histone mRNAs were among the least stable with
closely matched, rapid decay rates (t1/2 = 7  2 min);
the 131 mRNAs coding for ribosomal proteins had
average decay rates (t1/2 = 22  6 min), and the four
components of the trehalose phosphate synthetase
complex were amongst the longest lived messages
(t1/2 = 105  15 min) [52]. The examination of decay
rates in human cells revealed similar mRNA-turnover

Regulation of mRNA decay
Steady-state mRNA levels are a result of both RNA
synthesis and degradation that are dynamically controlled and can vary up to 100-fold during the cell cycle
or cellular differentiation. In eubacteria like Escherichia coli, mRNAs are generally degraded by endonucleolytic cleavage, followed by 3-to-5 exonucleolytic RNA decay through the so-called RNA degradasome consisting of ribonuclease E (RNAseE),
3-exoribonuclease polynucleotide phosphorylase
(PNPase), RNA helicase (RhlB) and enolase [66]. In
eukaryotes, most cytoplasmic mRNA degradation
begins with shortening of the poly(A) tail by deadenylases followed by removal of the 5 cap structure by
the decapping enzymes, Dcp1 and Dcp2 [7]. The
decapped intermediates are then degraded either by
an exonuclease (Xrn1p) in the 5 to 3 direction, or by
the cytoplasmic exosome in the 3 to 5 direction. In
addition, eukaryotes own specialized pathways that
target mRNAs containing premature termination
codons (nonsense-mediated decay pathway, NMD)
that lack translational termination codons (non-stop
decay pathway, NSD) or that bear stalled ribosomes
(no-go decay). Degradation of specific mRNAs can
also be initiated by endonucleolytic cleavage through
sequence-specific endonucleases, or in response to
miRNAs or siRNAs [7]. Numerous cis-acting elements located in the 5-UTR, the coding sequence
(CDS) or in the 3-UTR of mRNAs can function as
binding sites for RNA-binding proteins that regulate
decay [67]. For instance, AU-rich elements (AREs),
conserved sequences found in the 3-UTR of nearly
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patterns among orthologous genes, indicating the
presence of evolutionary conserved programs of
RNA stability control [74]. Transcripts encoding
metabolic proteins have a tendency for longer halflives, whereas transcripts encoding transcription factors or ribosome biogenesis factors are relatively short
lived [52, 72]. Interestingly, it appears to be a universal
feature that average transcript half-lives are roughly
proportional to the length of the cell cycle: cell-cycle
lengths of 20, 90, and 600 min correspond to median
mRNA half-lives of 5, 21 and 600 min for E. coli, S.
cerevisiae and human cells, respectively [74].
DNA microarrays have also been applied to investigate specialized decay pathways, such as NMD and
nuclear exosome-mediated decay. Mutants for NMD
factors Upf1, Nmd2 and Upf3 alter the mRNA levels
of an overlapping set of ~600 messages (10 % of the
transcriptome) in yeast [77, 78]. However, mRNA
levels in nmd– strains may also be the result of indirect
effects because transcription factors are also targeted
through NMD and therefore, Guan et al. [78] dissected direct from indirect targets of NMD by profiling global RNA decay rates in nmd– strains. About
half (300 transcripts) are likely to be direct NMD
targets decayed through 5 to 3 degradation by Xrn1p.
NMD-sensitive transcripts tend to be both nonabundant and short-lived, with one third of them
coding for proteins that are connected to two central
themes: first, replication and maintenance of telomeres, chromatin-mediated silencing and post-replication events related to the transmission of chromosomes during the cell division cycle; and, second,
synthesis and breakdown of plasma membrane components, including transport of macromolecules and
nutrients, and cell wall proteins [78]. Genome-wide
analyses have also identified potential RNA substrates for the nuclear exosome [79]. More than 300
mRNAs showed altered expression levels in different
exosome mutants. Several genes, located downstream
of independently transcribed snoRNA genes, were
overexpressed in exosome mutants. Further analyses
suggested that many snoRNA and snRNA genes are
inefficiently terminated. Such read-through transcripts into downstream ORFs are normally rapidly
degraded by the exosome and, hence, could explain
their enrichment in exosome mutants.
A couple of studies investigated the implications of
specific RBPs on RNA turnover. Global mRNA
turnover in mutant cells was monitored through
gene expression analysis expecting adverse effects
on subsets of messages. Grigull et al. [72] examined
the effects of deletions of genes encoding deadenylase components Ccr4p and Pan2p and putative
RNA-binding proteins Pub1p and Puf4p after
inhibition of transcription by chemicals and/or

heat stress. This examination showed that Ccr4p,
the major yeast mRNA deadenylase, contributes to
the degradation of transcripts encoding both ribosomal proteins / rRNA synthesis and ribosome assembly factors largely mediating the transcriptional
response to heat stress. Pan2p and Puf4p also
participate in degradation of these mRNAs, while
Pub1p preferentially stabilized transcripts encoding
ribosomal proteins. Notably, the Puf4-affected
genes correlate with biochemically identified targets of Puf4p [80] . A second study focused on
Pub1p, a yeast RNA-binding protein thought to
destabilize mRNAs through binding to AU-rich
sequences in 3-UTRs [81] . Global decay profiles in
pub1 mutants revealed a significant destabilization
of proteins involved in ribosomal biogenesis and
cellular metabolism, whereas genes involved in
transporter activity demonstrated association with
the protein, but displayed no measurable changes in
transcript stability [81] . Therefore, in this case, the
direct targets only partially related to the functional
outcome under specific physiological conditions.
This could be mediated through additional RNAprotein interactions forming a network through
combinatorial binding. Finally, Foat et al. [82]
combined a computational and experimental approach to identify transcripts that are destabilized
under specific environmental conditions (sugar
sources) by yeast mRNA stability regulators. For
Puf3p, which was known to primarily associate with
mRNAs coding for mitochondrial proteins [80] ,
they computationally inferred and experimentally
verified target destabilization in the presence of
glucose, as some of these mRNAs were up-regulated in puf3 mutants grown in a non-repressing
carbon source, but down-regulated in a repressing
carbon source [82] .
Mammalian cells have evolved a variety of specific
mRNA decay programs that play important roles in
medically relevant processes such as inflammation,
hypoxia and cancer pathogenesis. For example, the
expression of diverse cytokines is differentially regulated after T cell activation, and glucocorticoids
inhibit inflammation through destabilization of proinflammatory transcripts like cyclooxygenase-2 [67].
Global mRNA decay profiles revealed mRNAs,
which appear specifically regulated by these programs. For instance, in resting T lymphocytes, the
majority of transcripts are stable with half-lives of
more than 6 h, but a small proportion (~3 %) of
expressed transcripts exhibits rapid decay with halflives of less than 45 min [83]. These short-lived
transcripts encode a variety of regulatory proteins
such as cell surface receptors, transcription factors and
regulators of cell growth and apoptosis. Su et al. [84]
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focused on the massive degradation of transcripts
occurring during meiotic arrest at the germinal-vesicle
(GV) stage, and found that degradation is apparently
not promiscuous but preferentially affects specific
groups of messages. In particular, transcripts involved
in processes associated with meiotic arrest at the GV
stage and the progression of oocyte maturation, such
oxidative phosphorylation, energy production, and
protein synthesis, were rapidly degraded, whereas
those encoding participants in signaling pathways
maintaining the oocyte in the MII-arrested state were
among the most stable. In conclusion, these studies
exemplify that stimulus-dependent transcript destabilization is an important mechanisms for controlling
gene expression in a coordinated manner.
Many activation-induced transcripts contain AREs in
the 3-UTR [85]. The presence of these motifs in
mRNAs often correlates with shifts in the distribution
of decay rates; however, their sole presence cannot
reliably predict turnover behavior. ARE-binding
proteins may therefore differentially determine the
fate of mRNA depending on the cellular and environmental context [85]. Tristetraprolin (TTP), a wellknown ARE-binding protein, has several characterized physiological target mRNAs including tumor
necrosis factor (TNF)-a, granulocyte-macrophage
colony-stimulating factor, and interleukin-2b. Microarray analysis of RNA obtained from wild-type and
TTP-deficient fibroblast cell lines identified 250 transcripts with altered decay rates, some of them
containing conserved TTP binding sites [86]. The
RNA-binding protein T-cell intracellular antigen 1
(TIA-1) functions as a post-transcriptional regulator
of gene expression and aggregates to form stress
granules following cellular damage. TIA-1 regulates
mRNAs for proteins involved in inflammatory responses such as TNF-a and cyclooxygenase 2. Immunoprecipitation (IP) of TIA-1-RNA complexes, followed by microarray-based identification and computational analysis of bound transcripts revealed at least
300 potential targets, many of them bearing an U-rich
motif [87].
In conclusion, global analysis of mRNA turnover
underlines the importance of RNA decay in the
control of mRNA levels and strongly suggests the
presence of specific RNA turnover programs. mRNA
decay certainly involves combinatorial interactions of
RBP enabling stimulus-dependent decay programs
through the integration of diverse signals. Besides
temporal control, RNA decay may also occur spatially
restricted, as seen with Drosophila IRE1, a protein
activated during the unfolded protein response in the
endoplasmic reticulum directing the decay of specific
subset of mRNAs, many of which encode plasmamembrane proteins [88]. Moreover, still rather unex-
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plored is the role of P-bodies and stress granules as
storage place for untranslated mRNA and site for
mRNA degradation. Perhaps different subtypes of Pbodies exist for subgroups of RNAs? At least the
recent observation that ARE containing mRNAs are
localized to specific cytoplasmic granular structures
containing exosome subunits that are distinct from Pbodies or stress granules, support the idea of specialized structures for storage or degradation of distinct
groups of mRNAs [89].

Identification of specific RNA-protein interactions
Putative RNA-binding proteins comprise 3 – 11 % of
the proteomes in bacteria, archea and eukaryotes [90].
The large number of RBPs in all kingdoms of life may
merely reflect the ancient origin of RNA regulation,
which is possibly the most evolutionary conserved part
of cell physiology. RBPs often contain distinct RNAbinding domains that specifically interact with sequences or structural elements in the RNA. Approximately one hundred protein domains associated with
RNA metabolism have been described to date, half of
them believed to have originated at early stages in
evolution, whereas others, such as the RNA recognition motif (RRM), are exclusively present in
eukaryotes and therefore may have been acquired
later in evolution [90].
A successful approach to globally identify the in vivo
RNA targets of RBPs involves immunoprecipitation
or affinity purification of epitope-tagged proteins
followed by the analysis of associated RNAs with
DNA microarrays or by sequencing (Fig. 2B). In a
pioneering study, Keene and colleagues [91] used this
ribonomics approach to study RNAs associated with
three RBPs in a cancer cell line. Although low-density
arrays were used to identify the bound mRNAs, each
RBP was associated with a distinct subset of the
mRNAs present in total cell lysate. Moreover, these
subsets appeared to change after cells were induced to
differentiate. These results led to the proposal that
groups of mRNAs encoding functionally related
proteins are organized as so-called post-transcriptional operons [92]. In analogy to prokaryotic operons, this model predicts that specific RBPs may
coordinate groups of mRNAs coding for functionally
related proteins in eukaryotes. Cis-acting elements in
the mRNA may provide the means to mimic the
coordinated regulatory advantages of clustering genes
into polycistronic operons [16, 92].
A prime example for the coordination of functional
related transcripts by specific RBPs is represented by
the Pumilio-Fem-3 binding (PUF) proteins [80, 93].
PUF proteins comprise a conserved family of struc-
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turally related RBPs that negatively regulate gene
expression of specific mRNAs [94]. Applying DNA
microarrays to identify their RNA targets revealed
that each of the five yeast PUF proteins associated
with distinct groups of 40 to 220 different mRNAs with
striking common themes in the functions and subcellular localization of the proteins they encode:
Puf3p binds nearly exclusively to cytoplasmic
mRNAs that encode mitochondrial proteins; Puf1p
and Puf2p interact preferentially with mRNAs encoding membrane-associated proteins; Puf4p preferentially binds mRNAs encoding nucleolar ribosomal
RNA-processing factors; and Puf5p is associated with
mRNAs encoding chromatin modifiers and components of the spindle pole body [80]. The results were
further corroborated by the identification of distinct
sequence motifs in the 3-untranslated regions of the
mRNAs bound by Puf3, Puf4, and Puf5 proteins. A
physiological relation between Puf3p and its mRNA
targets has also been observed – as suggested from its
association with mRNA-encoding mitochondrial proteins, puf3 mutant cells showed a slow-growth phenotype on non-fermentable carbon sources indicative of
a functional connection to mitochondrial physiology
[80].
Genome-wide identification of RNAs associated with
the orthologous PUF protein from Drosophila melanogaster, called PUMILIO, revealed distinct clusters
of mRNAs in embryos and in ovaries of adult flies
[93]. More than 1000 messages were significantly
associated with the protein. Subgroups of these Pumassociated mRNAs had commonalities, such as function in the anterior-posterior patterning system, and
the subunits of the vacuolar H-ATPase. Moreover, a
characteristic sequence motif was present in 3-UTRs
of PUMILIO-bound mRNAs resembling the one
previously identified for the yeast Puf3 protein. [93].
Hence, the data obtained from the yeast and Drosophila studies provided an additional source for
considering their evolution. For instance, conservation of amino acid residues in the RNA-binding
domain (the PUM-homology domain) between homologous PUF proteins correlated with identified
core motifs in 3-UTR of mRNA targets. However, the
proteins encoded by the mRNA targets appeared not
to be particularly conserved. This discordance suggested that acquisition or loss of RBP binding motifs
in UTRs of genes may provide a surprisingly fluid
evolutionary mechanism to modify post-transcriptional regulatory connections [93].
Ribonomic studies have now been conducted for more
than 30 specific RBPs (Table 1). The results form
these studies generally support and extend the proposed post-transcriptional operon model. Each of
the analyzed RBPs has a unique RNA binding

spectrum comprised of 20 – 1000 distinct transcripts
that often share functionally related themes. The
spectra of targets overlap with other RBPs, suggesting
combinatorial binding of RBPs. Occasionally, sequence or structural elements could be identified
among mRNA targets using bioinformatics tools, and
novel physiological consequences were discovered
(e.g., [95]). The ribonomics approach has recently
been implemented on the argonaute (Ago) protein
family to discover novel mRNAs that potentially
undergo miRNA dependent regulation [96, 97].
Although the number of detectable Ago-associated
mRNAs was low (~90 messages) compared to the
thousands of genes expected to undergo miRNA
dependent regulation, the comparison of Ago-associated mRNAs in wild-type and miRNA mutants may
provide a tool to decipher miRNA-specific targets [97].
Besides specific RBPs, ribonomic approaches have
also been applied to general RNA-binding proteins
for the identification of messages expressed in particular tissues or cell-types. Affinity-tagged poly(A)
binding protein (PABP) was expressed with tissuespecific promoters to identify muscle- or ciliated
sensory neuron-specific transcripts in the worm Caenorhabditis elegans [98, 99], and mRNAs in photoreceptor cells of flies [100]. The method was also used
to measure gene expression of endothelial cells that
were co-cultured with breast tumor cells [101]. A
similar approach with tagged ribosomal proteins may
become another tool to determine gene expression in
specific cells [102, 103].

Final conclusions
The application of genomic tools to study post-transcriptional gene regulation suggests additional levels
of coordination and regulation that are beyond the
traditional view of equally treated cellular mRNAs
that are similar processed, exported, and eventually
translated in the cytoplasm [14–16]. The decay, localization and translation of mRNA seem to undergo
coordinate control by regulatory programs, which may
be embedded in a multifaceted post-transcriptional
regulatory system. The properties of this system are
controlled by RNA-binding proteins or non-coding
RNAs (e.g., microRNAs [104]) that coordinate functionally related sets of mRNAs through binding to
sequence elements in the RNA. Considering the
hundreds of RBPs encoded in eukaryotic genomes,
post-transcriptional control may be comparable in its
richness and complexity to transcriptional regulatory
systems. This provides a means to link RNA regulation to other cellular regulons such as signal transduction pathways allowing rapid and efficient reprog-
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Table 1. Global identification of RNA targets for specific RNA-binding proteins (RBPs).
Organism

RBP

Process

Targets Functional relation among proteins encoded by
targets

RNA
motif

Reference

Yeast

Mex67

RNA export

1142

no

[106]

(Saccharomyces
cerevisiae)

Yra1

RNA export

1002

no

[106]

She2, She3, RNA localization
Myo4
Scp160
Translational
regulation?
Lhp1
RNA biogenesis

22

Cell wall components, translation factors,
membrane proteins
Cell cycle-regulated, cell wall, carbohydrate
metabolism
Cell cycle, membrane

>50

Membrane-associated factors?

~1000

no

[108]

Puf1

40

Noncoding RNA, ribosomal proteins and
biogenesis, unfolded protein response
Membrane-associated, plasma membrane

no

[80]

146

Membrane-associated, plasma membrane

no

[80]

220

Mitochondrion (ribosome)

3-UTR

[80]

205

Nucleolar factors (rRNA/ tRNA processing)

3-UTR

[80]

224

Nuclear factors (chromatin modifiers, spindle-pole
body)
Ribosome biogenesis, transporter
Iron metabolism
Ribosomal subunits
Transcription
Metabolism (amino acid, alcohol, ergosterol),
energy pathways

3-UTR

[80]

3-UTR
3-UTR
3-UTR
3-UTR
3-UTR

[81]
[109]
[95]
[95]
[95]

Puf2
Puf3
Puf4
Puf5
Pub1
Cth2
Npl3
Nab2
Nab4/
Hrp1
Mammals

ELAV/ Hu mRNA stability/
translation
FMRP
Translational
repression
GW182
mRNA decay
Jerky
Translational
regulator?
alphaCP2 mRNA stability/
translation
Nova
Splicing
TIA-1
Splicing,
translational
repression
Dazl
Translation
regulation
Esg1
Not known
SLBP

Fly
(D.
melanogaster)

mRNA decay/
translation
mRNA decay/
translation
mRNA decay/
translation
mRNA decay/
translation
mRNA decay/
translation
mRNA decay
mRNA decay
mRNA export
mRNA export
mRNA export,
polyadenylation

384

60

Cell cycle regulators, transcription factors

3-UTR

[91, 110]

432

Neuronal function, fragile X syndrome

3-UTR

[31]

no
no

[111]
[112]

3-UTR

[113]

3-UTR
3-UTR

[114]
[87]

No common theme (only testis-expressed genes
were analyzed)
Cell cycle regulators, transcription factors,
chromatin remodeling
Histones

3-UTR

[115]

no

[116]

3-UTR

[117]

Intracellular transport, vesicle trafficking, and
apoptosis
Transcription factors and cell cycle regulators

intron

[118]

intron
n.a.

[118]
[96]

18
114
160
34
300

15
902

PTB

Histone mRNA
processing
Splicing

~5000

U2AF65
AGO1,2

Splicing
miRNA regulation

~5000
~100

PUMILIO Translation
regulation
AGO1
miRNA regulation

Plant (Zea mays) CRP1

Translational
regulation

ORF/ 3- [33, 34]
UTR
no
[107]

33

Ribosome biogenesis, cell-stress response,
apoptosis, cytoskeleton
Cytoskeletal components, mitochondrial enzymes,
transcription factors
Inhibitory neuronal synapse
No common theme reported

>1000 Transcriptional regulation, nucleotide metabolism, 3-UTR
organellar membrane
89
n.a.

[93]

2

[119]

Chloroplast

ramming of gene expression in response to changing
physiological conditions.
Further analysis of RBPs and their target RNAs may
finally lead to a map of the proposed post-transcriptional regulatory system. However, besides the architecture, it will also be important to study the plasticity

5-UTR

[97]

and dynamics of this regulation by measuring how it
reacts in response to environmental or developmental
changes, and how it is perturbed in certain diseases
[35, 105]. Finally, a major challenge will be to connect
the different levels of gene expression systems though
large-scale data integration [39].
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Stress-Dependent Coordination
of Transcriptome and Translatome in Yeast
Regula E. Halbeisen, André P. Gerber*
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Cells rapidly alter gene expression in response to environmental stimuli such as nutrients, hormones, and drugs.
During the imposed ‘‘remodeling’’ of gene expression, changes in the levels of particular mRNAs do not necessarily
correlate with those of the encoded proteins, which could in part rely on the differential recruitment of mRNAs to
translating ribosomes. To systematically address this issue, we have established an approach to rapidly access the
translational status of each mRNA in the yeast Saccharomyces cerevisiae by affinity purification of endogenously
formed ribosomes and the analysis of associated mRNAs with DNA microarrays. Using this method, we compared
changes in total mRNA levels (transcriptome) with ribosome associations (translatome) after the application of
different conditions of cellular stress. Severe stresses, induced by amino acid depletion or osmotic shock, stimulated
highly correlated responses affecting about 15% of both total RNA levels and translatome. Many of the regulated
messages code for functionally related proteins, thus reflecting logical responses to the particular stress. In contrast,
mild stress provoked by addition of Calcofluor-white and menadione altered the translatome of approximately 1% of
messages with only marginal effects on total mRNA, suggesting largely uncorrelated responses of transcriptome and
translatome. Among these putative translationally regulated messages were most components of the mitochondrial
ATPase. Increased polysome associations of corresponding messages and higher mitochondrial ATPase activities upon
treatment confirmed the relevance for regulation of this macromolecular complex. Our results suggest the presence of
highly sensitive translational regulatory networks that coordinate functionally related messages. These networks are
preferentially activated for rapid adaptation of cells to minor environmental perturbations.
Citation: Halbeisen RE, Gerber AP (2009) Stress-dependent coordination of transcriptome and translatome in yeast. PLoS Biol 7(5): e1000105. doi:10.1371/journal.pbio.
1000105

instance, translation of GCN4 is activated in response to
amino acid deprivation—a condition that generally represses
translation—by a mechanism that involves short upstream
open reading frames (uORFs) [10]. In addition, translation of
speciﬁc messages can also be controlled by speciﬁc RNAbinding proteins (RBPs) [8,11]. Intriguingly, many regulatory
RBPs interact with functionally related groups of mRNAs,
also referred to as ‘‘posttranscriptional operons,’’ suggesting
highly coordinated control at all steps of posttranscriptional
gene regulation [2,12–14].
Several genome-scale studies have been undertaken to
decipher the extent of translational regulation upon diverse
stimuli in eukaryotes [1,15]. Classical sucrose density fractionation has been commonly applied to separate ‘‘free’’ RNA
and monosomes from polysomes, followed by a systematic
analysis of the relative distribution of mRNAs in these two
fractions using DNA microarrays. In most cases, the global
response on transcript levels was quantiﬁed in parallel to

Introduction
Gene expression is regulated at diverse levels to achieve
coordinate synthesis of the cell’s macromolecular components. Besides transcriptional regulation, it has become
increasingly evident that gene expression is controlled by a
network of highly interconnected posttranscriptional regulatory factors, such as RNA-binding proteins and noncoding
RNAs [1–4]. Consistently, the posttranscriptional regulation
of protein synthesis plays essential roles for development,
oncogenesis, and synaptic plasticity [5–7].
Translation is thought to be mainly controlled at the
initiation step where eukaryotic initiation factors (eIFs)
recruit the small ribosomal subunit (40S subunit) and scan
the 59-untranslated region (UTR) of the mRNA for the start
codon. The initiation factors are then released, and the large
ribosomal subunit (60S) joins the complex to form a fully
assembled, translationally competent ribosome. Modiﬁcation
of initiation factors, such as phosphorylation of eIF2a,
prevents formation of the initiation complex and thus
globally represses translation initiation of most messages.
Likewise, the availability of initiation factors, such as eIF4e, is
controlled by 4E-binding proteins that inhibit association of
the 40S subunit with the mRNA [8]. In yeast, the depletion of
nutrients triggers such global repression within minutes,
manifested by a gradual decrease of polysomes for most
transcripts. The accumulating ‘‘pool’’ of mRNAs is largely
incorporated into so-called processing bodies (P-bodies)
where they are degraded or kept translationally silent [9].
Besides global repression of translation, more speciﬁc modes
of regulation can be observed for individual messages. For
PLoS Biology | www.plosbiology.org
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Author Summary

could reﬂect adaptive responses that may occur very
frequently in a cell.
To measure possible small-scale adaptive responses following the application of mild stress, a highly sensitive and
precise method of accessing a cell’s translatome has to be
employed. To this end, we have established a method based
on the puriﬁcation of afﬁnity-tagged ribosomes followed by
analysis of associated mRNAs with DNA microarrays. The
method allows rapid access to puriﬁed ribosomes devoid of
contaminations by lipid rafts, processing body (P-body)
components, or pseudo-polysomes, which may be present in
classical polysomal gradients [23]. We have then globally
analyzed reactions of global transcript levels (transcriptome),
which are inﬂuenced by nascent transcription and RNA
decay, and the translatome upon the application of different
stress conditions. Severe stress, imposed by amino acid
deprivation and addition of sorbitol prompting an osmotic
shock, revealed highly coordinate programs that may largely
rely on potentiation. In contrast, mild stress, which was
applied by the addition of noninhibitory concentrations of
Calcoﬂuor-white (CFW), a cell-wall–perturbing agent, and
menadione, an inducer of mild oxidative stress, leads to a
noncorrelated response preferentially changing the translatome proﬁles. Taken together, our data suggest a model in
which the relocation or translational regulation of existing
mRNA ‘‘pools’’ primarily takes place to achieve rapid
adaptation to changing environmental conditions.

Organisms respond to environmental or physiological changes by
altering the amounts and activities of specific proteins that are
necessary for their adaptation and survival. Importantly, protein
levels can be modulated by changing either the rate of synthesis or
the stability of the messenger RNA (mRNA or transcript), or the
synthesis or stability of the protein itself. Scientists often measure
global mRNA levels upon changing conditions to identify transcripts
that are differentially regulated, and often the assumption is made
that changes in transcript levels lead to corresponding changes in
protein levels. Here, we systematically compared global transcript
levels (transcriptome) with global alterations in the levels of
ribosome association of transcripts (translatome) when yeast cells
are exposed to different stresses to determine how significant the
discrepancy between transcript and protein levels can be. We found
that changes in the transcriptome correlate well with those in the
translatome after application of harsh stresses that arrest cell
growth. However, this correlation is generally lost under more mild
stresses that do not affect cell growth. In this case, remodeling of
gene expression is mainly executed at the translational level by
modulating mRNA association with ribosomes. As one example, we
show that expression for many components of the mitochondrial
ATPase, the major energy production machinery in cells, is translationally but not transcriptionally activated under a specific mild
stress condition. Our results therefore show that alteration of
protein synthesis can be the dominant mediator of changes of gene
expression during adaptation to minor changes in cellular needs.

disclose the relation between nascent transcription/RNA
turnover and translation [16–20]. For several stress conditions
such as amino acid deprivation, high salinity, and heat shock,
the imposed remodeling of translation often reﬂects a
magniﬁcation of the changes of transcript levels. This effect
has been termed ‘‘potentiation,’’ and may in part be
explained by the deposition of regulatory proteins on certain
mRNAs during transcription [18,21]. However, under other
stress conditions, such as butanol or peroxide addition, these
coordinate reactions could not be observed [19,20]. Clearly,
details about the extent and regulation of potentiation
remain to be resolved. Nevertheless, the speciﬁc sets of
mRNAs that underwent treatment speciﬁc regulation shared
some common functional theme that can be attributed to a
logical response of the cell to its altered physiological
circumstances.
The above-mentioned studies exposed cells to ‘‘severe’’
stress conditions, triggering global repression of translation
and cell growth. However, it is well established that under
these conditions, yeast cells respond in a stress-speciﬁc
manner but also by a common program that changes the
steady-state level of hundreds of messages in a stereotypic
way, commonly referred to as the environmental stress
response (ESR) [22]. ESR includes approximately 900 genes;
600 genes are commonly repressed and mainly encode
proteins for growth-related processes including ribosomal
proteins, whereas 300 genes are up-regulated and refer to
proteins acting in carbohydrate metabolism, intracellular
signaling, or stress, such as chaperones and DNA damage
repair enzymes. In contrast, little is known about the number
and nature of messages that undergo translational regulation
under ‘‘mild’’ stress conditions, i.e., stimuli that affect cellular
homeostasis without triggering ESR. Such minor changes
PLoS Biology | www.plosbiology.org

Results
Affinity Purification of Ribosomes
Epitope-tagged proteins have been used for afﬁnity
puriﬁcation of ribonucleoprotein (RNP) complexes followed
by the identiﬁcation of protein and RNA components with
mass spectrometry and genomics tools, respectively
[12,13,24–26]. We aimed to adapt this approach for the rapid
puriﬁcation of yeast ribosomes and the analysis of associated
mRNAs with DNA microarrays. Previously, Inada et al. [27]
used FLAG-(His)6-tagged ribosomal protein L25 (Rpl25p) to
capture monosomes and polyribosomes (polysomes) from
yeast extracts with an anti-FLAG agarose afﬁnity resin.
Although ribosomal proteins, ribosomal RNAs (rRNAs), and
mRNAs were successfully copuriﬁed with the Rpl25p bait,
large polysomes greater than ﬁve ribosomes were underrepresented [27]. Thus, their strategy may not completely
reﬂect the translational status of mRNAs. However, in a more
recent study in plants, the careful selection of the tagged
ribosomal protein appeared to circumvent this problem so
that larger polysomes could also be puriﬁed [28].
Therefore, we decided to use tagged versions of solventexposed ribosomal proteins for the afﬁnity puriﬁcation of
ribosomal particles. To achieve stable expression of each
protein under its endogenous promoter, we integrated the
tags at the original chromosomal location by homologous
recombination, more speciﬁcally, at the C-terminus of the
corresponding open reading frame (ORF). Initially, we used
cells expressing tandem afﬁnity puriﬁcation (TAP)-tagged
Rpl25. However, these cells exhibited severe growth defects
when cultured in rich media (unpublished data). We then
tested another solvent-exposed ribosomal protein, Rpl16, a
C-terminally tagged version of which was previously shown to
be efﬁciently incorporated into polysomes [29,30]. In the S.
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proteins not expected to be associated with ribosomes: the
ATPase Ino80p, which is part of a chromatin remodeling
complex that contains actin and several actin-related
proteins located at stalled replication forks, and which may
promote the resumption of replication upon recovery from
fork arrest [37]; and Rrn7p, which is part of the core factor
complex that is involved in the regulation of Pol I–mediated
transcription of 35S rRNA genes [38,39]. Whether these
nuclear proteins have additional functions on ribosomes
remains to be elucidated. In conclusion, these results suggest
that we speciﬁcally and efﬁciently puriﬁed complete and
translationally competent ribosomes with only marginal
unspeciﬁc binding. Therefore, we reason that the pool of
mRNAs associated with the puriﬁed ribosomes should
represent the translatome, which we deﬁne as the fraction
of all messages localized to ribosomes prone to translation.

cerevisiae genome, two paralogous copies of the RPL16 gene
exist, termed RPL16A and RPL16B, and we generated ZZtagged versions of either gene. The ZZ-tag, which comprises
part of the TAP-tag [26], contains two protein A immunoglobulin G (IgG)-binding units and a tobacco-etch virus (TEV)
protease recognition sequence allowing elution of the bound
material from the afﬁnity resin [12,31,32]. Both the rpl16a-ZZ
and the rpl16b-ZZ strain showed the same growth behavior
and cell morphologies as wild-type cells. In addition, we
found that rpl16a and rpl16b deletion strains showed no
differential growth behavior under the stress conditions
described below (Figure S1, and unpublished data). Sucrose
density gradient (10% to 50% w/v) centrifugation revealed
that both paralogous proteins were well incorporated into
actively translating polysomes (Figure 1A; and unpublished
data). Tagged ribosomes were recovered from cell lysates by
afﬁnity selection on IgG-coupled beads and subsequently
released from the matrix by cleavage TEV protease. However,
using standard IgG-coupled agarose beads, we could only
recover approximately 10%–20% of the tagged ribosomes
from extracts, with large polysomes being underrepresented
in the puriﬁed fraction, reminiscent of the results obtained
by Inada et al. [27] with FLAG-tagged Rpl25 (unpublished
data). Increasing the amount of beads relative to extract did
not signiﬁcantly increase ribosome recovery. Agarose-IgG is a
porous gel support, with an exclusion limit of 20,000 kDa for
a 4% solution (http://www.piercenet.com). This could be
refractory for the binding of polysomes with more than ﬁve
ribosomes (4,200 kDa each) [33]. To overcome this limitation,
we tested IgG-coupled, spherical microbeads with 1-lm
diameter. The diameter of a ribosome is 50 times smaller
(;20 nm), so these beads should allow efﬁcient recovery of
large polysomes with no sterical hindrance. Indeed, using
microbeads, we recovered more than 95% of tagged
ribosomes from extracts (Figure 1B). Polysomal proﬁles of
puriﬁed ribosomes revealed the presence of 60S subunits,
monosomes, and polysomes, including large polysomes,
whereas free 40S subunits were absent (Figure 1C). These
results show that spherical microbeads are superior to porous
agarose beads for the efﬁcient recovery of large RNP
complexes such as polysomes.
The protein and RNA content of afﬁnity-puriﬁed ribosomes was visualized on protein and RNA gels, respectively
(Figure 1D and 1E). From 100-ml yeast cultures, we obtained
approximately 45 lg of total RNA, including 26S and 18S
rRNA. In contrast, less than 1 lg of total RNA was isolated
from untagged wild-type control cells (mock control). Moreover, corresponding protein gel analysis revealed only major
bands for TEV protease and BSA, the blocking reagent used
during the procedure. To assess the purity of isolated
ribosomes, we further analyzed eluates from Rpl16a-ZZ–
captured ribosomes by liquid chromatography–tandem mass
spectrometry (LC-MS/MS). We identiﬁed 31 of the 78
ribosomal proteins (40%), including the known ribosomeassociated proteins Asc1p and Yhr113p [34–36] (for a
complete list of identiﬁed proteins by mass spectrometry
[MS], see Table S1). Likely, we were not able to identify the
remaining 37 ribosomal proteins because of the limited
resolution of our MS analysis since our polysomal proﬁles of
the afﬁnity-puriﬁed material indicated the recovery of fully
assembled ribosomes, including Rpl35p, a protein that was
not identiﬁed by MS (Figure 1C). Nevertheless, we found two
PLoS Biology | www.plosbiology.org

Analysis of Ribosome-Associated mRNAs
We analyzed the RNA content of puriﬁed ribosomes
(translatome) isolated from cells grown in minimal medium
using oligo microarrays. To achieve this, total RNA isolated
from extracts of cells expressing Rpl16a-ZZ or Rpl16b-ZZ
(input) and from the afﬁnity-puriﬁed ribosomes was reverse
transcribed with oligo(dT) primers. cDNA was labeled with
Cy3 and Cy5 ﬂuorescent dyes, respectively, and competitively
hybridized to yeast oligo microarrays. In this assay, the ratio
of the two RNA populations at a given array element reﬂects
the relative enrichment of the respective mRNA with
ribosomes, i.e., highly enriched features represent transcripts
that are highly associated with ribosomes, whereas underrepresented features are only marginally associated with
ribosomes, as is expected for nuclear RNAs, mitochondrial
encoded genes, or messages that are stored in other
cytoplasmic RNP pools such as P-bodies. The enrichment
(log2 ratios) from two independent biological replicates was
averaged and ranked (a complete dataset is presented in the
supporting information; Dataset S1). We found that the
overall enrichment of mRNAs associated with Rpl16a and
Rpl16b correlated fairly well (Pearson correlation ¼ 0.73;
Figure S2) and hence was similar to the correlations seen
between independent biological replicates (r ¼ 0.7). The data
was narrowly distributed (standard deviation of log2 ratios ¼
0.53), and only 324 (5.2%) and 277 (3.8%) of all expressed
messages exhibited a more than 2-fold difference from the
mean of all analyzed features with Rpl16a-ZZ and Rpl16b-ZZ,
respectively (Figure S2). As expected, mitochondrial encoded
transcripts (average log2 ratio ¼ 1.7/2.9 with Rpl16a/b) and
introns (average log2 ratio ¼ 0.95) were among the least
enriched RNAs. The lowest-ranked nuclear encoded mRNA
was HAC1 (average log2 ratio ¼ 1.8), a well-known translationally regulated message that has been reported to be
associated relatively weakly with ribosomes [40]. Similarly,
ICY2 mRNA, which is also translationally regulated [16], was
among the least-enriched messages (average log2 ratio ¼1.1).
Therefore, we propose that the 106 mRNAs that were found
to be more than 2-fold negatively enriched (p  0.05) in
either Rpl16a or Rpl16b afﬁnity isolates may constitute
messages that undergo translational regulation (for a list of
these candidates, see Dataset S1). A total of 260 (4.2%) and
127 (1.8%) features were more than 2-fold enriched in afﬁnity
isolates of Rpl16a-ZZ and Rpl16b-ZZ, respectively. Some of
them code for proteins related to metabolism, such as
0003
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Figure 1. Affinity Purification of Tagged Ribosomes
(A) Polysomal association of tagged Rpl16a protein in cells grown in YPD medium. The absorbance profile at 254 nm of a sucrose gradient is shown at
the top, and the positions of the 40S and 60S ribosomal subunits, 80S monosomes, and polyribosomes are indicated. Fractions were separated by SDSPAGE, blotted, and probed with Peroxidase-Anti-Peroxidase Soluble Complex (PAP) to detect tagged Rpl16p (Rpl16a-ZZ), and with specific antibodies to
detect Rpl35p (a ribosomal protein) and Zwf1p (a cytoplasmic protein not associated with polysomes). Molecular masses are indicated in kilodaltons on
the left.
(B) Immunoblot analysis following the affinity purification. Lanes: 1, cell-free extract (E); 2, supernatant after incubation of extracts with IgG beads (S); 3,
captured beads (Bb); and 4, beads after elution with TEV protease (Bc).
(C) Polysomal profile of affinity-purified ribosomes isolated from cells grown in SC medium.
(D) Affinity-purified ribosomes (Rpl16a) were separated by SDS-PAGE, and proteins were visualized with silver (L16a). A sample from a control
purification with untagged wild-type cells is also shown (Mock). Bands representing BSA and TEV protease are marked, and the protein marker (M) with
molecular masses is depicted to the left.
(E) Total RNA isolated from extracts (T), and from affinity-purified ribosomes (RA) was separated on a 1% denaturing agarose gel, and RNA was
visualized with ethidium bromide. The positions of 26S, 18S ribosomal RNAs, and tRNAs are indicated to the right. Lengths are indicated in kilobases
(kb) on the left.
doi:10.1371/journal.pbio.1000105.g001

pyruvate metabolism (Rpl16a: ten genes, p , 7 3 106),
alcohol biosynthesis (Rpl16a: 11 genes, p , 3 3 105), and
glucose catabolism (Rpl16a: seven genes, p , 0.003), probably
reﬂecting the high metabolic activity of cells grown in
PLoS Biology | www.plosbiology.org

minimal media. Interestingly, Ty elements were also highly
associated with puriﬁed ribosomes (average log2 ratios ¼ 1.2
with Rpl16a) (Figure S2), which is contrary to their relatively
weak association in cells grown in rich media (unpublished
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data), and may be indicative of the activation of transposition
events to create advantageous genetic changes for the cell’s
adaptation to stress [41,42].
The good correlation of Rpl16a- and Rpl16b-associated
mRNA proﬁles (Figure S2), and the above-mentioned equal
behavior of rpl16a and rpl16b mutant cells under diverse stress
conditions (Figure S1) suggests that both paralogs associate
with mRNAs to similar efﬁciencies without a detectable bias for
a certain subset of messages. This ﬁnding is important in light
of the recent observation that paralogous ribosomal proteins
may differentially regulate speciﬁc messages under certain
conditions [43]. Although both paralogs behaved similarly, we
have decided to use Rpl16a-ZZ for further experiments.
To compare Rpl16-associated mRNAs with the respective
enrichments in polysomes, we also performed classical
sucrose density fractionation experiments. We isolated RNA
from the 60S, 80S, and polysomal fractions, which correspond
to the fractions represented in Rpl16 afﬁnity isolates (Figure
1C). As described for the analysis of Rpl16 afﬁnity isolates, we
then determined the relative enrichment of mRNAs in these
fractions by competitive hybridization with total RNA
samples (Dataset S1). The data obtained from four independent replicates similarly correlated as replicates of Rpl16a or
Rpl16b afﬁnity isolations (r ¼ 0.5–0.7; for a list of Pearson
correlations, see Dataset S1). HAC1 mRNA, introns, and other
noncoding RNAs were among the least enriched messages
compared to the global transcript levels, whereas many
mRNAs coding for ribosomal proteins were among the most
enriched. We found that mRNA enrichment in polysomes
(normalized log2 ratios) weakly to fairly correlated with the
enrichment proﬁles obtained from Rpl16a or Rpl16b afﬁnitypuriﬁed ribosomes (r ¼ 0.3–0.5). The reasons for this fair
correlation could be manifold and should be interpreted with
care. On the one hand, the polysomal fractions may be
contaminated with other high molecular weight complexes
that are not an integral part of ribosomes such as lipid rafts,
P-body components, or pseudo-polysomes [23,34]. These
‘‘contaminants’’ could add messages that are not primarily
associated with ribosomes, and hence, this may impinge on
the microarray proﬁle. On the other hand, the different
experimental procedures and RNA extraction protocols may
affect the composition of the respective RNA pools. For
instance, separation of ribosomal components by sucrose
density fractionation leads to rather diluted RNA samples
compared to the relatively concentrated samples obtained
from ribosome afﬁnity isolates. Moreover, the application of
high centrifugal force combined with the relatively long
experimental procedure to collect sucrose density fractions
may potentially lead to some dissociation of ribosomes from
messages or to partial RNA degradation.

on yeast cDNA microarrays. We performed ﬁve independent
experiments with untreated cells (t ¼ 0 reference) and three
or more independent biological replicates of treated cells
(Dataset S2). Altogether, we sampled the cell’s response to ﬁve
different stress treatments that were applied for relatively
short periods of time (10 or 20 min) to avoid secondary
effects triggered by transcriptional adaption [22]. We applied
two distinct classes of stress: severe stress, which leads to cell
growth inhibition and ESR, and mild stress, which does not
affect cellular growth. Severe stress should reveal general,
possibly well-coordinated responses of gene expression as
previously seen for amino acid starvation [20], salinity
response [17], heat shock, and rapamycin treatment [18].
We provoked this type of stress by removing amino acids for
10 and 20 min, or by initiating osmotic shock with 1 M
sorbitol for 10 min. To monitor the effect of these treatments
on translation, we recorded polysomal proﬁles from treated
cells (Figure S3). Amino acid starvation induced major
translational arrest already by 10 min, with an increased
monosome fraction and fewer polysomes compared to
untreated control cells. In contrast, treatment of cells with
1 M sorbitol for 10 min only marginally changed polysomal
proﬁles, consistent with recent ﬁndings that hyperosmotic
force created by the addition of 1 M NaCl changes the
sedimentation proﬁle of polysomal complexes slowly, with
maximum reduction of polysomes after 1 h [17]. Mild stress
was provoked by the application of two different concentrations of CFW, an antifungal agent that binds to chitin with
high afﬁnity and prevents normal cell-wall assembly [44]. At
low doses (10 lg/ml), it does not cause a discernable
phenotype, whereas 10-fold higher doses (100 lg/ml) induce
the formation of cell clumps, which are probably caused by
repeated budding without completing the separation of
mother and daughter cells [44]. We also applied 1 mM
menadione to cells [22], which induces mild oxidative stress
by producing a ﬂux of superoxide anions in the cell [45]. The
application of CFW and menadione for 20 min did not alter
cell growth or polysomal proﬁles, suggesting that translation
was not globally repressed (Figure S3, and unpublished data).
Under all severe stress conditions, the relative changes of
mRNA levels, which may be the result of altered transcription
and/or RNA decay, correlated well with those of ribosome
associations (translatome) (Pearson correlation r ¼ 0.75–0.81;
scatter plots depicting the changes in global transcript levels
and translatome are shown in Figure S4). This indicates a
surprisingly high degree of correlation in the response of
global transcript levels and translatome even after short
periods of severe stress. In contrast, we observed no, or only
weak, correlation of global transcript levels and the translatome after mild stress treatments (r ¼ 0.01–0.56). In this
case, changes of relative expression were preferentially found
for ribosome-associated messages (translatome) with only
minor changes at global transcript levels, which is indicative
for preferential remodeling of the translatome upon weak
environmental perturbations. Notably, the low degree of
correlation is not simply due to limited applicability of the
arrays for measuring minute changes, since mRNA expression
and translatome proﬁles correlated well across independent
biological replicates (r . 0.6).
To generate a list of signiﬁcantly changed genes upon each
stress treatment, we arbitrarily selected those messages that
changed more than 2-fold with a p-value of less than 0.05 in

Stress-Type–Dependent Correlation of Global Transcript
Levels and Translatome
To analyze how changes in steady-state mRNA levels are
related to changes of respective messages in the translatome,
total RNA and ribosome-associated RNA from stress-treated
and untreated cells were analyzed with yeast cDNA microarrays. To achieve this, ﬂuorescently labeled (Cy5) cDNA was
prepared from total RNA isolated from yeast cell extracts and
from afﬁnity-puriﬁed ribosomes. Each sample was then
mixed with differentially labeled (Cy3) cDNA prepared from
a common reference RNA pool, and competitively hybridized
PLoS Biology | www.plosbiology.org
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Figure 2. Stress-Specific Transcriptome and Translatome Profiles
(A) Venn diagrams showing the overlap of genes that significantly changed steady-state mRNA levels (Total, black circle) and ribosome associations (RA,
red circle) after application of the indicated stress. C: set of genes that was significantly changed in both groups; R: set of genes with preferentially
altered ribosome associations (translatome); T: set of genes with significantly altered mRNA levels (more than 2-fold, p  0.05) but no significant change
of ribosome association. The bars to the right refer to the number of up- or down-regulated genes.
(B) A hierarchically clustered heat map of transcriptome and translatome profiles of stress-treated cells. The cluster contains 1,422 genes that changed
more than 2-fold (p  0.05) in at least one of the stress conditions as specified in (A). Each row represents an experiment set (averaged from
independent replicates), and each column represents one gene. Pearson correlations of experiments are indicated and visualized with a tree. The
relative expression of genes is represented with a blue–yellow color bar, where blue means lower and yellow means higher expression compared to
untreated cells. Subclusters are numbered with roman letters, and the number of genes and significantly enriched GO terms are indicated.
doi:10.1371/journal.pbio.1000105.g002

merely 89 messages that were changed in both classes of
treatments (Figure 2B). Moreover, the close coordination of
global transcript levels and translatome under severe stress
conditions is largely lost under mild stress conditions (CFW,
10 lg/ml, and menadione), as reﬂected by the lower
correlation of the respective transcriptome and translatome
proﬁles (Figure 2B). A more detailed discussion of the gene
cluster is provided in the Text S1.

either global transcript levels or translatome (Figure 2A). To
visualize the relation among genes and experiments, we
hierarchically clustered the 1,422 selected genes (Figure 2B;
for a list of selected messages, see Dataset S3) [46]. Severe
stress caused signiﬁcant changes in approximately 20% of
global transcript levels and translatome (1,305 genes), whereas mild stress affected only a much smaller (206 genes, 3% of
all messages) and largely distinct subset of genes, including
PLoS Biology | www.plosbiology.org
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Figure 3. Enrichment of Functional Themes among Stress-Regulated Messages
Enrichment of GO terms among significantly changed gene sets (T, C, and R) specified in the upper-left Venn diagram shown in Figure 2A. The
significance of enrichment of the GO term is represented as a heat map in which the color code corresponds to p-values (scale is indicated at the
bottom). Themes among up-regulated genes are shown in yellow–red scale, themes among down-regulation genes are in blue scale. GO terms are
colored according to their classification: ‘‘biological process’’ in blue, ‘‘biological function’’ in black, and ‘‘cellular component’’ in red; GO identification
numbers are added in italics. Enrichment of respective GO terms among the ESR genes [22] is shown to the left.
doi:10.1371/journal.pbio.1000105.g003

Coherent and Coordinate Responses of Global Transcript
Levels and Translatome upon Severe Stress

We systematically searched for shared Gene Ontology (GO)
annotations among the messages with altered steady-state
levels (transcriptome) or ribosome association (translatome),
as well as those that changed concomitantly (Figure 3). The
latter set comprises genes for which changes in steady-state
mRNA levels and translation are relatively strong and well
correlated, whereas the less well-coordinated group of genes
may represent candidates for further posttranscriptional
regulation, e.g., by regulated translation or mRNA decay. In
the following section, we brieﬂy describe the groups of
messages with changed mRNA steady-state levels or ribosome
association under each speciﬁc stress condition.
PLoS Biology | www.plosbiology.org

Relative changes of the global transcript levels upon amino
acid starvation are in good agreement with previously
published data (r ¼ 0.7) [22], with 5% (288 genes after 10
min) and 10% (626 genes after 20 min) of transcripts altering
more than 2-fold (p  0.05). Likewise, 4% (236 genes, 10 min)
and 9% (560 genes, 20 min) of messages had signiﬁcantly
altered ribosome associations (Figure 2A). Most of the genes
overlapped among these subsets, and 97% of mRNAs showed
homodirectional changes in ribosome association and transcript levels, substantiating the notion for highly correlated
responses of nascent transcription/RNA turnover and the
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genes involved in sterol uptake. The transcript contains a
short uORF [48,49]; uORFs have been shown to regulate the
translation of the downstream coding sequence and the
stability of the mRNA, further supporting that SUT1 may be
translationally regulated [50]. To validate our microarray data
and to see whether SUT1 messages become differentially
associated with polysomes, we recorded the polysomal
distribution of SUT1 (YGL162W) mRNA before and after
osmotic stress (Figure S6). Indeed, the amount of mRNA
present in translation impotent fractions (1–5) was reduced
by approximately 35%, providing further evidence that this
message is subject to translational regulation (Figure S6).

translatome. To a large extent, the proteins encoded by these
mRNAs can be grouped into common functional themes such
as amino acid biosynthesis, energy generation, and transport,
for which relative abundances were generally increased,
whereas messages coding for proteins acting in ribosome
biogenesis and translation were preferentially decreased
(Figure 3). We hypothesize that these effects represent a
coordinate and logic response to activate metabolic processes
and transport of metabolites to substitute for missing
compounds (amino acids), and to globally reduce ribosome
biosynthesis and translation in order to slow down cell
growth and save energy before and during adaptation to the
new environment. However, we also found messages that are
differentially changed at transcript levels and translatome: 68
mRNAs (1% of all genes analyzed) and 159 mRNAs (2.5%)
were signiﬁcantly changed in afﬁnity isolates of ribosomes
but did not change more than 2-fold in total RNA isolates of
cell extracts after 10 and 20 min of amino acid starvation,
respectively (Figure 2A). Among these, 42 (135) messages had
increased ribosome association after 10 min (20 min) of
amino acid depletion including the message of GCN4, a gene
coding for a transcription factor known to be translationally
regulated under these conditions [47]. To more selectively
identify potential candidates for translational regulation, we
further normalized the translatome to the transcript-level
proﬁles by subtracting the relative changes of transcript levels
from that of the translatome, and we selected those messages
that were more than 2-fold (p  0.05) changed. (The number
of selected messages and the GO analysis is provided in
Figure S5). In the case of amino acid starvation for 20 min,
only 78 messages (1% of expressed genes) were selected by
this analysis, further reﬂecting the above-mentioned strong
correlation of global transcript levels and translatome
proﬁles. These messages preferentially encode nucleic acidor protein-binding proteins, including GCN4 (DDlog2 ratio ¼
1.43). The selection of GCN4 in both analyses corroborates
the validity of our approach to identify translationally
regulated messages. Whether other messages in the selected
groups undergo speciﬁc translational regulation will require
further investigation.
A total of 7.5% (476 genes) of global transcript levels and
6% (389 genes) of the translatome changed signiﬁcantly in
cells subjected to hyperosmotic stress (Figure 2A). Here, 96%
of the messages with altered transcript levels showed
homodirectional changes in ribosome association, concomitantly increasing relative mRNA levels and translation of
mRNAs coding for proteins that function in carbohydrate
metabolism and transport, as well as the generation of
precursor metabolites and energy. In contrast, genes coding
for proteins involved in ribosome biogenesis and assembly
and those acting in the nucleus or nucleolus were generally
repressed (Figure 3). Ninety-seven transcripts (1.5%) were
signiﬁcantly changed at the translatome, but not at the total
RNA level; many of the transcripts encode proteins involved
in carbohydrate metabolism (e.g., Hxk2, Mdh1; p , 0.003),
transport (e.g., Hxt2, Mal31; p , 0.049), and stress response
(e.g., Rrd1, Yim1; p , 0.018). This subset also contained the
message for SUT1, which became strongly associated with
ribosomes (.3-fold) but had slightly decreased steady-state
mRNAs levels upon stress treatment (0.7-fold quantiﬁed by
quantitative reverse-transcriptase (RT)-PCR. SUT1
(YGL162w) encodes a transcription factor that regulates
PLoS Biology | www.plosbiology.org

Preferential Response of Translatome upon Mild Stress
Whereas steady-state mRNA levels in cells treated with low
doses of CFW (10 lg/ml) remained largely unchanged (average
log2 ratio ¼ 0.03), the ribosome association status of 65
mRNAs (;1% of analyzed genes) altered signiﬁcantly more
than 2-fold (Figure 2A). Some of these mRNAs encode ion
transporters or proteins involved in energy generation,
including mitochondrial ATPase components (see below),
which are known to mediate cell-wall stress response [51].
Moreover, whereas translation-related genes are generally
repressed upon severe stress and ESR, a fraction of the
respective messages, mainly coding for ribosomal proteins,
became preferentially recruited to ribosomes (Figure 2B;
cluster IV). This ﬁnding is also reﬂected by our second type of
analysis selecting messages that are more than 2-fold differentially altered at translatome compared to global transcript
levels, which revealed 22 messages coding for ribosomal
proteins (p , 105; Figure S5). We speculate that cells may
increase translation, through enhanced production of ribosomes, to replace damaged proteins at the cell periphery.
Interestingly, the treatment of cells with higher doses of
CFW (100 lg/ml) induced a largely unrelated response
compared to that of cells treated with the 10-fold lower dose
affecting 1.5% (108 mRNAs) of the global transcript levels
and 0.5% (44 mRNAs) of translatome (Figure 2). As seen with
severely stressed cells, the changes of these selected messages
were largely homodirectional (93%), possibly reﬂecting a
potentiated response. Moreover, those mRNAs with increased
levels belong to particular functional themes, mostly connected to intermediary metabolism, as seen for severely
stressed cells (Figure 3). Contrariwise, the general repression
of DNA/RNA-related processes in severely stressed cells was
not observed with CFW, which is in agreement with
unchanged polysomal proﬁles. Therefore, this treatment
reﬂects an intermediate response that includes some characteristics of severely stressed cells.
As observed with low doses of CFW, mild oxidative stress
induced by menadione preferentially altered the translatome
in a reaction that does not correlate with respective changes
in global transcript levels (Figure 2). Twenty of the 22
messages with more than 2-fold changed ribosome associations were activated, and several of them encode proteins
with cell-wall regulatory functions, such as Ecm33 and Uth1,
the latter of which has been reported to play a role in
oxidative stress response [52]. We speculate that other
messages in this group could also code for proteins that
speciﬁcally protect cells from damage by oxidative stress, but
this needs further investigation.
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Figure 4. Enhanced Ribosome Association and Activity of the Mitochondrial F1F0-ATPase by Low Doses of CFW
(A) Heat map representing relative changes of expression of 17 mitochondrial F1F0-ATPase components after mild stress treatments (blue–yellow color
scale). Total: changes of steady-state mRNA levels, RA: change of ribosome associations. The gene names are indicated to the left, with the name of the
corresponding subunit in parentheses.
(B) Structure of the mitochondrial F1F0-ATPase. Each component is colored according to changes in ribosome associations depicted in (A). The
membrane-associated part (F0) uses a proton motive force to mechanically drive the soluble part (F1) that exhibits ATPase activity [78,79].
(C) Distribution of TIM11, ATP4, and ACT1 mRNAs in polysomal gradients obtained from untreated cells (upper panel), and from cells treated with CFW
(lower panel). RNA was isolated from each fraction of the polysomal profile and quantified by RT-qPCR (see Materials and Methods).The mRNA level in
each fraction was calculated as a percentage of the total; data and absorbance (254 nm) profiles from representative experiments are plotted. ACT1 is as
a negative control mRNA that was not expected to alter ribosome association.
(D) Relative mitochondrial ATPase activity of drug-treated versus untreated control cells. Cells were treated with CFW (CFW) for 20 min; preincubated for
10 min with CHX prior to addition of CFW (CHX þ CFW); or treated with CHX or menadione. The activity of purified mitochondria was normalized to the
untreated control sample. Average activities are indicated with a dashed line, standard errors of the mean (SEM) with continuous lines. Single dots
represent biologically independent experiments (double asterisks [**] indicate p , 0.01; a single asterisk [*] indicates p , 0.05).
doi:10.1371/journal.pbio.1000105.g004

Translational Activation of the Mitochondrial ATPase

the mitochondrial ATPase complex. To test this hypothesis,
we monitored the distribution of ATP4 and TIM11 mRNAs,
coding for two components of the complex, within polysomal
proﬁles by quantitative RT-PCR (RT-qPCR) in untreated and
CFW-treated cells (10 lg/ml) (Figure 4C). Both messages
became increasingly associated with monosomes or polysomes in treated cells, reducing the fraction of non–
ribosome-associated messages in fractions 1 to 5 by 27%
(TIM11) and 38% (ATP4), respectively. Total mRNA levels
were only marginally altered in treated versus untreated
control cells as quantiﬁed by RT-qPCR (TIM11 ¼ 1.1-fold;

We were intrigued by the ﬁnding that eight of the 14
nuclear-encoded messages (p , 0.002) coding for components
of the mitochondrial ATPase showed at least 1.5-fold
increased ribosome association after application of low doses
of CFW (10 lg/ml), whereas total mRNA levels remained
unchanged (Figure 4A and 4B). Moreover, this common upregulation seems to be speciﬁc since it was not observed
under the other tested stress conditions (Figure 4A). These
data suggest that low doses of CFW speciﬁcally induce the
‘‘relocalization’’ of those mRNAs to ribosomes that code for
PLoS Biology | www.plosbiology.org
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ATP4 ¼ 1.2-fold; normalized to ACT1). We visualized the
distribution of ACT1 mRNA as a control and found it
unchanged in polysomal proﬁles upon treatment.
We next wondered whether the increased recruitment of
mRNAs to ribosomes correlates with enhanced protein
synthesis. However, since classical pulse-chase experiments
to measure de novo protein synthesis rely on periods of
methionine starvation that induce a stress response, we were
reluctant to use this approach because it may simply
overwhelm the relatively small effects of the mild CFW stress
treatment. Instead, we thought to directly monitor enzymatic
activity of the mitochondrial ATPase activity. Therefore, we
isolated mitochondria from treated and untreated yeast cells,
and determined ATPase activity in the presence or absence of
oligomycin, a drug that speciﬁcally inhibits the mitochondrial
ATPase [53] (Figure S7). We found that mitochondria isolated
from CFW-treated (10 lg/ml) cells showed 14% increased
activity compared to the ones isolated from solvent-only–
treated control cells (n ¼ 6, p ¼ 0.006; Figure 4C). To
distinguish whether the increased activity is dependent on
protein synthesis or is the result of posttranslational
regulation that simply alters activity of the preexisting
complex, we preincubated the cells with the translational
inhibitor cycloheximide (CHX) for 10 min prior to treatment
with CFW. Under these conditions, we observed that the
activity of the complex was not signiﬁcantly changed
compared to the solvent control (n ¼ 5, p ¼ 0.98). Likewise,
treatment with CHX alone did not reveal altered activity
compared to control samples (n ¼ 5, p ¼ 0.3). As an additional
control, cells were treated with 1 mM menadione, and
consistent with the corresponding array data, the ATPase
activity was also not signiﬁcantly changed (n ¼ 5, p ¼ 0.2). In
conclusion, these results suggest that for nuclear-encoded
components of the mitochondrial ATPase complex, low doses
of the cell-wall–perturbing agent CFW speciﬁcally trigger the
enhanced recruitment of their corresponding messages to
ribosomes, leading to increased protein synthesis, and
ultimately, higher ATPase activity. To our knowledge, this is
the ﬁrst example for translational regulation of a small
macromolecular complex in eukaryotes.

and subsequent analysis by microarrays (Figure 1). This is
distinct from previous approaches aimed to study translational regulation, which applied ‘‘classical’’ sucrose density
fractionation to separate mRNAs present in polysomes from
‘‘free’’ RNA and those messages present in monosomes [54].
Our alternative approach captures all messages that are
bound by at least one ribosome (monosome) but excludes free
RNA and those messages incorporated into other RNP
complexes such as P-bodies or pseudo-polysomes, which
may be present in classical polysomal gradients [9]. Possibly,
this may also be a reason for the rather fair correlation (r ¼
0.3–0.5) seen between the relative enrichments of messages
associated with tagged ribosomes and corresponding fractions from classical sucrose density proﬁles.
We have used afﬁnity-puriﬁed ribosomes to assess the
recruitment of individual messages to ribosomes on a
genome-wide level, covering all steps of translation initiation,
which is believed to be a major step for translational
regulation [8]. We wish to note that we may not be able to
monitor regulation by alterations of ribosome density or
elongation rates. Such an analysis requires monitoring of
mRNAs in polysomal proﬁles as we did for selected candidate
messages (Figures 4 and S6). Instead, our approach allows
several additional applications that cannot be realized with
classical sucrose density gradients. For instance, it offers the
possibility to study mRNAs associated with paralogous
ribosomal protein. Although our data do not indicate
preferential association of mRNAs with either tagged
paralogous Rpl16a and Rpl16b proteins grown in minimal
media (Dataset S1), the preferential association of selected
messages with paralogs may become vital under certain
speciﬁc growth conditions, especially in the light of recent
observations that paralogous ribosomal proteins may be
required for proper expression of certain messages [43].
Tagged ribosomal proteins may also be used to access tissuespeciﬁc expression in animals or in complex cell suspensions
in vitro. Previously, afﬁnity-tagged poly(A)-binding protein
was expressed with tissue-speciﬁc promoters to identify
muscle- or neuron-speciﬁc messages in nematode Caenorhabditis elegans or in the fruit ﬂy Drosophila melanogaster and
included cross-linking of the proteins to their bound RNAs
with formamide [55,56]. The use of tagged ribosomal protein
may represent a valuable alternative that could involve short
treatment with CHX to stall ribosomes on messages. Indeed,
while this manuscript was under revision, Heintz and
colleagues reported the generation of transgenic mice
expressing tagged Rpl10a to identify mRNA expressed in
certain cell-types of mouse neurons [57,58].
Here, we used our approach to monitor responses of the
translatome upon the application of diverse stress conditions
and investigated how they relate to respective changes in the
global transcript levels (transcriptome) (Figure 2). We found
that severe stress, leading to growth arrest and ESR, induces
highly balanced, correlated, and precise responses of transcript levels and translatome. This strong coordination even
within minutes after stress application is intriguing, as it
suggests that there is basically no delay of the regulating
response of transcription and mRNA decay. In contrast, we
found a largely uncorrelated response of global transcript
levels and translatome under mild stress conditions: Low
doses of CFW and menadione almost exclusively remodeled
the translatome with very minor effects on the transcriptome.

Discussion
We have established an approach to rapidly access the
translatome of yeast cells. In this regard, the translatome
refers to the pool of all RNAs that are associated with
ribosomes puriﬁed via an afﬁnity tag. Using this approach, we
compared the relative changes of translatome and global
transcript levels in response to ﬁve conditions of stress. This
analysis provides a catalog of stress-regulated messages
comprising approximately 20% of all expressed genes. Most
of the messages changed homodirectionally, particularly
under severe stress, suggesting a strong coordinate response
of global transcript levels and translatome. Our survey
suggests that only about 2% of all expressed messages were
differentially regulated, preferentially under mild stress
conditions and therefore represent candidates for translational regulation. Among these, we showed that the mitochondrial ATPase is prone to translational regulation in
response to low doses of the cell-wall–perturbing agent CFW.
We accessed the translatome through the afﬁnity puriﬁcation of Rpl16, a tagged ribosomal protein of the 60S subunit,
PLoS Biology | www.plosbiology.org
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trol. In the green algae Chlamydomonas, for example, it has
indeed been shown that formation of the chloroplast ATPase
is dependent on controlled translation of subunits in the
cytoplasm and in the chloroplast [63].
Besides cis-acting elements in the mRNAs that may directly
affect translation rates of speciﬁc messages as seen for GCN4,
translational regulation may also occur by trans-acting
factors, such as speciﬁc RBPs and noncoding RNAs. Dozens
of regulatory RBPs co-sediment with ribosomes and polysomes, and thus could potentially regulate translation of
speciﬁc sets of mRNAs [34]. Intriguingly, we and others have
shown that regulatory RBPs often bind to messages that
encode functionally related proteins [2,11–14,64,65]. It is also
striking that some RBPs preferentially bind to messages
coding for proteins either at the cell periphery (e.g., cell wall)
or the nucleus [14]. Coincidentally or not, we found that
messages related to these themes were also preferentially
regulated upon application of stress. Furthermore, our
studies suggest that regulation of translation, in particular
the recruitment of messages to ribosomes, may be a
prominent mechanism to escape or balance slight environmental perturbations. Since it appears that such buffering
reactions also involve functionally related groups of messages,
and such functional coherent sets are often bound by RBPs,
we speculate that RBPs may be signiﬁcantly involved in this
process. If so, the plethora of RBPs and their bound mRNAs
deﬁne a magnitude of overlapping ‘‘posttranscriptional
operons’’ and RNA regulons [1–4,66]. This may constitute
the primary mediator of environmental responses that may
even shape the cell’s individual behavior.

It appears that under these conditions, the cells adapt
primarily at the posttranscriptional level, through the differential recruitment of messages to ribosomes and hence the
regulation of protein synthesis. A possible explanation for
this reaction could be that cells ‘‘buffer’’ environmental
artifacts that do not greatly affect cell function or viability.
Cells may favor keeping transcription constant because
restructuring requires energy and additional organization.
Unfortunately, only a few studies have been performed that
correlate protein levels with mRNA abundance, and to our
knowledge, no systematic analysis of the changes of yeast
protein levels upon stress is currently available [59,60]. In a
recent study investigating mRNA levels and abundance of 450
proteins, it was demonstrated that 73% of the variance in
protein abundance can be explained by mRNA abundance
[60]. Conversely, this ﬁnding suggests that about one quarter
of the variance of protein levels may be additionally
controlled by translation or protein turnover. On the basis
of our ﬁndings, we predict that only a minor fraction of this
variance is due to altered ribosome recruitment. It may be
possible that under steady-state conditions, the variance is
mainly based on altered translation rates, or most likely,
altered protein turnover. It will certainly be interesting to
simultaneously measure alterations in transcriptome, translatome, and proteome to get a comprehensive view of the
regulatory impact on each level of gene expression.
Not surprisingly, we observed that under severe stress
conditions, many of the commonly or selectively altered
messages in the transcriptome (global transcript levels) and
translatome code for functionally related proteins; mRNAs
coding for proteins that act in metabolism, transport, or are
homed to the generation of energy showed increased relative
abundances, whereas those involved in cell growth, protein or
DNA/RNA binding and translation were preferentially decreased, many of them being part of the ESR [22] (Figure 3).
The repression of components for the protein and mRNA
synthesis machineries correlates with retarded cell growth, an
effect that has been observed in various instances when cells
adapted to new conditions [16,22,61]. On the other hand, we
speculate that increased production of components acting at
the cell periphery (plasma membrane, cell wall) may be
dedicated to replace damaged proteins or to intensify sensing
of the environment.
Even under mild stress conditions that only affected
ribosome association of a minor fraction of messages (up to
1%), we found various examples for concerted themes among
messages in the translatome. For instance, the increased
ribosome association for most components of the mitochondrial ATPase, which was conﬁrmed by respective shifts of
selected messages in polysomal proﬁles and the CHXdependent increase of the mitochondrial ATPase activity in
treated cells, strongly suggests that this small macromolecular
complex undergoes translational regulation. The mitochondrial ATPase provides the major energy source of cells [62].
Therefore, tight regulation of this complex at all levels of
gene expression may be pivotal for proper energy homeostasis. There are no reports on how expression of this
complex is achieved in yeast, but its biogenesis and assembly,
in particular the uneven stochiometry of components for
both F1 and F0 which are even encoded in different cellular
compartments (Figure 4B), certainly requires highly coordinate regulation, possibly involving posttranscriptional conPLoS Biology | www.plosbiology.org

Materials and Methods
Oligonucleotide primers. The ZZ-tag was ampliﬁed with primers
RPL16A-F2, 59-CTACTGCTGCTGAATCTGATGTTGCTAAACAATTAGCCGCTTTGGGTTACcggatccccgggttaattaa-39, and RPL16A-R1,
59-TTGTGATTATATTACAAAATGTAAAGTATTAAAGAAAAACTATTTTTAATgaattcgagctcgtttaaac-39. Genomic integration of the
ZZ-tag was veriﬁed with primers annealing in the kanamycin-cassette
(Kan-Rev; 59-GTATTCTGGGCCTCCATGTCGC-39) and the genespeciﬁc primer RPL16A-Fc (59-GCGTTTACGAGTCCCCAAGG-39).
The following primers were used for RT-qPCR: ACT1-Fw, 59-ATGGT
CGGTATGGGTCAAAA-39; ACT1-Rv, 59-TCCATATCGTCCCAGTTGGT-39; SUT1-Fw, 59-CCATTGCTTGGCCATTAAGT-39;
SUT1-Rv, 59-ACATCTTTTGATGGCGGTTC-39; TIM11-Fw, 59-ATA
C T C T G C G T T G G G T T T G G - 3 9; T I M 1 1 - R v , 5 9- T G T G C C T
G C T C C T C T T T C T T - 3 9; A T P 4 - F w , 5 9- G G T G T T C G T T
GTCCTTCGAT-39; ATP4-Rv, 59-CCTGGAATGGCATTGATGAT-39;
and LYS1-Fw, 59-CTGAAAGCACAGGTGGCATA-39; LYS1-Rv, 59AGCTCTCTCCGGATACGACA-39.
Yeast, media, and stress treatments. BY4741 (MATa his3D0 leu2D0
met15D0 ura3D0) wild-type cells or rpl16 mutant cells derived from
this strain [67] were cultured at 30 8C in synthetic complete dextrose
(SC) or Yeast-Peptone-Dextrose (YPD) medium where explicitly
mentioned [68]. Stress treatments were performed as follows: Cells
were grown to mid-log phase (optical density at 600 nm [OD600]
;0.5), collected by ﬁltration and further grown in medium lacking
amino acids (amino acid starvation) or supplemented with 1 M
sorbitol for 10 min to induce an osmotic shock. Mild stress was
induced by the addition of 10 or 100 lg/ml (ﬁnal concentration) CFW
(Sigma) or 1 mM menadione (Sigma) for 20 min. In all cases, 0.1 mg/ml
CHX (Sigma) was added 1 min prior to harvesting cells to block
translational elongation [40]. Cells were rapidly collected by vacuum
ﬁltration (HVPL type ﬁlters [0.45 lm]; Millipore), frozen in liquid
nitrogen, and stored at 80 8C. Phenotypic growth studies were
performed on SC plates supplemented with 10 or 100 lg/ml (ﬁnal
concentration) CFW (Sigma). Cells were plated in a series of 10-fold
dilutions and grown for 3 d at 30 8C.
Yeast extract preparation. One hundred milliliter yeast cultures
were grown to mid-log phase (OD600 ¼ 0.5) and collected as described
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[Waters]). For shotgun analysis, 80 ll of afﬁnity-puriﬁed ribosomes
(10–15 lg) were precipitated with trichloroacetic acid, and pellets
were dissolved in 50 ll of buffer D (10 mM Tris-HCl [pH 8.2], 2 mM
CaCl2) containing 0.5 lg trypsin. After digestion at 37 8C overnight,
samples were dried and redissolved in 50 ll of 0.1% formic acid, and
0.5 ll were analyzed by LC-MS/MS. Database searches were
performed by using the in-house Mascot search engine (UniRef100
database without taxonomy ﬁlter) (http://www.matrixscience.com).
Scaffold (Proteome Software) was used to validate protein identiﬁcations derived from MS/MS sequencing results. Scaffold veriﬁes
peptide identiﬁcations assigned by SEQUEST and Mascot using the
X!Tandem database searching program [71]. Scaffold then probabilistically validates these peptide identiﬁcations using PeptideProphet
[72] and derives corresponding protein probabilities [73].
DNA microarrays. Oligonucleotide arrays were used for the
comparative analysis of mRNAs associated with Rpl16a, Rpl16b, and
of polysomal fractions (Dataset S1). These arrays contain 70-mer
oligo probes for 10,944 features combined from the Array-Ready
Oligo Set Version 1.1 representing 6,388 S. cerevisiae ORFs, and the
Yeast Brown Lab Oligo Extension Version (YBOX vers. 1.0) with 3,456
probes for all noncoding RNAs, introns, mitochondrial genes, and
diverse controls (Operon). The probes were printed on epoxy-coated
glass slides (Nexterion slide E) at the Center for Integrative Genomics,
University of Lausanne, Switzerland. Oligo arrays were blocked in 53
SSC, 0.1 mg/ml BSA, 0.1 % SDS for 1 h at 42 8C, and subsequently
washed three times in 0.13 SSC for 5 min at room temperature,
rinsed in water for 30 s, and dried by centrifugation (5003g for 2
min). The slides were used the same day.
DNA microarrays containing PCR-derived probes for all S.
cerevisiae ORFs, introns, and the mitochondrial genome were used
for the analysis of changes in the global transcript levels and
ribosome associations upon diverse stress treatments. These arrays
consisted of 7,892 features representing 6,954 ORFs and were
processed as previously described [74]; http://cmgm.stanford.edu/
pbrown/protocols/index.html).
Microarray hybridization and data analysis. Equal amounts of a
pool of ﬁve synthetically prepared B. subtilis RNAs [70] (DNA
microarrays) or 1 ll of a pool of eight control RNAs (2.5–50 pg,
Ambion ArrayControls; for oligo arrays) were added to each RNA
sample prior to labeling as a control for the labeling procedure.
To analyze the enrichment of transcript with Rpl16a or Rpl16b, 10
lg of total and Rpl16a/b-associated RNAs were labeled with Cy3 and
Cy5 ﬂuorescent dyes, respectively, following cDNA synthesis with
amino-allyl dUTP in addition to the four natural dNTPs and
oligo(dT20V) primers. Likewise, 10 lg of total and of RNAs isolated
from the 60S, 80S, and polysomal fractions were labeled with Cy3 and
Cy5 ﬂuorescent dyes, respectively, to analyze enrichment of messages
in the corresponding fractions of the sucrose density gradient. The
samples were mixed and competitively hybridized on oligo arrays for
15 h at 42 8C in MWG formamide buffer (Ocimum Biosolutions)
supplemented with 10 lg of polyadenosines (Sigma). The arrays were
washed in 400 ml of three subsequent wash buffers made of 23 SSC,
0.2% SDS (bath 1), 23 SSC (bath 2), and 0.023 SSC (bath 3). The ﬁrst
wash was performed at 42 8C for 13 min (1 min by manual shaking
followed by 12 min on a shaker), and the following washes at room
temperature for 12 min each. Slides were brieﬂy immersed in 100%
ethanol, and dried by centrifugation.
To monitor changes in the global transcript levels and ribosome
associations under diverse stress conditions, ﬂuorescently labeled
cDNA samples were prepared from 5 lg of RNA as described above.
Cy5-labeled samples prepared from total RNA or Rpl16a-associated
mRNA were competitively hybridized to Cy3-labeled cDNA derived
from a common reference RNA on DNA microarrays for 15 h at 65
8C. The reference RNA is a mixture of equal amounts of total RNA
isolated from yeast grown to mid-log phase in ﬁve different media:
YPD, YP with 2% galactose, YP with 2% glycerol, SC dextrose, and SC
with 2% galactose.
All microarrays were scanned with an Axon Instruments Scanner
4200A (Molecular Devices). Scanning parameters were adjusted to
give similar ﬂuorescent intensities control spots in both channels.
Data were collected with the GENEPIX 5.1 (Molecular Devices) and
spots with abnormal morphology were excluded from further
analysis. Arrays were computer normalized by the Stanford Microarray Database (SMD) [75]. Log2 median ratios were retrieved from
SMD, and data were exported into Microsoft Excel after ﬁltering for
regression correlation of greater than 0.5 (ﬁlters for large variations
in the ratios of pixels within each spot), and signal over background
greater than 1.6. Array data are deposited at SMD and at the Gene
Expression Omnibus (GEO) with accession number GSE13682.
Data from two independent biological Rpl16a and Rpl16b afﬁnity

above. Cells were washed on ﬁlters with 10 ml of ice-cold buffer A (20
mM Tris-HCl [pH 8.0], 140 mM KCl, 2 mM MgCl2, 1% Triton X-100,
0.2 mg/ml heparin [Sigma], 0.1 mg/ml CHX) and ﬂash-frozen in liquid
nitrogen. After resuspension in 1 ml of buffer B (buffer A plus 0.5 mM
dithiothreitol [DTT], 1 mM phenylmethylsulfonylﬂuoride [PMSF], 0.5
lg/ml Leupeptin, 0.2 lg/ml Pepstatin, 20 U/ml DNase I, 100 U/ml
RNase Out [Invitrogen]) in a glass Corex tube, cells were broken
mechanically with one-third volume of 0.5-mm glass beads by
vortexing four times at full speed for 20 s followed by 90-s cooling
steps on ice in between. Cell lysates were cleared by three subsequent
centrifugation steps (2,600g, 8,600g, and 13,400g, 5 min, 4 8C) in a
microcentrifuge and brought to 1 ml with buffer B.
Immunoblot analysis. Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose
membranes (BioRad) with a semidry electrophoretic transfer cell
(Trans Blot SD, BioRad). Membranes were blocked in phosphatebuffered saline–0.05% Tween-20 (PBST) containing 5% low fat milk,
probed for 1 h at room temperature (RT) with designated antibodies
and horse radish peroxidase (HRP)-coupled secondary antibodies,
and developed with the ECL Plus Western Blotting Detection System
(Amersham). The following antibodies were applied (dilution
indicated in parentheses): peroxidase anti-peroxidase soluble complex (PAP) reagent (Sigma; 1:5,000) for detection of the ZZ-tag, rabbit
anti-Rps3p (1:100,000), rabbit anti-Rpl35p (1:20,000) [69], rabbit antiZwf1p (Sigma, 1:5,000) and mouse anti-Por1p (Invitrogen, 1:2,500).
Bands on membranes were quantiﬁed with Quantity One (BioRad)
software.
Sucrose density fractionation. A total of 0.8 ml of extract was
loaded on top of a 10% to 50% sucrose gradient prepared in buffer B
without Triton X-100. The samples were centrifuged in a Beckman
SW-41 rotor for 160 min at 35,000 rpm and 4 8C, and then
fractionated while continuously recording the absorbance at 254
nm (A254) with a ﬂow cell UV detector (ISCO). Twelve 900-ll fractions
were collected for each experiment. From 500 ll of each fraction,
proteins were precipitated with trichloroacetic acid. Fifty nanograms
of LysA RNA (Bacillus subtilis) [70] was added to 100 ll of each
fraction, and total RNA was isolated with RNeasy Mini columns
(Qiagen) including on-column DNase I digestion. For microarray
studies, 500 ll of fractions containing 60S subunits, the 80S
monosome, and polysomes were pooled. RNA was precipitated with
2.25 M guanidinium-HCl (ﬁnal concentration)/50% ethanol overnight
at 20 8C and puriﬁed as described above. Total RNA was ﬁnally
precipitated with 1.5 M LiCl and washed with ethanol to remove
residual heparin.
Afﬁnity puriﬁcation of ribosomes. A detailed protocol is available
in Text S2 and at our Web site (http://gerber.openwetware.org/). In
brief, rabbit IgGs (Sigma) were coupled to carboxylated polybeads
(0.75–1 lm; Polysciences) by shaking at 850 rpm overnight. The beads
were washed three times for 30 min with blocking buffer (Polysciences) supplemented with 0.4 mg/ml heparin and 0.1 mg/ml
Escherichia coli tRNA (Sigma). Two-milliliter blocked 2.5% (w/v)
polybead solution was used for each afﬁnity puriﬁcation. Beads were
collected by centrifugation (5 min, 6 K rpm, RT), and incubated with
750 ll of cell-free extract (;7.5 mg/ml protein) for 2 h at 4 8C by
shaking at 850 rpm. The beads were then collected by centrifugation
(2 min, 6 K rpm, RT) and washed four times for 15 min in buffer C (20
mM Tris-HCl [pH 8.0], 140 mM KCl, 2 mM MgCl2, 5% glycerol, 0.5
mM DTT, 40 U/ml RNase Out [Invitrogen]). Ribosomes were released
from beads by incubation with 750 ll of buffer C supplemented with
0.8 U/ll TEV protease (Invitrogen) for 2 h at 15 8C. Beads were
pelleted by centrifugation, and the supernatant containing puriﬁed
ribosomes was collected and frozen in liquid nitrogen. RNA was
isolated from cell-free extracts (total RNA) and from afﬁnity-puriﬁed
ribosomes with RNeasy Micro columns including on-column DNase I
digestion (Qiagen).
Mass spectrometric analysis. Afﬁnity-puriﬁed ribosomes were
separated on Tris-glycine gels, stained with Coomassie Blue G-250
(BioRad), and 11 regions covering regions from 10–75 kDa of the gel
were excised. Gel bands were cut into pieces, which were subsequently washed twice with 100 ll of 100 mM NH4HCO3/50%
acetonitrile and once with 50 ll of acetonitrile. Gel bands were
suspended in 20 ll of buffer D (10 mM Tris-HCl [pH 8.2], 2 mM
CaCl2) containing 5 ng/ll trypsin (Roche Applied Science; recombinant, proteomics grade) and digested overnight at 37 8C. Supernatants were collected, and gel pieces were repeatedly extracted with
100 ll of 0.1% triﬂuoroacetic acid/50% acetonitrile. The supernatants were combined, dried, and peptides redissolved in 25 ll of
0.1% formic acid. Three microliters of this peptide solution were
analyzed by liquid chromatography–tandem mass spectrometry (LCMS/MS) (QTOF Ultima API connected online to a nanoAcquity UPLC
PLoS Biology | www.plosbiology.org
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puriﬁcations (total of four arrays), and from four independent
polysomal fractionations analyzing RNAs in 60S, 80S, and polysomal
fractions were collected, and data for 7,316 features were further
analyzed with Excel (Dataset S1). The Pearson correlations between
the experiments were determined on normalized log2 median ratios
with Excel.
To generate a dataset representing changes of transcript levels and
ribosome-associations of stress-treated cells, we performed ﬁve
biological replicates of untreated control cells (time zero, t ¼ 0),
three replicates of cells after amino acid starvation and osmotic
shock, and four replicates following CFW and menadione treatments
(total of 52 arrays, Dataset S2). The median log2 ratios for genes with
data from at least three independent replicates were averaged and
normalized to the average of untreated control samples. In total, we
obtained data for 7,062 arrayed features representing 6,350 genes. To
generate a list with signiﬁcantly changed genes, we selected all
features that were on average at least 2-fold changed (Dlog2 ratio  1)
with p-value  0.05 (Student t-test). Normalized data for 1,458
signiﬁcantly changed nuclear-encoded and mitochondrial messages
are listed in Dataset S3. A hierarchical cluster of these genes and
arrays was generated with Cluster 3.0 [46] and visualized with Java
TreeView 1.0.12 [76]. Commonly enriched GO terms among list of
genes were retrieved with GO Term Finder that uses a hypergeometric distribution with Multiple Hypothesis Correction (i.e.,
Bonferroni correction) to calculate p-values (Saccharomyces Genome
Database [SGD]; http://www.yeastgenome.org).
SYBR Green real-time PCR analysis. Reverse transcription was
performed with the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) and 25 ng of total RNA from yeast cell extracts
or 5–500 ng of total RNA isolated from fractions of the sucrose
density gradient. Quantitative PCR was performed with the SYBR
Green PCR Master Mix (Applied Biosystems) in an Applied
Biosystems 7900HT Fast Real-Time PCR System. The following
temperature proﬁle was applied: 50 8C for 2 min; 95 8C for 15 min;
40 cycles of the sequence 95 8C for 15 s; 58 8C for 1 min; 95 8C for 15 s;
60 8C for 15 s; 95 8C for 15 s. Ct-values were either normalized to the
actin (ACT1) control probe or to the LysA control RNA (LYSA) that
was added to each fraction from polysomal gradients.
Puriﬁcation of mitochondria and ATPase assays. Cells were grown
in SC media to mid-log phase and treated either with 10 lg/ml CFW
or solvent only (water:ethanol ¼ 4:1) for 20 min. To inhibit translation
elongation during drug exposure, 0.1 mg/ml CHX was added to
cultured cells 10 min prior to drug addition, and 0.1 mg/ml CHX was
added concomitantly with the indicated drugs or controls to the cells.
Cells were collected by centrifugation (3.5 K rpm, 5 min, RT) and
washed twice with water containing 0.1 mg/ml CHX. Mitochondria
were isolated as previously described with minor modiﬁcations [77].
In brief, cells were resuspended in 1 ml of spheroblast buffer (1.2 M
sorbitol, 20 mM HEPES [pH 8], 0.1 mg/ml CHX, 10 mM DTT)
containing 200 U lyticase (Sigma) and incubated for 22 min at 30 8C.
After centrifugation (5,000g, 5 min, RT), the cells were dissolved in
500 ll of ice-cold mitochondrial isolation buffer (MIB; 0.6 M sorbitol,
10 mM HEPES [pH 8], 0.1 mg/ml CHX, 0.5 mM PMSF) and broken
mechanically with one-third volume of 0.5-mm glass beads by
vortexing for 40 s. Cell lysates were centrifuged for 5 min at 5,000g
at 4 8C, beads were washed with another 500 ll of MIB, and
supernatants were pooled. After clearing the lysate (5,000g, 5 min, 4
8C), 900 ll of the extract were centrifuged (13.2 K rpm, 10 min, 4 8C),
and the pelleted mitochondria were washed twice with 500 ll of MIB.
Puriﬁed mitochondria were resuspended in 50 ll of MIB and 10 ll of
50% glycerol.
ATPase activity was measured with a colorimetric assay according
to the manufacturer’s instructions (ATPase Assay Kit; Innova
Biosciences). Puriﬁed mitochondria were tested for contamination
by free inorganic phosphate (Pi). Ten OD280 units of mitochondria
were preincubated with 2 lg of F1-ATPase inhibitor oligomycin
(Sigma; referred to as the oligomycin control) or methanol in 100 ll
of bidistilled water for 10 min at room temperature. ATP hydrolysis
was started by addition of 100 ll of Substrate-buffer mix (SB)
supplemented with 0.5 mM ATP. After 15 min, the reaction was
stopped with 50 ll of Gold mix, and the absorbance at 635 nm was
measured after an additional 30 min. Measuring the changes in
absorbance allows the quantitative determination of released Pi
during the ATPase reaction. To calculate mitochondrial ATPase
activity, the average changes in absorbance of oligomycin control
reactions were subtracted from changes in absorbance from reactions
without oligomycin (all in duplicate). The activities of drug-treated
cells were compared to solvent-only–treated cells, and p-values were
calculated with the Student t-tests (two-tailed, two-sample).
Accession numbers. Array data are deposited at SMD and at the
PLoS Biology | www.plosbiology.org

Gene Expression Omnibus (GEO) with accession number GSE13682.
The accession numbers for S. cerevisiae genes are from SGD (http://
www.yeastgenome.org/) (ORF/SGD identiﬁcation number): ACT1
(YFL039C/ S000001855), ASC1 (YMR116C/S000004722), ATP4
(YPL078C/S000005999), ECM33 (YBR078W/S000000282), GCN4
(YEL009C/S000000735), HXK2 (YGL253W/S000003222), INO80
(YGL150C/S000003118), MAL31 (YBR298C/S000000502), MDH1
(YKL085W/S000001568), RPL16A (YIL133C/S000001395), RPL16B
(YNL069C/S000005013), RPL25 (YOL127W/S000005487), RRD1
(YIL153W/S000001415), RRN7 (YJL025W/S000003562), SUT1
(YGL162W/S000003130), TIM11 (YDR322C-A/S000007255), UTH1
(YKR042W/S000001750), YHR113 (YHR113/S000001155), and YIM1
(YMR152W/S000004760).

Supporting Information
Dataset S1. Proﬁles of Rpl16a- and Rpl16b-Bound RNAs and of
Polysomal RNAs
Cy5/Cy3 ﬂuorescence ratios from microarray hybridizations analyzing
Rpl16a/b-associated RNAs or RNAs present in corresponding sucrose
gradient fractions versus total RNA (for a histogram of the data, see
Figure S2). Columns indicate the following (from left to right): YORF;
ID, array identiﬁcation number; type of oligo; gene name; GO
annotations; log2 ratios of independent Rpl16a afﬁnity isolations;
average log2 ratio of Rpl16a afﬁnity isolations; average percentile
ranks; log2 ratios of independent Rpl16b afﬁnity isolations; average
log2 ratio of Rpl16b afﬁnity isolations; average percentile ranks; log2
ratios of four independent sucrose gradient isolations; average log2
ratio of sucrose gradient isolations; and average percentile ranks. A
key to the type of oligos, and the Pearson correlation of proﬁles are
given in separate worksheets.
Found at doi:10.1371/journal.pbio.1000105.sd001 (2.03 MB XLS).
Dataset S2. Microarray Data of Different Stress Treatments
Each worksheet contains normalized data sampling relative changes
of total RNA expression (Total) or ribosome associations (RA) of
stress-treated cells and of untreated cells (t ¼ 0; see Materials and
Methods for experimental design). Worksheets are designated the
following: AA10: amino acid starvation for 10 min; AA20: amino acid
starvation for 20 min; Sorbitol; CFW100: treatment with 100 lg/ml
CFW; CFW10: treatment with 10 lg/ml CFW; Menadione. Columns in
each worksheet indicate the following (from left to right): YORF; gene
name; GO annotations; log2 ratio (expression of sample versus
common reference) of three to four independent biological
replicates; average log2-ratio from at least three independent
experiments; log2 ratios (sample versus reference) of ﬁve biological
replicates from untreated (t ¼ 0) cells; average log2 ratio of at least
three t ¼ 0 experiments; average log2 ratios of untreated control
samples subtracted from average log2 ratios of stress-treated samples;
p-values comparing stress-treated versus untreated controls determined with a two-tailed, unpaired Student t-test.
Found at doi:10.1371/journal.pbio.1000105.sd002 (16.87 MB XLS).
Dataset S3. List of Genes That Signiﬁcantly Changed upon Stress
Raw data of the cluster shown in Figure 2B including gene
annotations (YORF; gene name; and GO annotation).
Found at doi:10.1371/journal.pbio.1000105.sd003 (326 KB XLS).
Figure S1. Rpl16a- and Rpl16b-Deﬁcient Cells Show No Different
Growth Sensitivities
Evaluation of growth sensitivity to CFW of rpl16ad and rpl16bd cells 3
d after plating a series of 10-fold diluted spots in synthetic complete
medium (SC).
Found at doi:10.1371/journal.pbio.1000105.sg001 (4.10 MB TIF).
Figure S2. Enrichment Proﬁles of Rpl16a/b-ZZ–Associated mRNAs
(A) Scatter plot of average Cy5/ Cy3 ﬂuorescence ratios (log2) from
microarray hybridizations comparing Rpl16a-ZZ (x-axis), and Rpl16bZZ (y-axis). The ratio of the two RNA populations at a given array
element reﬂects the enrichment of the respective mRNA by ribosome
puriﬁcation. Marked in blue are 62 features (30 genes) preferentially
associated with Rpl16a-ZZ (Dlog2  1); in yellow 25 features (17 genes)
with Rpl16b-ZZ (Dlog2  1). R: correlation coefﬁcient. HAC1 mRNA
is depicted by an arrow.
(B) Distribution of average Cy5/ Cy3 ﬂuorescence ratios from two
independent microarrays hybridizations analyzing Rpl16a- and
Rpl16b-associated RNAs (Dataset S1). The frequency distribution of
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Figure S7. Immunoblot Analysis Following the Puriﬁcation of
Mitochondria
Samples were probed with speciﬁc antibodies detecting Zwf1p, a
cytoplasmic protein (57.5 kDa), and Por1p (30.4 kDa), a mitochondrial membrane protein. An asterisk (*) indicates a second band
detected with anti-Zwf1 antibodies that is of unknown origin. Lanes:
Ex, extract; P, pelleted mitochondria; Sup, supernatant after highspeed centrifugation to pellet mitochondria.
Found at doi:10.1371/journal.pbio.1000105.sg007 (1.73 MB TIF).

all analyzed features is shown in black/grey and refers to the left yaxis. The distribution of Ty elements is colored in green, the
distribution of introns in red, and both refer to the right y-axis.
Found at doi:10.1371/journal.pbio.1000105.sg002 (6.18 MB TIF).
Figure S3. Polysomal Proﬁles of Stress-Treated Cells
Polysomal proﬁles of untreated cells grown in SC medium (t ¼ 0), and
of cells subjected to speciﬁc stress treatments. The A254 ratio of 60S
subunits to polysomes represents a rough estimate for global
translational activity.
Found at doi:10.1371/journal.pbio.1000105.sg003 (1.28 MB TIF).

Table S1. Mass Spectrometric Analysis of Afﬁnity-Puriﬁed Ribosomes
Proteins were analyzed by LC-MS/MS either after separation by SDSPAGE (gel) or directly after puriﬁcation and TCA-precipitation (Shot
Gun). Both ORFs are indicated for paralogous ribosomal proteins.
The likelihood (in percent) for correct identiﬁcation of the protein
was calculated with Scaffold.
Found at doi:10.1371/journal.pbio.1000105.st001 (21 KB XLS).

Figure S4. Stress-Dependent Correlations of Global Transcript
Levels and Translatome
Relative changes of mRNA expression (total RNA) compared with
their ribosome associations (RA) in stress-treated versus untreated
cells. Average Cy5/Cy3 ﬂuorescence ratios from microarray hybridizations comparing steady-state mRNA levels from treated versus
untreated cells are plotted on the x-axis, and the respective changes
of ribosome-associations are plotted on the y-axis. The blue points
refer to the group of messages with preferentially altered mRNA
levels (group T, Figure 2); the yellow points refer to mRNAs
preferentially changed at translatome (group R, Figure 2); and green
points represent messages that are signiﬁcantly changed at both
global transcript levels and translatome (group H, Figure 2). The grey
points refer to messages that are not considered to be signiﬁcantly
altered by our arbitrary cut-off (.2-fold, p , 0.05). R: correlation
coefﬁcient.
Found at doi:10.1371/journal.pbio.1000105.sg004 (1.18 MB TIF).

Text S1. Functional Themes among Stress-Regulated Messages
Found at doi:10.1371/journal.pbio.1000105.sd004 (34 KB DOC).
Text S2. Protocol for Afﬁnity Puriﬁcation of Ribosomes
Found at doi:10.1371/journal.pbio.1000105.sd005 (46 KB DOC).
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Figure S6. Polysomal Distribution of SUT1 mRNA in Response to 1
M Sorbitol
See Figure 4 for a description. SUT1 mRNA is shown in blue; ACT1
mRNA is the negative control shown in grey.
Found at doi:10.1371/journal.pbio.1000105.sg006 (1.37 MB TIF).
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Genes encoding RNA-binding proteins are diverse and abundant in eukaryotic genomes. Although some have been
shown to have roles in post-transcriptional regulation of the expression of specific genes, few of these proteins have
been studied systematically. We have used an affinity tag to isolate each of the five members of the Puf family of RNAbinding proteins in Saccharomyces cerevisiae and DNA microarrays to comprehensively identify the associated mRNAs.
Distinct groups of 40–220 different mRNAs with striking common themes in the functions and subcellular localization
of the proteins they encode are associated with each of the five Puf proteins: Puf3p binds nearly exclusively to
cytoplasmic mRNAs that encode mitochondrial proteins; Puf1p and Puf2p interact preferentially with mRNAs encoding
membrane-associated proteins; Puf4p preferentially binds mRNAs encoding nucleolar ribosomal RNA-processing
factors; and Puf5p is associated with mRNAs encoding chromatin modifiers and components of the spindle pole body.
We identified distinct sequence motifs in the 39-untranslated regions of the mRNAs bound by Puf3p, Puf4p, and Puf5p.
Three-hybrid assays confirmed the role of these motifs in specific RNA–protein interactions in vivo. The results suggest
that combinatorial tagging of transcripts by specific RNA-binding proteins may be a general mechanism for
coordinated control of the localization, translation, and decay of mRNAs and thus an integral part of the global gene
expression program.
2000; Tenenbaum et al. 2000; Brown et al. 2001; Hieronymus
and Silver 2003; Li et al. 2003; Shepard et al. 2003; Waggoner
and Liebhaber 2003). For example, a recent study in S.
cerevisiae found that two nuclear RNA export factors were
each associated with large and distinct mRNA populations,
and common functional themes were found among the 1,000
or so proteins encoded by each population (Hieronymus and
Silver 2003). These observations support a role for RBPs in
the coordinated regulation of mRNA subpopulations (Keene
and Tenenbaum 2002; Keene 2003).
Systematic identiﬁcation of the mRNA targets of RBPs can
be a powerful approach to understanding the cellular roles of
RBPs and the mechanisms by which they might regulate the
post-transcriptional lives of mRNAs. We have focused ﬁrst on

Introduction
The dynamic structure and physiology of a cell depend on
coordinated synthesis, assembly, and localization of its
macromolecular components (Orphanides and Reinberg
2002). The timing and level of expression of the genes that
encode these components are controlled by transcription
factors that regulate initiation of transcription in a genespeciﬁc manner by binding to speciﬁc DNA sequences
proximal to the genes they regulate. The combinatorial
binding and activity of speciﬁc transcription factors confer a
distinctive program of regulation on each individual gene
while enabling coherent global responses of large sets of
genes in physiological and developmental programs. Much
less is known about either the system architecture or
molecular mechanisms that underlie regulation of the posttranscriptional steps in the gene expression program.
There are approximately 15,000 mRNA molecules in each
Saccharomyces cerevisiae cell during exponential growth in rich
medium (Hereford and Rosbash 1977) and at least a 10-fold
larger number in a typical mammalian cell (Hastie and
Bishop 1976). The extent to which the location, activity, and
fates of these diverse populations of mRNAs are coordinated
and the post-transcriptional mechanisms that might mediate
their coordinated regulation remain largely unknown. RNAbinding proteins (RBPs) have been implicated in diverse
aspects of post-transcriptional gene regulation, including
RNA processing, export, localization, degradation, and translational control (Dreyfuss et al. 2002; Maniatis and Reed 2002;
Mazumder et al. 2003). Although there appear to be hundreds
of RBPs encoded in eukaryotic genomes (Costanzo et al. 2001;
Issel-Tarver et al. 2002), for only a few of these proteins have
the RNA targets been systematically identiﬁed (Takizawa et al.
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Figure 1. Protein Domain Structure of Yeast Puf Proteins
Pum-HD repeats (Zamore et al. 1997) are shown as red ovals and
classical RNA-binding domains (RBDs) are depicted as blue boxes.
Regions of low complexity, such as proline-, serine-, threonine-, and/
or methionine-rich domains, are shown in gray boxes; asparagine
stretches are striped. The numbers correspond to the length of
proteins in amino acids.
DOI: 10.1371/journal.pbio.0020079.g001

Figure 2. Strategy for Analyzing Genome-Wide RNA–Protein Interactions
Protein A-tagged Puf proteins were captured with IgG–Sepharose
and released from the beads by cleavage with TEV protease. RNAs
associated with the released proteins were isolated, and cDNA copies
were ﬂuorescently labeled and hybridized to yeast DNA microarrays.
The Cy5/Cy3 ﬂuorescence ratio for each locus reﬂects its enrichment
by afﬁnity for the cognate protein.
DOI: 10.1371/journal.pbio.0020079.g002

the Pumilio–Fem-3-binding factor (FBF) (Puf) proteins from
S. cerevisiae, which belong to a structurally related family of
cytoplasmic RBPs that are implicated in developmental
processes in various eukaryotes (Wickens et al. 2002). Puf
proteins are deﬁned by the presence of several (typically
eight) consecutive repeats of the Pumilio homology domain
(Pum-HD), which confers RNA binding activity (Zamore et al.
1997; Wang et al. 2002a). The Puf proteins characterized to
date have been reported to bind to 39-untranslated region
(UTR) sequences encompassing a so-called UGUR tetranucleotide motif and thereby to repress gene expression by
affecting mRNA translation or stability. Despite the widespread occurrence of Puf family members, only a few mRNA
targets have been identiﬁed for these RBPs (Wickens et al.
2002). For example, in Drosophila, the PUMILIO protein binds
maternal hunchback mRNA and, in concert with NANOS
protein, represses translation of the mRNA at the posterior
pole during early embryogenesis. The Caenorhabditis elegans
Puf homologs, called Fem-3-binding factors (FBFs), regulate
the switch from spermatogenesis to oogenesis by repressing
fem-3 translation, and they are implicated in the propagation
of germline stem cells through binding and inhibition of gld-1
mRNA expression (Zhang et al. 1997; Crittenden et al. 2002).
Less is known about the human homologs: PUMILIO-2
protein interacts with DAZ (deleted in azoospermia) protein
and is expressed in embryonic stem cells and germ cells,
whereas PUMILIO-1 is almost ubiquitously expressed (Moore
et al. 2003).
In S. cerevisiae, ﬁve proteins, termed Puf1p to Puf5p, bear six
to eight Puf repeats (Figure 1). Little is known about the
physiological function of these proteins. Mutations in either
PUF4 or PUF5 result in diminished longevity (Kennedy et al.
1997). PUF1 was isolated as a multicopy suppressor of certain
microtubule mutants (Machin et al. 1995), and a PUF2 null
mutant displayed increased resistance to cycloheximide and
paromomycin (Waskiewicz-Staniorowska et al. 1998). However, S. cerevisiae mutants lacking all ﬁve PUF genes are viable
(Olivas and Parker 2000). A genome-wide analysis of mRNA
expression patterns in yeast mutants lacking all ﬁve PUF
genes found differential expression of 7%–8% of all mRNAs
under steady-state conditions, but no common theme was
found among the affected genes (Olivas and Parker 2000).

Only two speciﬁc mRNA targets have been identiﬁed for yeast
Puf proteins: Puf3p binds to the COX17 mRNA 39-UTR in
vitro and may regulate its turnover (Olivas and Parker 2000),
and Puf5p negatively regulates expression of reporter genes
substituting for the HO endonuclease (Tadauchi et al. 2001).
Using DNA microarrays to identify the speciﬁc mRNAs that
interact with the ﬁve S. cerevisiae Puf proteins, we have found
that each Puf protein bound to a large set of distinct and
functionally related mRNAs. We identiﬁed novel and conserved sequence elements in the mRNAs bound by Puf3p,
Puf4p, and Puf5p. The results suggest a system for large-scale
coordinated control of cytoplasmic mRNAs and provide
insights into the physiological logic of the gene expression
program.

Results
Systematic Identification of mRNAs Associated with
Specific RBPs
To identify RNAs associated with Puf proteins, tandemafﬁnity puriﬁcation (TAP)-tagged proteins were puriﬁed
from whole-cell extracts of S. cerevisiae (Figure 2). The TAP
tag (Rigaut et al. 1999), a sequence encoding two IgG-binding
units of protein A, a speciﬁc protease recognition site, and a
calmodulin-binding domain, was fused in-frame at the Cterminus of the respective open reading frame (ORF) in its
original chromosomal location (Ghaemmaghami et al. 2003).
This design was intended to preserve normal regulation of
the expression of the fusion protein. Cells of the TAP-tagged
strains showed growth rates and cell morphologies similar to
wild-type cells. Cells were grown to mid-log phase in rich
medium, extracts were prepared, and ribonucleoprotein
complexes were recovered by afﬁnity selection on IgG beads
and subsequent cleavage with tobacco etch virus (TEV)
protease (see Materials and Methods). To control for nonspeciﬁcally enriched mRNAs, the same procedure was
performed with wild-type cells lacking the TAP tag. TEV
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protease cleavage was superior to direct elution of proteins
from beads, as it gave lower contamination from nonspeciﬁcally interacting RNAs in the resulting puriﬁed fractions
(data not shown). RNA was isolated from the puriﬁed protein
samples and from extracts. We obtained 0.8–2 lg of RNA
from the Puf afﬁnity-isolated samples gathered from 1-l
cultures, but no detectable RNA (,0.1 lg) was recovered
when the same procedure was applied to untagged control
cells. The yield of RNA from the Puf afﬁnity isolation
procedure was sufﬁcient to perform further labeling steps
directly, without ampliﬁcation of RNA by PCR, as had been
required in previous studies (Takizawa et al. 2000; Hieronymus and Silver 2003). Two samples from each cell population,
total RNA, and RNA isolated by the Puf afﬁnity procedure
were used to prepare cDNA probes labeled with different
ﬂuorescent dyes, which were mixed and hybridized to S.
cerevisiae DNA microarrays containing all known and putative
ORFs, introns, and the mitochondrial genome (see Materials
and Methods). The ratio of the ﬂuorescent hybridization
signals from the two differentially labeled RNA samples, at
the array element representing each speciﬁc gene, provided
an assay for enrichment of the corresponding mRNA by the
Puf-afﬁnity procedure.
Puf3p is the only one of the ﬁve S. cerevisiae Puf proteins for
which direct in vitro interaction with an mRNA (COX17) has
previously been described, thereby providing an internal
positive control (Olivas and Parker 2000). COX17 mRNA was
substantially and consistently enriched in four independent
Puf3p afﬁnity isolations (ratio = 10 6 1.4; Figure 3A), but not
in mock isolations (ratio = 0.8 6 1.2). In general, after
ﬁltering for spots with high background or irregular shapes,
enrichment values for the entire set of arrayed sequences
were reproducible (median of standard deviations in all
arrayed spots = 0.35 on a log2 scale) (see Materials and
Methods). To deﬁne targets speciﬁc to each Puf protein, we
ﬁrst selected all sequences for which enrichment factors in
the corresponding afﬁnity isolation procedures were at least
two standard deviations above the mean for all arrayed
sequences (Figure S1; for samples isolated by the Puf3pafﬁnity procedure, this corresponded to an enrichment
factor of greater than or equal to 2.5). Second, we eliminated
from this selected group any sequences that were also
consistently enriched in the mock procedure (see Materials
and Methods). Although no cutoff can perfectly distinguish
the actual physiological targets from false positives, the high
reproducibility of the results (see Figure 3B), the occurrence
of distinct mRNA populations associated with the different
Puf proteins, and the characterization of these targets
described in the subsequent sections, including the identiﬁcation of distinct sequence motifs and in vivo conﬁrmation
of the role of these motifs in speciﬁc RNA–protein
interactions, strongly support the validity of the majority of
the targets. Finally, the list of target mRNAs did not change
substantially by application of other statistical methods for
selection (see Lieb et al. 2001).
A large number of arrayed sequences, 818, identiﬁed
transcripts associated with at least one Puf protein (see
Figure 3B; Table S1), with 735 encoding distinct ORFs. This
represents approximately 12% of the known and predicted
protein-coding sequences in the S. cerevisiae genome. Of these,
90 transcripts interact with more than one Puf protein. The
largest overlap was observed between the groups of tran-

Figure 3. Defining Puf Target RNAs
(A) Distribution of average Cy5/Cy3 ﬂuorescence ratios from four
independent microarray hybridizations analyzing Puf3p targets. The
arrow depicts enrichment of COX17 mRNA, which is known to bind
to Puf3p (Olivas and Parker 2000). The red dashed line indicates the
threshold applied for deﬁning 220 target RNAs (a magniﬁcation is
shown of the enriched region).
(B) Cluster of RNA targets for Puf proteins. Rows represent genes
(unique cDNA elements) and columns represent individual experimental samples. Each Puf protein and an untagged strain (mock
control) were assayed in quadruplicate. The color code indicates
enrichments (green–red color scale). The number of mRNAs
interacting with each Puf protein is indicated in parentheses. mRNAs
clustering with the mock controls were removed as false positives (see
Materials and Methods).
DOI: 10.1371/journal.pbio.0020079.g003

scripts associated with Puf1p and Puf2p—which also have the
greatest overall similarity in amino acid sequence among the
Puf proteins (45% identical); 36 of the 40 Puf1p targets were
also associated with Puf2p. Twenty-eight mRNAs were bound
by both Puf4p and Puf5p, and 16 were bound both by Puf2p
and Puf5p. Seven transcripts were enriched with three
different Puf proteins (DHH1 and YOL109w mRNAs with
Puf1p, Puf2p, and Puf5p; NOP1 mRNA with Puf1p, Puf4p,
and Puf5p; SUR7 and SFL1 mRNAs with Puf2p, Puf4p, and
Puf5p; and IFM1 mRNA with Puf3p, Puf4p, and Puf5p). The
remaining 645 target mRNAs were each associated with only
one of the Puf proteins. Thus, each Puf protein associates
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with a distinct and highly speciﬁc subset of mRNAs (see
Tables S3–S7).
We estimated the number of Puf proteins per cell by a ﬁlter
afﬁnity blot analysis using protein A as a standard for
calibration (Table S2). We found that Puf1p, Puf2p, Puf3p,
and Puf5p were similar in abundance, with 350–400 molecules per cell. Puf4p was approximately twice as abundant
(approximately 900 molecules per cell). The relatively low
abundance of the Puf proteins is therefore comparable to
that of transcription factors, protein kinases, and cell cycle
proteins (Futcher et al. 1999). Moreover, our measurements
imply that the intracellular concentrations of the Puf
proteins range between 20 and 50 nM, approximately one
order of magnitude higher than the dissociation constants for
binding of their metazoan homologs to the cognate target
RNAs. The number of Puf proteins per cell approximates the
estimated numbers of cognate Puf target mRNA molecules
present in the cell (Holstege et al. 1998; Wang et al. 2002b)
(Table S2), consistent with a model in which each Puf protein
molecule is associated with one mRNA molecule in the cell.

Puf1p-interacting mRNAs and 55 of 106 (52%) known
proteins encoded by Puf2p-interacting mRNAs (see Figure
3B; see Tables S3 and S4). Transcripts encoding proteins
associated with the plasma membrane were particularly
enriched among the Puf1p- and Puf2p-bound mRNAs. Most
of the mRNAs bound by Puf1p were also associated with
Puf2p. However, Puf2p bound uniquely to many additional
mRNAs (146 Puf2p mRNA targets versus 40 for Puf1p). In
terms of cellular processes, many Puf1p- and Puf2p-associated transcripts encode proteins with roles in transmembrane transport and vesicular trafﬁcking of proteins: 9 out of
26 (34%; p , 0.0002) of annotated Puf1p targets and 24 out of
104 (23%; p , 105) annotated Puf2p targets (compared to
9% of all characterized genes) (YPD, May 2003). This group
includes transporters for spermine (Tpo1, Tpo2, Tpo3),
proteins (Nce101, Nce102, Ast1, Vps72, Mas6, Sfk1, Mup3),
vesicles (Sso2, Snc2, Yip1, Aps3, Ypr157w), and lipids (Pdr16,
Ykl091c, Fps1 [glycerol]). (Tpo2 and Tpo3 may cross-hybridize on arrays because of their high sequence identity [89%],
but Tpo1 does not [Shepard et al. 2003]).

Puf3p Specifically Binds mRNAs Encoding Mitochondrial
Proteins

Puf4p and Puf5p Interact Selectively with mRNAs
Encoding Nuclear Components

As a ﬁrst step toward identifying functional themes among
the mRNAs associated with each Puf protein, we retrieved the
Gene Ontology (GO) annotations for process, function, and
compartment from the Saccharomyces Genome Database (SGD)
(Issel-Tarver et al. 2002). (The target mRNAs for each Puf
protein are listed in Tables S3–S7.) We then searched for
signiﬁcant shared GO terms in the lists of Puf mRNA targets
(Table S8).
Puf3p associated almost exclusively with transcripts of
nuclear genes that encode mitochondrial proteins (p , 1088;
see Table S5). In particular, of the 154 Puf3p-associated
transcripts for which GO annotation of subcellular localization was available, 135 (87%) were assigned to mitochondria (Figure 4A). Of the Puf3p-associated mitochondrial gene
products, 80 (59%) are involved in protein biosynthesis,
including structural components of the ribosome (55 genes),
tRNA ligases (12 genes), and translational regulators (nine
genes). Twenty-two of the Puf3p-bound transcripts are
involved in mitochondrial organization and biogenesis, 17
in aerobic respiration, and 12 in mitochondrial translocation.
Based on this striking cytotopic (relating to location in the
cell) concordance, we suggest that the remaining 66 Puf3p
mRNA substrates (30%) for which no GO annotations were
available are likely to encode mitochondrial proteins. (While
this paper was under review, a genome-wide analysis of
protein localization in S. cerevisiae [Huh et al. 2003] reported a
mitochondrial localization for 27 additional Puf3p targets,
raising the total to 162 of the 220 putative Puf3p mRNA
targets encoding mitochondrial proteins.)

Among the Puf5p targets (see Table S6), we found two
common themes. First, a remarkable fraction encodes nuclear
proteins that participate in covalent modiﬁcation of histones,
chromatin-remodeling complexes, or transcriptional regulation (64 of the 113 annotated genes [57%; p , 3 3 106]).
Second, the Puf5p-associated transcripts included a substantial fraction of the mRNAs known to encode components or
regulators of the mitotic spindle apparatus in yeast: 14
mRNAs that encode microtubule-based spindle components,
including seven of the 25 (28%; p , 4 3 105) structural
components of the spindle pole body (Kar1, Ccd31, Spc19,
Spc42, Bbp1, Cnm67, and Nuf2) (Wigge et al. 1998). Messages
encoding nuclear and cytoplasmic proteins that regulate
polarized growth (Ame1, Boi2, Bsp1, Bub1, Bud9, Dad2, Elm1,
Gic1, Kar9, Rax2, Ste7), some of them known to interact with
spindle components, were also Puf5p targets.
Transcripts encoding nucleolar proteins were highly
enriched among the Puf4p-bound mRNAs: 36 of the 133
(27%) annotated genes in this group encode nucleolar
proteins, as compared to 3% of all the annotated genes in
the S. cerevisiae genome (p , 1012). Of these 36, 29 are directly
involved in ribosomal RNA (rRNA) synthesis, processing, and
ribosome maturation (p , 1015), major functions of the
nucleolus (Fatica and Tollervey 2002; Gerbi et al. 2003) (see
Tables S5 and S8).
Twenty-eight transcripts were enriched in both the Puf4p
and Puf5p afﬁnity isolations, including six transcripts
encoding components of the nucleosome (p , 1011), among
them the four core histone proteins (histones 2A and 2B,
histone 3, and histone 4; note that histones 2A and 2B are
98% identical and therefore cross-hybridize).

Puf1p- and Puf2p-Associated mRNAs Disproportionately
Encode Membrane-Associated Proteins

Diverse Functional Links among Transcripts Associated
with Each Puf Protein

Of all the characterized S. cerevisiae genes for which any
information about subcellular localization is available, 18%
are currently classiﬁed as encoding membrane-associated
proteins (Yeast Proteome Database [YPD], May 2003; see
Costanzo et al. 2001). A much greater fraction of the mRNAs
associated with Puf1p and Puf2p encode membrane-associated proteins: 16 of the 28 (57%) known proteins encoded by

In addition to the cytotopic relationships within each
group of Puf-associated mRNAs, we were struck by the
frequency with which transcripts encoding different components of protein complexes or systems of interacting proteins
were bound by the Puf proteins. For example, most of the
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Figure 4. Classification of mRNAs Interacting with Puf Proteins
(A) Column charts showing compartmentalization of characterized gene
products encoded by the Puf targets.
The same compartments are shown for
the entire genome in the columns
designed ‘‘All’’ (YPD, May 2003). The
number of genes represented in the
charts is indicated on the top of columns. An asterisk indicates classes with p
values of less than 0.001.
(B) Fraction of membrane-associated
gene products among the Puf targets.
We classiﬁed the targets by combining
both GO and YPD annotations (May
2003). ‘‘Plasma membrane’’ (light blue)
is a subpopulation of the total membrane-associated proteins (blue). Soluble
cytoplasmic or nuclear proteins were
classiﬁed as ‘‘non-membrane.’’ ‘‘All’’ refers to the genome-wide compartmentalization of characterized genes, and
respective numbers were retrieved from
YPD. ‘‘Puf2 Top 40’’ refers to the 40
highest enriched Puf2p targets and
equals the total number of Puf1p targets.
DOI: 10.1371/journal.pbio.0020079.g004

nuclear transcripts encoding components of the mitochondrial ribosome (55 out of the 77 known genes; Gan et al. 2002)
were Puf3p-associated. This observation prompted us to
search for other protein complexes and functional systems
that shared similarly Puf-associated mRNAs.
Other examples of coordinate ‘‘tagging’’ of transcripts
encoding subunits of multiprotein complexes include Puf4p
association of mRNAs encoding three of the four protein
components of the H/ACA core particle (Cbf5p, Gar1p, and
Nhp2p), which synthesizes pseudouridine in rRNAs (Henras
et al. 1998) (Figure S2; no data were obtained for the fourth
component, Nop10p). Puf5p bound mRNAs encoding histone
acetylases (Ada2p, Spt8p, and Hﬁ1p), which are components
of the Spt–Ada–Gcn5–acetyltransferase (SAGA) complex, and
transcripts encoding at least four of the six members of the
RSC (remodels the structure of chromatin) family of DNAstimulated ATPases with bromodomains (Bdf1p, Bdf2p,
Rsc2p, and Rsc4p; no array data were obtained for the two
other members, Rsc1p and Spt7p). As mentioned above, the
mRNAs encoding at least three of the four core histones were
enriched in both Puf4p and Puf5p afﬁnity isolations.
We also found numerous cases in which the transcripts
encoding multiple members of a functional group of proteins
were bound by the same Puf protein. For example, the
transcripts encoding the Tpo1, Tpo2, and Tpo3 proteins, the
three known spermine transporters in the plasma membrane
(Albertsen et al. 2003; see note above about cross-hybridization), and the two known genes implicated in the
nonclassical protein export pathway (NCE101, NCE102)
(Cleves et al. 1996) were bound by Puf1p and Puf2p and by
Puf2p, respectively. Puf5p was associated with all of the
histone deacetylases (HDACs) that act on histones located
around coding sequences—Sin3p (a class I HDAC), Hda1p (a
class II HDAC), and both components of the Set3C complex
(Hst1p and Snt1p) (Kurdistani and Grunstein 2003). (Two
other HDACs, Hos1p and Hos3p, which deacetylate histones

around the ribosomal DNA locus, were not enriched in Puf5p
afﬁnity isolations.)
Finally, we identiﬁed cases in which the mRNAs encoding
multiple components of a speciﬁc regulatory system were
bound by the same Puf protein. For example, Puf2p associates
with mRNAs encoding diverse proteins regulating Pma1p,
which is an ATP-dependent proton transporter located in the
plasma membrane, and with PMA1 mRNA itself (Figure S2).
All of the mRNAs encoding nucleolar glycine/arginine-rich
(GAR) domain-bearing proteins (Sbp1p, Nsr1p, Nop1p,
Gar1p) as well as HMT1 mRNA, encoding a dimethylase that
modiﬁes the nucleolar GAR proteins (Xu et al. 2003), were
associated with Puf4p, while none of the mRNAs encoding
the distinct group of nonnucleolar GAR proteins were bound
by Puf4p (Figure S2).

Sequence Motifs in the 39-UTR of mRNA Targets Direct
Binding by Puf Proteins
The Puf homologs in Drosophila and C. elegans bind to
sequences in the 39-UTR of mRNAs (Wickens et al. 2002). We
therefore examined the sets of mRNAs associated with each
of the S. cerevisiae Puf proteins for the presence of common
sequence motifs in 59-UTRs and 39-UTRs, using multiple
expectation maximization for motif elicitation (MEME) as a
motif discovery tool (Bailey and Elkan 1994). We identiﬁed
distinct 10- or 11-nucleotide sequence motifs in the 39-UTR
among the mRNAs interacting with Puf3p, Puf4p, and Puf5p
(Figure 5A, Tables S9–S11). We have thus far been unable to
identify conserved sequence elements among Puf1p and
Puf2p targets; these proteins may recognize structural
elements in the RNA rather than simple sequence strings,
possibly via their classical RNA-binding domains instead of
their six-repeat Pumillio domains.
The conserved motifs we identiﬁed in the Puf3p, Puf4p,
and Puf5p targets each include a UGUR tetranucleotide
sequence, which is a feature of all previously reported RNA
targets of Puf family proteins (Wickens et al. 2002).
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Figure 5. Sequence Motifs Interacting with
Puf Proteins
(A) Consensus motifs detected within 39UTR sequences of Puf3p, Puf4p, and
Puf5p target mRNAs. Height of the
letters speciﬁes the probability of appearing at the position in the motif.
Letters with less than 10% appearance
were omitted. Fraction of genes bearing
a motif in the 39-UTR sequence is
indicated to the right. Y-helicase proteins are nearly identical in sequence
and were excluded from this analysis.
(B) Scheme of three-hybrid assay for
monitoring RNA–protein interactions
in vivo (Bernstein et al. 2002).
(C) b-Galactosidase activity for threehybrid assay. Proteins assayed are indicated on top, RNAs to the left. Abbreviations: pum, pum-HD; cons., consensus
motif; UGU/AGA, UGU in consensus
sequence mutated to AGA.
(D) Activation of HIS3 reporter gene and
resistance to 3-aminotriazole (3-AT), a
competitive inhibitor of the HIS3 gene
product, in a three-hybrid assay (Bernstein et al. 2002).
DOI: 10.1371/journal.pbio.0020079.g005

to the cognate consensus sequence, as assayed by activation of
the lacZ and HIS3 reporter genes (see Figure 5C and 5D). For
Puf3p and Puf4p, the Pum-HD alone was sufﬁcient to confer
speciﬁc binding (see Figure 5C and 5D), but no interaction
could be seen with the Puf5p Pum-HD alone (data not
shown). These interactions were speciﬁc: mutations in the
UGU of the Puf3p consensus sequence disrupted binding, and
each Puf protein interacted with its cognate consensus
sequence in preference to the closely related consensus
sequences recognized by the other Puf proteins. We detected
a weak interaction between Puf3p and the Puf4p target
sequence, an interaction that was not seen with the Puf3p
Pum-HD alone. These results suggest that binding of the Puf
proteins to these speciﬁc cis-acting elements directs their
functions to speciﬁc sets of mRNAs.

Furthermore, in each case, the consensus sequence contains a
conserved dinucleotide (UA), located two, three, or four
nucleotides downstream of the UGUR motif, in the consensus
sites for Puf3p, Puf4p, and Puf5p. Remarkably, the Puf3p
consensus motif matches a sequence (CYUGUAAAUA)
previously identiﬁed by computational tools in 39-UTR
sequences of nuclear genes coding for mitochondrial proteins
(Jacobs Anderson and Parker 2000).
We examined the distribution of the consensus sequence
motifs in the entire S. cerevisiae genome (Table 1). Of the genes
whose mRNAs were predicted by computational analysis to
contain one of these three target sequences in their 39-UTRs,
42% were identiﬁed experimentally as targets in the
corresponding afﬁnity isolation procedure (Table 1). The
consensus motifs were occasionally found in the coding
sequence of an experimentally identiﬁed target gene, but
were much rarer in the predicted 59-UTR sequences (Table 1).
Moreover, only a few mRNAs had two copies of the motifs:
ﬁve mRNAs among the Puf3p targets, six among the Puf4p
targets, and one among the Puf5p targets (see Tables S5–S7).
As our computational method did not detect the cognate
consensus sequence elements in all the experimentally
identiﬁed targets, alternative sequences or structural elements in RNAs might also allow speciﬁc interactions with Puf
proteins, some mRNAs may be associated indirectly as part of
larger complexes, and some of the putative mRNA targets
identiﬁed by our afﬁnity procedure are likely to be false
positives.
To test the in vivo function of the putative recognition
elements identiﬁed by the computational analysis, we assayed
RNA–protein interactions in vivo using the yeast threehybrid system (Bernstein et al. 2002) (see Figure 5B). Puf3p,
Puf4p, and Puf5p bound speciﬁcally to a sequence matching

Subcellular Distribution of Puf Proteins
We investigated the localization of the TAP-tagged Puf
proteins by immunoﬂuorescence with antibodies against the
TAP tag (see Materials and Methods). All ﬁve Puf proteins
were predominantly localized to multiple discrete foci in the
cytoplasm (Figure 6). The predominantly cytoplasmic localization is consistent with previous reports for S. cerevisiae
Puf3p and Puf5p (Tadauchi et al. 2001) and for the
homologous proteins in higher eukaryotes (Lehmann and
Nüsslein-Volhard 1991; Zhang et al. 1997). The distribution of
the foci of Puf proteins was not obviously related to distinct
cellular organelles or structures, with the exception of Puf1p
and Puf2p, which localized in foci enriched near the
periphery of the cell. Because of the diffuse and pleiomorphic
distribution of mitochondria in the cell, we cannot exclude
the possibility that Puf3p, which speciﬁcally bound transcripts of proteins destined for the mitochondria, is
associated with mitochondria.
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Table 1. Number of Consensus Motifs Found in the Genome and in Puf Targets
Gene
PUF3

PUF4

PUF5

Consensus Motif
CHTGTAWATA

WHTGTAHAWTA

TGTAAYAWTA

Search Option

Genomea

Puf Targets

p Valueb

Total (genome)
ORF
59-UTRc
39-UTRc

471
48
23
193

14
1
109

,2E-9
,0.4
,1.7E-102

Total (genome)
ORF
59-UTRc
39-UTRc

740
105
35
198

16
0
51

,3.5E-7
,7.7E-31

Total (genome)
ORF
59-UTRc
39-UTRc

321
143
15
77

10
2
38

,0.018
,0.083
,2.5E-31

a

Known and putative ORFs (6,330 genes) from SGD.
The probability that the motifs are enriched in Puf targets by chance.
Average lengths of predicted UTR sequences (134 bp of 59-UTR sequences, 237 bp of 39-UTR sequences; Mignone et al. 2002). Syntax for multiple bases: H = A/C/T, W = A/T,
Y = C/T.
DOI: 10.1371/journal.pbio.0020079.t001
b
c

Altered Levels of Puf3p-Associated mRNAs in a puf3D
Mutant

instead be an indirect response to impaired mitochondrial
and respiratorial function in puf3D cells.

A previous study compared steady-state mRNAs levels of
cells bearing deletions of all ﬁve Puf proteins and wild-type
cells grown in rich media (Olivas and Parker 2000). Only 12 of
the 148 (8%) mRNAs whose abundance changed by more
than 2-fold were selectively enriched in our afﬁnity isolations
with Puf proteins. The lack of a simple relationship between
the mRNA binding speciﬁcity we observed and the reported
effects of these multiple mutations on global gene expression
prompted us to design a more speciﬁc experiment to search
for a possible connection between speciﬁc mRNAs levels and
binding to Puf proteins. We focused on Puf3p, as its strong
association with mRNA-encoding mitochondrial proteins
suggested that we should look for a regulatory function for
this protein in mitochondrial physiology. Indeed, we found
that puf3D cells grew more slowly than isogenic puf3þ cells on
minimal media plates with glycerol as the carbon source
(Figure S3). We therefore compared mRNA levels in the puf3D
and puf3þ cells grown under these conditions by DNA
microarray hybridization. Although the magnitude of the
change was small, the relative expression levels of the 220
Puf3p-associated mRNAs were selectively increased in puf3D
cells, compared to all other mRNAs analyzed (p , 1034)
(Figure 7). Of the 16 mRNAs whose abundance was increased
by more than 2-fold in the puf3D mutant, 11 (70%) were
among the transcripts identiﬁed as Puf3p targets by our copuriﬁcation experiments, and all encode mitochondrial
proteins. This result could reﬂect a direct effect of Puf3p
on its target mRNAs, for example, by promoting mRNA decay
(Olivas and Parker 2000). However, the levels of transcripts
involved in respiration and mitochondrial function, including many that did not appear to be bound directly by Puf3p,
were increased in the puf3D mutant, suggesting the possibility
that the elevated abundance of Puf3p target mRNAs could

Discussion
In an analysis of just ﬁve of the hundreds of RBPs encoded
by the S. cerevisiae genome, we found that more than 700
transcripts appeared to be speciﬁcally bound by one or more
RBPs, with each of the ﬁve Puf family proteins ‘‘tagging’’ a
distinct set of mRNAs. These sets encode functionally and
cytotopically related proteins. For three of the Puf proteins,
we identiﬁed distinct short sequences in the associated
speciﬁc set of mRNAs, typically in the 39-UTR, which were
sufﬁcient for speciﬁc binding to the cognate Puf protein in
vivo. Many sets of mRNAs encoding proteins localized to the
same subcellular compartment, protein complex, or functional system were bound by the same Puf protein. Puf3p,
which speciﬁcally associated with cytoplasmic mRNAs encoding mitochondrial proteins, generally affected the steadystate levels of its mRNA targets as reﬂected by their increased
abundance in puf3 mutant cells.
The selective ‘‘tagging’’ by sequence-speciﬁc RBPs of
mRNAs that share common physiological roles suggests a
general and widespread mechanism for coordinated control
of their expression. Previous reports have identiﬁed coordinated regulation of small sets of functionally related mRNAs
by speciﬁc RBPs. For example, mammalian stem–loop binding protein (SLBP) associates with all ﬁve classes of histone
mRNAs and guides proper 39-end formation (Dominski and
Marzluff 1999). Iron regulatory proteins (IRPs) bind to and
regulate translation of ﬁve different mRNAs encoding
proteins involved in iron metabolism (Eisenstein and Ross
2003), and a cytoplasmic poly(A) polymerase regulates multiple mRNAs in early development (Mendez and Richter 2001).
Based on these and other examples (Tenenbaum et al. 2000),
Keene and Tenenbaum (2002) have suggested that messenger
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Figure 7. Gene Expression Profiling of puf3 Mutants
Distribution of average Cy5/Cy3 ﬂuorescence ratios from three
independent microarray hybridizations comparing mRNA levels of
puf3D with wild-type cells grown in minimal media with glycerol. The
left frequency axis refers to all genes (black line); the axis to the right
refers to Puf3p and Puf4p (control) targets, shown as red and blue
lines, respectively. Relative expression levels of the 220 Puf3p mRNA
targets in puf3D cells were selectively increased compared to all other
mRNAs analyzed (p , 1034), whereas Puf4p targets were not (p .
0.05). Thirty-nine genes involved in aerobic respiration (according to
GO annotation and SGD), but not bound by Puf3p, were similarly
enriched (p , 5 3 105) in the puf3 mutant as random sets of 39 Puf3p
targets (p , 106). Likewise, 220 randomly selected mRNAs coding for
mitochondrial proteins that were not associated with Puf3p in the
experiments herein were weakly enriched in the mutant (p , 108).
DOI: 10.1371/journal.pbio.0020079.g007

gene expression to the nascent bud (A. P. Gerber, unpublished data), and Scp160p, an RBP implicated in genome
stability (Li et al. 2003), were each found to bind from 20 to
hundreds of distinct mRNAs, and two proteins implicated in
RNA export from the nucleus, Yra1p and Mex67p, were each
associated with more than 1,000 mRNAs (Hieronymus and
Silver 2003). Thus, just ten of the 567 S. cerevisiae proteins
known or predicted from the genome sequence to have RNA
binding activity (Costanzo et al. 2001) have been found to
bind, in a functionally speciﬁc pattern, a total of approximately 2,500 different transcripts (approximately 40% of the
transcriptome). The extent and speciﬁcity of the RNA–
protein interactions represented by the proteins studied to
date, extrapolated to the hundreds of putative RBPs that
remain to be investigated, suggest the existence of an
extensive network of RNA–protein interactions that coordinate the post-transcriptional fate of large sets of cytotopically and functionally related RNAs through each stage of its
‘‘lifecycle.’’ It further suggests a potential regulatory repertoire comparable in its diversity and richness to that of the
DNA-binding transcription factors (Figure 8). Indeed, the
combinatorial binding of mRNAs by multiple RBPs could, in
principle, deﬁne a speciﬁc post-transcriptional fate for each
individual mRNA (for an example, see Sonoda and Wharton
2001).
Many sets of mRNAs bound by the same Puf protein
encode proteins that act in the same subcellular location,
form stochiometric complexes, or are implicated in the same
cellular pathway. This organization is most clearly exempliﬁed by Puf3p, which selectively bound mRNAs encoding
mitochondrial proteins, including at least 70% of all
mitochondrial ribosomal proteins (see Figure 4). Combinations of RBPs could specify smaller sets of RNAs encoding

Figure 6. Localization of Puf Proteins
TAP-tagged Puf proteins were visualized in ﬁxed cells. DNA was
costained with 49,6-diamidino-2-phenylindole dimethylsulfoxide
(DAPI).
DOI: 10.1371/journal.pbio.0020079.g006

RBPs could deﬁne ‘‘post-transcriptional operons.’’ Our
results provide strong support for this general idea of
coordination of gene expression via RBPs and suggest that
the post-transcriptional control afforded by combinatorial
binding of RBPs to mRNAs could allow greater regulatory
ﬂexibility than a simple operon (see also Keene and
Tenenbaum 2002). Further, we suggest that RBPs may play
important roles in subcellular localization and efﬁcient
assembly of protein complexes.
The RBPs encoded in eukaryotic genomes rival speciﬁc
transcription factors in their numbers and diversity, raising
the intriguing possibility that speciﬁc regulation of the
localization, translation, and survival of mRNAs might be
comparable in their richness and complexity to regulation of
transcription itself. Each of the ﬁve Puf proteins interacts
with a distinct large set of mRNAs, comprising more than 700
different mRNAs in total. Five other RBPs in S. cerevisiae have
been subjected to a similar genome-wide survey of their
mRNA targets. She2p, which plays a critical role in selective
targeting of speciﬁc mRNAs to the bud tip (Shepard et al.
2003), Khd1p, which has also been implicated in localizing
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that such recognition elements are probably much more
widespread than previously recognized. Sequence and structural elements in mRNAs that are related to the function or
cellular localization of the encoded proteins may be a general
feature of eukaryotic genes, paralleling the role of the DNA
sequences that direct speciﬁc transcription factors to
promoters and enhancers (Cliften et al. 2003).
The multifocal cytoplasmic distribution of Puf proteins
raises the possibility that the mRNAs associated with each Puf
protein are colocalized (see Figure 6). In mammalian cells,
speciﬁc mRNA molecules and speciﬁc messenger RBPs have
also been found to be localized to speciﬁc ‘‘granular’’
subcytoplasmic loci, although the generality of this phenomenon has not been established (Andersen and Kedersha 2002;
Eystathioy et al. 2002; Farina et al. 2003). One function of the
Puf proteins and related proteins that bind speciﬁc families
of mRNAs could be to localize functionally related mRNAs to
speciﬁc cytoplasmic loci. Physical clustering of functionally
related groups of mRNAs could aid the assembly of
complexes and the coordinated control of translation or
RNA turnover. In support of this idea, it has recently been
suggested that mRNA decay in the cytoplasm of S. cerevisiae
occurs in distinct loci (Sheth and Parker 2003) and, further,
that mRNAs encoding different subunits of stoichiometric
complexes do indeed have concordant decay rates (Wang et
al. 2002b). We propose that the location in the cell at which
any mRNA is translated or degraded is not left to chance.
Instead, every mRNA that leaves the nucleus may be
delivered, in a process directed by speciﬁc protein–RNA
interactions, to one of a limited number of speciﬁc foci in the
cytoplasm, designated as destinations for a speciﬁc functionally related family of mRNAs. These foci could serve to
colocalize and coregulate synthesis of proteins that need to
assemble or act together, thereby facilitating efﬁcient and
rapid assembly and localization of the proteins. The number
of distinct families of functionally specialized foci may be
quite large. The locations of these foci need not correspond
to recognizable cellular features, but may simply be ad hoc
sites for localized, coordinated translation of proteins that
are to be assembled into a complex or a functional unit.
Speciﬁc predictions of this hypothesis, such as colocalized
translation of the subunits of stoichiometric complexes,
should be amenable to direct experimental tests.
Combinatorial binding of mRNAs by speciﬁc regulatory
proteins, linking their post-transcriptional regulation to
speciﬁc signal transduction pathways, could allow rapid and
efﬁcient reprogramming of gene expression during development or in response to changing physiological conditions.
Indeed, regulation of speciﬁc genes by external signals via
RPBs has been described in higher eukaryotes (Lasko 2003).
For example, the signal transduction and activation of RNA
(STAR) proteins contain RNA-binding motifs combined with
protein–protein interaction domains and phosphorylation
sites, which could allow integration of stimuli conducted by
signal transduction cascades (Lasko 2003). Similarly, the Puf
proteins contain numerous putative phosphorylation motifs,
as well as domains with characteristics often implicated in
protein–protein interactions, such as glutamine/arginine-rich
regions (Michelitsch and Weissman 2000) (see Figure 1).
Coordination of cellular processes has long been thought
to be mediated primarily at the transcriptional and posttranslational level. Our results join a growing body of studies

Figure 8. Specific Proteins Bind Functional Groups of Genes for
Regulation
At the transcriptional level (top), transcription factors (TFs) regulate
initiation of transcription (green arrow) in the nucleus by binding to
sequence elements (yellow box) proximal to their target coding
regions (boxes). At the post-transcriptional level (middle), RBPs
regulate decay, translation, or localization of mRNAs in a coordinated fashion by interaction with sequence/structural elements in the
RNA that are often found in 39-UTR regions (red box). Functional
relations at the protein level (bottom) can be reﬂected at both the
transcriptional and post-transcriptional levels: sets of genes that
encode functionally related proteins, such as subunits of stochiometric complexes (blue) or components of the same regulatory or
metabolic pathway (gray and cross-hatched boxes), may be regulated
by common transcription factors and their mRNAs post-transcriptionally coregulated by RBPs (dashed interactions).
DOI: 10.1371/journal.pbio.0020079.g008

more precisely deﬁned functional groups of proteins. For
example, the mRNAs encoding the core histone proteins were
among the small set of mRNAs that were associated with both
Puf4p and Puf5p. These results therefore hint that networks
of functional and physical interactions among proteins could
be reﬂected in a corresponding network of mRNA–protein
interactions that coordinate post-transcriptional control of
their expression and fate.
For three of the Puf proteins, we found that RNA–protein
interactions were directed by compact sequence elements,
usually located in the 39-UTR of the mRNA (see Figure 5).
Interactions with 39-UTR sequences have been described for
many cytoplasmic RBPs involved in post-transcriptional
regulation (Mazumder et al. 2003). Our analysis has revealed
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beads (Sigma, St. Louis, Missouri, United States) for 2 h at 48C. The
beads were washed four times for 15 min at 48C with buffer C (20 mM
Tris–HCl [pH 8.0], 140 mM KCl, 1.8 mM MgCl2, 0.5 mM DTT, 0.01%
NP-40, 10 U/ml RNasin). Puf proteins were released from the beads by
incubation with 80 U of TEV protease (Invitrogen) for 2 h at 158C.
RNA was isolated from the TEV eluates, which corresponds to the
puriﬁed fraction and from extracts (input) by extraction with phenol/
chloroform and isopropanol precipitation.
Microarray analysis and data selection. Equal amounts of a pool of
ﬁve synthetically prepared Bacillus subtilis RNAs were added to each
RNA sample prior to labeling and served as a control for the labeling
procedure (Wang et al. 2002b). Total RNA (3 lg) derived from the
extract and 300 ng of afﬁnity-isolated RNA (or up to 40% of isolated
RNA) were labeled with Cy3 and Cy5 ﬂuorescent dyes, respectively,
following cDNA synthesis with amino-allyl dUTP in addition to the
four natural dNTPs using a 1:1 mixture of oligo(dT) and random
nonamer primers. The Cy3- and Cy5-labeled cDNA samples were
mixed and competitively hybridized to DNA microarrays representing all S. cerevisiae ORFs, introns, and the mitochondrial genome (see
http://brownlab.stanford.edu/protocols.html). Microarrays were
scanned with an Axon Instruments (Foster City, California, United
States) Scanner 4000. Scanning parameters were adjusted to give
similar ﬂuorescent intensities for B. subtilis spots in both channels.
Data were collected with the GENEPIX 3.0 Program (Axon Instruments), and spots with abnormal morphology were excluded from
further analysis. Arrays were computer normalized by the Stanford
Microarray Database (SMD) (Gollub et al. 2003). Log2 median ratios
were retrieved from SMD and exported into Microsoft (Redmond,
Washington, United States) Excel after ﬁltering for regression
correlation of greater than 0.6 (ﬁlters for large variations in the
ratios of pixels within each spot), CH1I/CH1B of greater than 1.8
(signal over background in the channel measuring total RNA from
extract), and CH2I/CH2B of greater than 1.0 (afﬁnity-isolated RNA
signal greater than background) and for data from at least two
independent measurements. Average log2 ratios were calculated for
each gene across the four independent experiments performed for
each Puf protein (microarrays and raw data can be downloaded from
our supporting Web sites [http://microarray-pubs.stanford.edu/
yeast_puf/ and http://genome-www5.stanford.MicroArray/SMD/]).
Genes for which the enrichment ratios were at least two standard
deviations above the median across all genes were selected. A total of
923 genes were selected in this way. To eliminate nonspeciﬁcally
enriched RNAs from this gene list, the results from the afﬁnity
enrichments for each of the Puf proteins and the data obtained from
four independent mock afﬁnity enrichments were clustered by the
Pearson correlation algorithm (Eisen et al. 1998). Transcripts of 84
genes were enriched beyond the two standard deviation threshold in
all the Puf afﬁnity isolations as well as in the mock procedure. These
were presumed to represent RNAs whose enrichment was unrelated
to speciﬁc interactions with Puf proteins and therefore were
excluded from further analysis. Among the ﬁnally selected target
mRNAs (see Tables S3–S7), most were represented in the four
independent measurements: PUF1, 98%; PUF2, 97%; PUF3, 82%;
PUF4, 93%; PUF5, 97%.
Gene expression proﬁling. puf3 mutant and wild-type cells were
cultured in minimal media supplemented with 3% glycerol and
harvested during exponential growth (OD600 = 0.5). Total RNA (8 lg)
isolated from wild-type and mutant cells were used to prepare Cy3
and Cy5 ﬂuorescently labeled cDNA as described above, except that
only an oligo(dT) primer was used. The two differentially labeled
cDNAs were mixed together and hybridized to yeast DNA microarrays. Arrays were scanned and the data were collected, entered into
SMD, and computer normalized (Gollub et al. 2003). Log2 median
ratios were retrieved from SMD after ﬁltering for regression
correlation of greater than 0.6 and signal over background of greater
than 1.5. Results from three independent experiments were averaged
for this analysis (raw data can be retrieved from our Web site).
Motif searches. As the exact 59- and 39-UTR lengths are unknown
for most of the Puf target mRNAs, we used the estimated average
lengths from yeast (Mignone et al. 2002). Hence, the coding 237
nucleotides of predicted 39-UTR and 134 nucleotides of predicted 59UTR sequences were retrieved from SGD for the Puf target genes.
The sequences were searched for motifs in the sense strand with the
program MEME under the proposed default settings (http://meme.
sdsc.edu/meme/website/intro.html) (Bailey and Elkan 1994) (see Tables
S9–S11). The number and location of consensus motifs in the S.
cerevisiae genome was obtained by searching ‘‘Pattern Match’’ in the
SGD (Issel-Tarver et al. 2002). Thereby, nucleotides that were at least
19% conserved among the MEME selected sequences were used to
compile the Consensus Motif that was searched for.

(Tenenbaum et al. 2000; Eystathioy et al. 2002; Wang et al.
2002b; Hieronymus and Silver 2003; Shepard et al. 2003; see
also Keene and Tenenbaum 2002) that suggest that the
localization, translation, and stability of mRNAs are subject to
extensive and important regulation and coordination by
interaction with a diverse set of RBPs. Systematic mapping of
these interactions and deciphering their roles, molecular
mechanisms, and coordination will undoubtedly yield important new insights into biological regulation and the gene
expression program.

Materials and Methods
Oligonucleotide primers. Restriction sites are in italics: Puf3-F1,
59-cgggatccATGGAAATGAACATGGATATGGATATGG-39; Puf3-R1,
59-ggaattcTCACACCTCCGCATTTTCAACCAATG-39; Puf3-F6nco,
5 9- c C A T G g C A C T A A A A G A C A T C T T T G G - 3 9; P u f 4 - F 2 n c o ,
59-ccatgGCGGACGCAGTTTTAGACCAATA-39; Puf4-R1eco, 59gaattcgTGAATCTAAATGTAACATTCCG-39; Puf5-F2nco, 59ccATGGTCGAAATCAGCGCACTACC-39; Puf5-R1xho, 59-ctcgagcACTTGGAAGTAATTCTTTTGTA-39; M16-1, 59-GGGCTCGAGtagggaataccttgtaaatatcctatgaaaGCATG-39; M16-2, 59-CtttcataggatatttacaaggtattccctaCTCGAGCCC-39; M16-1mut, 59-GGGCTCGAGtagggaatacctacaaaatatcctatgaaaGCATG-39; M16-2mut, 59-CtttcataggatattttgtaggtattccctaCTCGAGCCC-39; Caf-1, 59-GGGCTCGAGtgggcacgattgtaataatacttcatgataaGCATG-39; Caf-2, 59-CttatcatgaagtattattacaatcgtgcccaCTCGAGCCC-39; Yor-1, 59-GGGCTCGAGgctttcatcatctgtataatatttatatgtcGCATG-39; and Yor-2, 59-CgacatataaatattatacagatgatgaaagcCTCGAGCCC-39.
Strains and plasmid construction. The TAP-tagged Puf3p strain
(SC1249) was obtained from Cellzome (Heidelberg, Germany) (Gavin
et al. 2002). TAP-tagged Puf1p, Puf2p, Puf4p, and Puf5p strains were
a gift from Dr. Erin O’Shea (Ghaemmaghami et al. 2003). Correct
genomic integration of each tag was veriﬁed by PCR and by
immunoblot analysis of cell extracts (data not shown). Strain
BY4741 was used for mock-control afﬁnity isolations of RNA, and
deletions of the PUF3 and PUF4 genes in this strain were obtained
from Dr. Ron Davis (Winzeler et al. 1999).
The ORF of PUF3 was ampliﬁed by PCR with primers Puf3-F1 and
Puf3-R1 from S. cerevisiae genomic DNA and cloned into pCR2.1 using
the TOPO TA Cloning Kit (Invitrogen, San Diego, California, United
States). The PUF3 ORF was sequenced and subcloned into pACTII via
NcoI and EcoRI restriction sites, resulting in plasmid pACTII-Puf3. A
full-length Puf5p construct pGAD-MPT5 was a gift from Dr. Kenji
Irie (Tadauchi et al. 2001).
Sequences encoding the Pum-HD domains of Puf3p (amino acids
535–879), Puf4p (amino acids 557–888), and Puf5p (amino acids 202–
578) were PCR-ampliﬁed from genomic DNA with oligo pairs Puf3F6nco/Puf3-R1, Puf4-F2nco/Puf4-R1eco, and Puf5-F2nco/Puf5-R1xho,
respectively. Products were ligated into pCR2.1-TOPO, sequenced,
and further cloned into pACTII via restriction sites present in the
oligonucleotides used for ampliﬁcation.
The RNA consensus sequences interacting with Puf proteins plus
ten nucleotides of ﬂanking sequences were cloned into the SmaI and
SphI sites of the vector pIIIA/MS2-2 (Bernstein et al. 2002) using
annealed synthetic oligonucleotides. The PUF3 RNA consensus
sequence spanning nucleotides 24–33 in the 39-UTR of YBL038w/
MRPL16 was constructed with oligonucleotides M16-1 and M16-2. In
M16mut the conserved UGU motif was changed to ACA. The PUF4
consensus (nucleotides 24–34 in the 39-UTR of YOR145c) was
constructed with oligonucleotides Yor-1 and Yor-2. The PUF5
consensus (nucleotides 105–114 in the 39-UTR of YNL278w/CAF120)
was constructed with oligonucleotides Caf-1 and Caf-2.
Isolating RNAs speciﬁcally associated with selected RBPs. For a
detailed protocol, see the Supporting Information on our Web site.
In brief, 1 l of cells were cultured in YPAD medium (yeast–peptone–
dextrose [YPD] supplemented with 20 mg/ml adenine–sulfate) at 308C
and collected during exponential growth by centrifugation. Cells
were washed twice with ice-cold buffer A (20 mM Tris–HCl [pH 8.0],
140 mM KCl, 1.8 mM MgCl2, 0.1% Nonidet P-40 [NP-40], 0.02 mg/ml
heparin) and resuspended in 5 ml of buffer B (buffer A plus 0.5 mM
dithiothreitol [DTT], 1 mM phenylmethylsulfonylﬂuoride, 0.5 lg/ml
leupeptin, 0.8 lg/ml pepstatin, 20 U/ml DNase I, 100 U/ml RNasin
[Promega, Madison, Wisconsin, United States], and 0.2 mg/ml
heparin). Cells were broken mechanically with glass beads, and
extracts were incubated with 400-ll slurry (50% [v/v]) IgG–agarose
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Three-hybrid assays. Three-hybrid assays were performed as
described elsewhere (Bernstein et al. 2002).
Immunoﬂuorescence. Immunoﬂuorescence was performed as
described at http://www.med.unc.edu/%7Ehdohlman/IF.html. Fixed
and permeabilized cells were treated with 5 lg/ml puriﬁed rabbit
immunoglobulin (Sigma) for 1 h at room temperature. After washing,
cells were incubated with Cy3 goat anti-rabbit antibodies (1:400).
Images were obtained on a Zeiss (Oberkochen, Germany) Axioplan-2
microscope using an Axiocam HRC camera.

pool associated with each Puf protein was estimated as follows: copy
numbers for individual mRNAs were retrieved from two independent
genome-wide measurements (Holstege et al. 1998; Wang et al. 2002b).
For genes with no data, we added the median value for copy numbers
of all mRNAs in the respective pool.
Found at DOI: 10.1371/journal.pbio.0020079.st002 (30 KB XLS).
Table S3. List of Puf1p Target mRNAs
Columns indicate the following (from left to right): ORF; gene name;
GO annotations; classiﬁcation of gene products (soluble/membraneassociated); average log2 ratios of enrichment across four independent Puf afﬁnity isolations; standard deviations; association of mRNA
with other Puf proteins; mRNA copy numbers.
Found at DOI: 10.1371/journal.pbio.0020079.st003 (28 KB XLS).

Supporting Information
Full microarray results and other supporting information can be
viewed at http://microarray-pubs.stanford.edu/yeast_puf/ and at
http://genome-www5.stanford.MicroArray/SMD/.

Table S4. List of Puf2p Target mRNAs
Notations are as in Table S3.
Found at DOI: 10.1371/journal.pbio.0020079.st004 (52 KB XLS).

Figure S1. Distribution of Average Cy5/Cy3 Fluorescence Ratios from
Quadruplicate Microarray Hybridizations Analyzing mRNA Targets
for Puf1p, Puf2p, Puf4p, and Puf5p
See Figure 3A for Puf3p.
Found at DOI: 10.1371/journal.pbio.0020079.sg001 (167 KB EPS).

Table S5. List of Puf3p Target RNAs
Columns indicate the following (from left to right): ORF; gene name;
GO annotations; classiﬁcation of gene products (soluble/membraneassociated); average log2 ratios of enrichment across four independent Puf afﬁnity isolations; standard deviations; association of mRNA
with other Puf proteins; location of consensus motif identiﬁed by
MEME; mRNA copy numbers.
Found at DOI: 10.1371/journal.pbio.0020079.st005 (70 KB XLS).

Figure S2. Examples of Groups of mRNAs Associated with the Same
Puf Protein and Encoding Related Proteins
(A) Puf2p-bound mRNAs encode diverse proteins involved in
regulation of ATP-dependent proton transport. PMA1 and PMA2
encode plasma membrane proteins that comprise the major ATPdependent proton transporters and regulate cellular pH levels.
Pmp1p, Pmp2p, and Pmp3p are small isoproteolipids, which are
present in a physical complex with Pma1p and act as regulators of its
activity upon stress conditions (Navarre et al. 1994). Hrk1p is a
protein histidine kinase, which activates Pma1p in response to
glucose (Goossens et al. 2000). Ast1p is implicated in proper delivery
of Pma1p to plasma membranes (Bagnat et al. 2001).
(B) Puf4p-bound mRNAs encode the nucleolar GAR proteins (blue),
members of the H/ACA core complex (boxed), and Hmt1p, a
dimethylase acting on GAR proteins. Nop1p performs 29-O-ribose
methylation of pre-rRNA, a process guided by small nucleolar RNAs
(snoRNAs) of the box C/D family. Cbf5p catalyzes pseudouridine
formation with box H/ACA snoRNAs, and three of the four
components of the H/ACA core complex were Puf4p-associated
(Cbf5, Gar1, and Nhp2 [Henras et al. 1998]; no data were obtained for
the fourth component, Nop10, shown in gray). All transcripts
encoding nucleolar proteins of the GAR repeats family (Gar1p,
Sbp1p, Nop1p, Nsr1p) were Puf4p-bound. The GAR domain is
dimethylated at arginine residues. Remarkably, several mRNAs
coding for S-adenosylmethionine-dependent methyltransferases were
Puf4p-bound including Hmt1p, the major protein arginine-methyltransferase in yeast (Gary et al. 1996). Hmt1p has recently been shown
to dimethylate arginines of the proteins Gar1p, Nop1p, and Nsr1p
(Xu et al. 2003).
Found at DOI: 10.1371/journal.pbio.0020079.sg002 (38 KB EPS).

Table S6. List of Puf4p Target mRNAs
Notations are as in Table S5.
Found at DOI: 10.1371/journal.pbio.0020079.st006 (61 KB XLS).
Table S7. List of Puf5p Target mRNAs
Notations are as in Table S5.
Found at DOI: 10.1371/journal.pbio.0020079.st007 (64 KB XLS).
Table S8. Signiﬁcant Shared GO Annotations among Puf mRNA
Targets
Only annotations with p values of less than 0.001 are indicated. GO
annotations were retrieved from the SGD with GO Finder (http://
db.yeastgenome.org/cgi-bin/SGD/GO/goTermFinder) on May 21, 2003.
Respective p values are indicated in a column next to the names of
the GO term.
Found at DOI: 10.1371/journal.pbio.0020079.st008 (30 KB XLS).
Table S9. Results of MEME Motif Searches: Motifs among Puf3p
mRNA Targets
Found at DOI: 10.1371/journal.pbio.0020079.st009 (63 KB XLS).
Table S10. Results of MEME Motif Searches: Motifs among Puf4p
mRNA Targets
Found at DOI: 10.1371/journal.pbio.0020079.st010 (55 KB XLS).

Figure S3. Phenotypic Analysis of puf3D Cells
Serial dilutions (1:10) of cells were spotted on plates supplemented
with the indicated media. Plates were incubated for 3 d at 308C.
Abbreviations: YPD, yeast–peptone–dextrose; YPGE, yeast–peptone–
3% glycerol–2% ethanol; SC, synthetic complete.
Found at DOI: 10.1371/journal.pbio.0020079.sg003 (264 KB PDF).

Table S11. Results of MEME Motif Searches: Motifs among Puf5p
mRNA Targets
Found at DOI: 10.1371/journal.pbio.0020079.st011 (34 KB XLS).
Accession Numbers

Table S1. Number of mRNA Targets Shared between Puf Proteins
Found at DOI: 10.1371/journal.pbio.0020079.st001 (15 KB XLS).

All accession numbers for human, Drosophila, or C. elegans proteins are
from the SwissProt database (www.ebi.ac.uk/swissprot/): CPEB
(Q18317), GLD1 (Q17339), DAZL (Q92904), FBF-1 (Q9N5M6), FEM3
(P34691), IRP (P21399), NANOS (P25724), Drosophila PUMILIO
(P25822), human PUMILIO-1 (Q14671), human PUMILIO-2
(Q9HAN2), and SLBP (P97330).
The accession numbers for S. cerevisiae genes are from SGD
(genome-www.stanford.edu/Saccharomyces/) (ORF/SGD identiﬁcation
number): ADA2 (YDR448W/S0002856), AME1 (YBR211C/S0000415),
APS3 YJL024C/S0003561), AST1 (YBL069W/S0000165), BBP1
(YPL255W/S0006176), BDF1 (YLR399C/S0004391), BDF2 (YDL070W/
S0002228), BOI2 (YER114C/S0000916), BSP1 (YPR171W/S0006375),
BUB1 (YGR188C/S0003420), BUD9 (YGR041W/S0003273), CBF5
(YLR175W/S0004165), CDC31 (YOR257W/S0005783), CNM67
(YNL225C/S0005169), COX17 (YLL009C/S0003932), DAD2
(YKR083C/S0001791), DHH1 (YDL160C/S0002319), ELM1 (YKL048C/
S0001531), FPS1 (YLL043W/S0003966), GAR1 (YHR089C/S0001131),
GIC1 (YHR061C/S0001103), HDA1 (YNL021W/S0004966), HFI1

Table S2. Protein Copy Number Determination of Puf Proteins
Cells were grown to mid-log phase in YPAD medium and the number
of cells was counted. Whole-cell extracts were prepared as described
previously (Hoffman et al. 2002). In brief, cells were resuspended in
13 SDS-PAGE sample buffer, incubated at 1008C for 10 min, and
vortexed for 2 min with glass beads. After a short centrifugation,
eight dilutions of cell extracts and protein A (Amersham, Little
Chalfont, United Kingdom), which served as a reference standard,
were spotted on a nitrocellulose ﬁlter. Expression of IgG-binding
domains was monitored with rabbit peroxidase–anti-peroxidase
soluble complex at 1:5,000 (Sigma). Chemiluminescence was measured with a Typhoon 8600 Imager (Molecular Dynamics, Sunnyvale,
California, United States) and quantiﬁed with the ImageQuant 5.2
software. Averaged numbers from two independent measurements
were used for calculations. The total number of mRNA copies in the
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(YPL254W/S0006175), HMT1 (YBR034C/S0000238), HOS1 (YPR068C/
S0006272), HOS3 (YPL116W/S0006037), HST1 (YOL068C/S0005429),
HTA1 (YDR225W/S0002633), IFM1 (YOL023W/S0005383), KAR1
(YNL188W/S0005132), KAR9 (YPL269W/S0006190), KHD1
(YBL032W/S0000128), MAS6 (YNR017W/S0005300), MEX67
(YPL169C/S0006090), MUP3 (YHL036W/S0001028), NCE101
(YJL205C/S0003742), NCE102 (YPR149W/S0006353), NHP2
(YDL208W/S0002367), NOP1 (YDL014W/S0002172), NSR1
(YGR159C/S0003391), NUF2 (YOL069W/S0005430), PDR16
(YNL231C/S0005175), PMA1 (YGL008C/S0002976), PUF1 (YJR091C/
S0003851), PUF2 (YPR042C/S0006246), PUF3 (YLL013C/S0003936),
PUF4 (YGL014W/S0002982), PUF5 (YGL178W/S0003146), RAX2
(YLR084C/S0004074), RSC1 (YGR056W/S0003288), RSC2 (YLR357W/
S0004349), RSC4 (YKR008W/S0001716), SBP1 (YHL034C/S0001026),
SCP160 (YJL080C/S0003616), SFK1 (YKL051W/S0001534), SFL1
(YOR140W/S0005666), SHE2 (YKL130C/S0001613), SIN3 (YOL004W/
S0005364), SNC2 (YOR327C/S0005854), SNT1 (YCR033W/S0000629),
SPC19 (YDR201W/S0002609), SPC42 (YKL042W/S0001525), SPT7
(YBR081C/S0000285), SPT8 (YLR055C/S0004045), SSO2 (YMR183C/
S0004795), STE7 (YDL159W/S0002318), SUR7 (YML052W/S0004516),
TPO1 (YLL028W/S0003951), TPO2 (YGR138C/S0003370), TPO3
(YPR156C/S0006360), VPS72 (YDR485C/S0002893), YIP1 (YGR172C/

S0003404), YKL091c (YKL091C/S0001574), YPR157w (YPR157W/
S0006361), and YRA1 (YDR381W/S0002789).
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Genome-wide identification of RNAs associated with RNA-binding
proteins is crucial for deciphering posttranscriptional regulatory
systems. PUMILIO is a member of the evolutionary conserved
Puf-family of RNA-binding proteins that repress gene expression
posttranscriptionally. We generated transgenic flies expressing
affinity-tagged PUMILIO under the control of an ovary-specific
promoter, and we purified PUMILIO from whole adult flies and
embryos and analyzed associated mRNAs by using DNA microarrays. Distinct sets comprising hundreds of mRNAs were associated
with PUMILIO at the two developmental stages. Many of these
mRNAs encode functionally related proteins, supporting a model
for coordinated regulation of posttranscriptional modules by
specific RNA-binding proteins. We identified a characteristic sequence motif in the 3ⴕ-untranslated regions of mRNAs associated
with PUMILIO, and the sufficiency of this motif for interaction
with PUMILIO was confirmed by RNA pull-down experiments with
biotinylated synthetic RNAs. The RNA motif strikingly resembles
the one previously identified for Puf3p, one of five Saccharomyces
cerevisiae Puf proteins; however, proteins encoded by the associated mRNAs in yeast and Drosophila do not appear to be related.
The results suggest extensive posttranscriptional regulation by
PUMILIO and uncover evolutionary features of this conserved
family of RNA-binding proteins.
DNA microarray 兩 posttranscriptional gene regulation 兩 RNA-binding
protein

P

osttranscriptional regulation of gene expression plays important roles in diverse cellular processes. This regulation is
often mediated by specific RNA-binding proteins (RBPs) that
bind to elements in the UTRs of mRNAs and regulate the
stability, translation, or localization of the mRNA (1–3).
Whereas many classical studies explored the cellular role of
RBPs with specific mRNA substrates, the recent development
of genome-wide analysis tools enables systematic identification
of mRNA substrates of RBPs and the study of posttranscriptional gene regulation on a global scale (4).
We recently used DNA microarrays to systematically identify
RNAs associated with each of the five Pumilio-Fem 3-binding
factor (Puf) proteins from Saccharomyces cerevisiae (5). Each Puf
protein bound to a large set of mRNAs encoding functionally
and cytotopically related proteins, and characteristic sequence
elements in the 3⬘ UTRs of the target mRNAs were identified
(5). These and other results suggest that there is extensive
coordinate regulation of RNAs by RNA-binding proteins
(4, 6, 7).
Puf proteins are an evolutionary conserved family of RBPs
that are implicated in diverse physiological processes in eukaryotes (8, 9). They are defined by the presence of a structurally
conserved RNA-binding domain, termed the Pum-homology
domain (PumHD), composed of eight repeats of 36 aa (10–12).
Puf proteins have been reported to bind to 3⬘ UTR sequences
encompassing a ‘‘UGUR’’ tetranucleotide motif in the RNA,

and in concert with other proteins repress gene expression by
affecting mRNA translation or stability (8).
PUMILIO (Pum), the founding Puf-family member and sole
member in the fruit fly Drosophila melanogaster, is implicated in
diverse developmental processes. Nevertheless, only a few
mRNA substrates are known to date. Pum was first identified as
a maternal-effect gene required for posterior patterning in the
embryo (13). Pum, Nanos (Nos), and Brain tumor (Brat) repress
translation of maternally derived hunchback (hb) mRNA in the
posterior of the embryo. This regulation depends on two bipartite nanos-response elements (NREs), each composed of box A
(GUUGU) and box B (AUUGUA) sequences, located in the 3⬘
UTR of hb mRNA (11, 14, 15). The current model is that Pum
binds to sequences in the NRE and recruits Nos and Brat,
forming a quaternary RNA–protein complex that causes deadenylation of hb mRNA and translational repression (15). This
inhibition of expression of the transcription factor Hb in the
posterior of the embryo is essential for formation of the abdomen. Pum mutants also show abnormal temporal expression of
bicoid (bcd), the main determinant in the anterior patterning
system (16).
Pum and Nos have also been implicated in the regulation of
germ cell development and maintenance. During embryogenesis, Pum and Nos accumulate in pole cells, the germ-line
progenitor cells. They are required for proper pole-cell migration to the gonad and are thought to coordinate cell division in
migrating pole cells by repressing translation of maternally
derived cyclin B (cycB) mRNA (17). During oogenesis, Pum
regulates asymmetric cell division of germ-line stem cells
(18–20).
Several recent studies have implicated Pum in neuronal development and function. In a genetic screen, several pum alleles
were found to affect long-term memory formation in adult flies
(21). Pum apparently effects morphogenesis of larval peripheral
sensory neurons into dendritic cells (22) and negatively regulates
expression of the cap-binding protein eIF4E at the larval neuromuscular junction (23). Notably, the putative regulatory sequences in the 3⬘ UTRs of eIF4E and cycB mRNAs lack box A
motifs and hence only partially match NREs present in hb and
bcd, suggesting alternative strategies for regulation of these
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mRNAs, perhaps involving combinatorial binding with other
protein factors.
Using DNA microarrays to identify mRNAs associated with
Pum in Drosophila adult ovaries and embryos, we found hundreds of mRNAs that likely represent mRNA targets subject to
regulation by Pum. The sets of mRNAs associated with Pum
differ in adults and embryos and code for subsets of functionally
related proteins. Most of the adult mRNA targets contain a
conserved RNA sequence motif in their 3⬘ UTRs; this motif is
sufficient for interaction with Pum. These results suggest extensive posttranscriptional coordination by Pum in Drosophila,
providing further evidence for a highly organized and multifaceted posttranscriptional regulatory system in multicellular
organisms.
Results
Systematic Identification of RNAs Associated with PUMILIO. To iden-

tify RNAs interacting with Pum in Drosophila, we generated
transgenic flies expressing a tandem-affinity purification (TAP)tagged fragment of Pum (24). A TAP-tagged full-length Pum
construct could not be obtained because expression constructs
were toxic to Escherichia coli. Therefore, we used the C-terminal
part of Pum which includes the RNA-binding region (PumHD)
and an additional 24 C-terminal amino acids that likely mediate
interaction with NANOS and BRAT (12, 25). Moreover, this
fragment has been shown to be sufficient for partial rescue of
pum mutant phenotypes (26). TAP-PumHD was expressed in
Drosophila by using the UAS-GAL4 system, which allows tissuespecific expression of transgenes (27, 28). We used maternal
␣-tubulin promoter-regulated GAL4 to drive TAP-PumHD
expression in the female ovary. Maternally synthesized protein is
loaded into the egg, as is endogenous Pum protein (29) (see Fig.
5, which is published as supporting information on the PNAS
web site). Moreover, we estimated the intracellular concentration of TAP-PumHD in embryos and found it similar to that of
endogenous Pum (⬇40 nM) (30).
We identified RNAs associated with Pum expressed in ovaries
of adult flies and from embryos by applying a method similar to
one established in Saccharomyces cerevisiae that uses the TAPtag to purify RNA-protein complexes (5, 31). We prepared
cell-free extracts from adults and embryos and recovered tagged
PumHD (⬇5 nM in the extracts) by affinity selection on IgG
beads and subsequent cleavage with TEV protease (Fig. 5). RNA
was isolated from the eluate after TEV protease cleavage, and
⬇250 ng of RNA per gram of transgenic adult flies and 1 g of
RNA per gram of embryos were obtained. To control for
nonspecifically enriched RNAs, the same experiments were
performed with wild-type flies and embryos lacking a tagged
protein, yielding ⬇40 ng of RNA per gram of adult flies, and 700
ng of RNA per gram of embryos. Total RNA from extracts and
affinity-purified RNAs were then used to prepare cDNA probes
labeled with different fluorophores, which were comparatively
hybridized to a Drosophila DNA microarray. The ratio of
hybridization signals from the two RNA populations at a given
array element, representing a specific gene, reflects the enrichment of the respective RNA by the Pum affinity purification (5).
To generate a list of mRNAs that were consistently enriched
by Pum affinity purification and, hence, likely targets of Pum, we
compared association of transcripts from the TAP-PumHD
affinity isolations to the mock isolates by two-class Significance
Analysis of Microarrays (SAM) and determined false discovery
rates (FDRs) for each mRNA (see Supporting Text, which is
published as supporting information on the PNAS web site). In
flies, 714 genes were consistently associated with Pum with a
FDR of ⬍0.1%, and 1,090 genes with a FDR of ⬍1%. Among
these 1,090 genes are the four previously identified Pum target
mRNAs (hb, bcd, cycB, eIF4E) (Fig. 1A, for a complete list, see
Table 2, which is published as supporting information on the
4488 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0509260103

Fig. 1. Specific RNAs selectively associated with Pum in Drosophila adults
and embryos. Rows represent genes (unique DNA elements) and columns
represent individual experiments. The color code indicates the degree of
enrichment (green–red ratio scale). (A) Relative enrichments of mRNA targets
of Pum expressed in adult ovaries. Four experiments with affinity-tagged Pum
proteins and three mock experiments are shown. Genes were ordered from
top to bottom according to increasing FDRs determined by significance analysis of microarrays (SAM) analysis. Arrowheads depict enrichment of previously known Pum targets. (B) Pum RNA targets selected in embryos. A total of
174 transcripts representing 165 genes were clustered based on Euclidean
distances with SMD (50). (C) Diagram showing overlap of adult and embryo Pum
associated mRNAs.

PNAS web site). The data from embryos yielded no genes with
a FDR of ⬍0.1% and only 192 with a FDR of ⬍1%. Although
the smaller number of genes identified at these levels of specificity may indicate that fewer mRNAs associate with Pum in
embryos, the high amounts of unspecifically bound RNAs evident in mock control isolates may have hampered our analysis
and hence true mRNA targets may have been missed. Therefore,
we directly compared total RNA obtained from TAP-Pum
affinity isolations from embryos and mock isolates by comparative hybridization to microarrays. To define a list of potential
Pum mRNA targets in embryos, we combined both types of
analyses and selected 165 genes that had a FDR of ⬍3.2% and
that were at least 3-fold enriched in TAP-Pum affinity purifications compared to mock control experiments (Fig. 1B, for a
complete list, see Table 3, which is published as supporting
information on the PNAS web site).
Transcripts for only 31 genes were shared between the 714
(4.3%) adult and the 165 (18.8%) embryo Pum targets. Thus, the
vast majority were detected only in adults or in embryos,
suggesting that Pum associates with distinct sets of mRNAs at the
two developmental stages (Fig. 1C); this could be due to
different patterns of expression of the target genes at the
different developmental stages, to different Pum protein complexes that lead to altered RNA-binding specificities, or to
different accessibility of the mRNA targets in different tissues.
To estimate the bias from differential gene expression, we
compared mRNA levels in adults and embryos using DNA
microarrays, and then compared this to our lists of Pum mRNA
targets in adults and embryos (Fig. 6, which is published as
supporting information on the PNAS web site). Many mRNAs
are present at both developmental stages, and the mRNAs
selected with Pum from adults were not biased for genes
preferentially expressed during this stage. In contrast, embryoselected Pum targets were generally more highly expressed in
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embryos (Fig. 6). This trend could, at least in part, result from
the higher RNA background in the embryo experiments.
Few mRNAs Have Altered Steady-State mRNA Levels in pum Mutant
Flies. We compared mRNA levels of pum13 mutant and wild-type

adult female flies with DNA microarrays. Of the ⬇12,500
transcripts for which data were obtained from two independent
analyses, 48 (130) transcripts were at least 3-fold (2-fold) more
abundant, and 59 (243) transcripts were at least 3-fold (2-fold)
less abundant in pum mutant compared to wild-type flies.
Notably, 13 of the 48 genes present at elevated levels in pum13
mutants (27%) encode proteins involved in the antibacterial兾
fungal immune response (P ⬍ 10⫺17); among them, five (AttB,
AttC, AttD, CecC, CG13422) of the 20 mRNAs encoding
antibacterial peptides (P ⬍ 10⫺8).
Expression levels of the ‘‘adult’’ Pum mRNA targets were
slightly increased in Pum mutants (median, 1.1 fold; t test
statistics, P ⬍ 10⫺17; see Fig. 7, which is published as supporting
information on the PNAS web site). This finding suggests the
possibility that Pum might promote accelerated degradation of
mRNA targets as shown for the homologous yeast Puf3 protein
regulating Cox17 mRNA stability (5, 32, 33).

Functionally Related Sets of mRNAs Are Associated with Pum. To
identify functional themes among the mRNAs associated with
Pum, we searched for shared Gene Ontology (GO) annotations
in the lists of Pum target mRNAs (Table 4, which is published
as supporting information on the PNAS web site). The mRNAs
associated with Pum expressed in adult ovaries could be grouped
in two major classes. One contains mRNAs encoding nuclear
proteins involved in nucleotide metabolism and transcriptional
regulation. This set includes two of the previously known targets,
hb and bcd mRNAs. CycB mRNA has also been shown to be
regulated by Pum, and 7 of the 10 cyclin mRNAs (A, B, D, G,
J, K, T) were in this set (P ⬍ 10⫺6; cyclins C, E, and H were
analyzed but not enriched). The second group contains transcripts encoding proteins localized to organelle membranes. For
example, it includes mRNAs encoding most of the subunits of
the vacuolar proton-translocating V-type ATPase (Fig. 2A). This
complex consists of two domains: Pum associated with mRNAs
encoding six (Vha13, Vha26, Vha44, Vha55, Vha68 –1兾
Vha68–2, VhaSFD) of the eight subunits comprising the catalytic V1 domain or the head group (P ⬍ 5 ⫻ 10⫺6) and four
(Vha16, VhaAC39, VhaM9.7–1兾7–2, VhaPPA1–1) of the five
subunits of the V0 domain (P ⬍ 2 ⫻ 10⫺4), which forms the
transmembrane channel (34).
In embryos, some PumHD-bound mRNAs encode proteins
involved in germ cell development or anterior–posterior axis
patterning. Genes required for germ cell development included
four (nos, vas, orb, out) of the eight genes with GO annotations
for germ-line cyst formation (P ⬍ 2 ⫻ 10⫺6). Eleven of 16

mRNAs (P ⬍ 10⫺8) that encode proteins acting in the cascade
that mediate anterior-posterior axis patterning were associated
with Pum in adults and embryos (Fig. 2B). These include bcd
mRNA, which encodes the anterior morphogen, the mRNA of
its transcriptional target gene hb, as well as oskar, nos, and caudal
mRNAs, key components of the posterior patterning system. In
addition, we found mRNAs of regulators of this process: bruno-2
and bicaudal-C, which repress oskar mRNA translation, smaug,
which represses translation of nos mRNA, and vasa mRNA,
which encodes an ATP-dependent RNA helicase that promotes
oskar and nanos mRNA translation. The striking identification
of mRNAs that encode many of the proteins required for
posterior patterning suggests a general role for Pum in the
coordination of this process, in addition to its previously identified role in translational regulation of hb.
Pum also associated with mRNAs encoding regulators of
dorso–ventral axis formation, namely gastrulation defective (gd),
spaetzle, and possibly easter. These genes are also linked to the
antimicrobial immune response in Drosophila, which also involves the Toll signaling pathway. No array data were obtained
for snake, the fourth component of a protease cascade leading to
Toll activation (35).
A Common Sequence Motif in the 3ⴕ UTR of Pum mRNA Targets.

Characteristic sequence motifs have been found in the 3⬘ UTRs
of the mRNA targets of diverse Puf family members (5, 8, 36, 37).
Therefore, we examined the sets of mRNAs that associate with
Pum for the presence of common motifs using multiple expectation maximization for motif elicitation (MEME) as a motif
discovery tool (38). The 3⬘ UTR sequence information could be
retrieved (FlyBase) for 113 of the 150 genes most highly enriched
in Pum affinity isolates from adult flies, and MEME analysis
revealed a 16-nt consensus sequence (Fig. 3; see also Table 5,
which is published as supporting information on the PNAS web
site). The consensus includes a highly conserved 8-nt core motif
UGUA(A兾U兾C)AUA that contains the UGUA tetranucleotide
found in previously identified mRNAs that interact with Puf
proteins (5, 26, 30, 36, 37, 39). The core is flanked by less
conserved AU-rich sequences that could determine the recruitment of other transacting factors or modulate binding affinities,
as shown recently for Fbf-1, a Puf family member from Caenorhabditis elegans (36).
The UGUA tetranucleotide motif was found in 80% of the 3⬘
UTRs in our list of adult and embryo Pum mRNA targets, a
significant enrichment relative to its occurrence (67%) among all
of the available 3⬘ UTR sequences from D. melanogaster (Table
1). Enrichment of the 8-nt core motif UGUA(A兾U兾C)AUA was
more striking. This motif was present in 54% of the adult (P ⬍
10⫺106) and in 22% of the embryo (P ⬍ 0.02) Pum target 3⬘
UTRs, compared to its genome-wide occurrence in 3⬘ UTRs
(15%) (Table 1; for a list of all Drosophila 3⬘ UTRs containing
PNAS 兩 March 21, 2006 兩 vol. 103 兩 no. 12 兩 4489
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Fig. 2. mRNAs associated with Pum encode proteins of specific macromolecular complexes and regulatory pathways. (A) Subunits of the vacuolar ATPase. Red,
subunits whose mRNAs associated with Pum; gray, subunits whose mRNAs were not enriched with a FDR of ⬍1%. Subunits of the V1 domain are labeled with
capital letters (34): A, Vha68; B, Vha55; C, Vha44; D, Vha36; E, Vha26; F, Vha14; G, Vha13; H, VhaSFD. Subunits of the V0 domain are indicated by small letters:
a, Vha100; c, Vha16; c⬙, PPA1; e, VhaM9.7; d, VhaAC39. (B) Components of anterior–posterior pattering systems associated with Pum in embryos and兾or adults.
mRNAs associated with Pum are shown in red and their protein products in blue. Proteins whose mRNAs were not found to be associated are in black.

Fig. 4. Validation of Pum mRNA targets. RNA–protein complexes formed
between biotin-labeled 3⬘ UTRs and extracts of adult Drosophila expressing
TAP-PumHD were purified on streptavidin magnetic beads and monitored for
the presence of TAP-PumHD by immunoblot analysis with Peroxidase-AntiPeroxidase Soluble Complex (Sigma). (A) Biotin-labeled 3⬘ UTR sequences for
indicated genes (lanes 2 to 8) were incubated with Drosophila extract (input,
lane 1). Rps26 3⬘ UTR was used as a negative control probe RNA (lane 8). (B)
Validation of the core sequence motif identified in 3⬘ UTRs sequences of Pum
target mRNAs. Lane 1, input (Drosophila extract); lanes 2– 4, biotin-labeled
RNA corresponding to the Vha16 3⬘ UTR was combined with Drosophila
extract (lane 2) and 100-fold excess of competitor RNA (R1; AUUGUAAAUA;
lane 3) or control RNA where the core motif is mutated (R2; AUACAAAAUA;
lane 4). The conserved trinucleotide motif UGU in the 3⬘ UTR of CG8414 was
left intact (lane 6) or was mutated to ACA (lane 7). Rps26 3⬘ UTR is the negative
control probe RNA (lane 5).

Fig. 3. RNA consensus motif in 3⬘ UTR sequences associated with Pum and
yeast Puf3, Puf4 and Puf5 proteins (5). Height of the letter indicates the
probability of appearing at the position in the motif. Nucleotides with ⬍10%
appearance were omitted.

this motif, see Table 6, which is published as supporting information on the PNAS web site). The reason for the relatively rare
occurrence of the 8-nt motif among the embryo Pum targets is
not known. False positives from Pum affinity purifications,
additional elements in the RNA, or other transacting proteins
that bind RNA may have contributed to the measured RNA
associations.
To test putative mRNA targets for interaction with Pum and
to evaluate our predicted RNA recognition motif, we performed
RNA pull-down experiments using synthetic biotinylated transcripts added to Drosophila extracts expressing TAP-PumHD.
We made biotinylated 3⬘ UTR sequences of five Pum targets
(Vha16, caudal, CG1031, CG8414, plutonium) and one negative
control (Rps26) that was not found to be associated with Pum.
All of the five potential target mRNAs bound Pum protein,
whereas the Rps26 control 3⬘ UTR sequence did not (Fig. 4A).
To further map sequences required for Pum-RNA interactions,
we mutated the highly conserved UGU trinucleotide within the
core consensus motif of the 3⬘ UTR of CG8414 to ACA. Assays
with the mutated biotinylated RNA showed no specific interaction with Pum (Fig. 4B). Likewise, addition of a 10-nt competitor
RNA comprising the consensus sequence prevented interaction
of biotinylated Vha16 3⬘ UTR RNA with Pum, but no such
competition was seen with a control RNA in which the conserved core UGU was mutated to ACA (Fig. 4B). The same
results were obtained in assays performed with extracts prepared
from embryos expressing TAP-PumHD (data not shown). Thus,
RNA sequences encompassing the computationally inferred
core motif are sufficient for association with PumHD in Drosophila extracts.

the respective PumHD domains of the orthologous proteins:
Puf3p is 46%, Puf4p and Puf5p are 30%, and Puf1 and Puf2
proteins are 20% identical to Drosophila Pum (9). Furthermore,
the three amino acid residues in each of the eight PumHD
repeats that make direct contact with one RNA base (12) are
conserved between Pum and Puf3 but differ at three positions
in the Puf4 and Puf5 protein sequences (for a multiple sequence
alignment of PumHDs from Puf-family members and respective
RNA recognition sequences see Fig. 8, which is published as
supporting information on the PNAS web site). The differences
in these PumHD residues may contribute to the altered RNA
recognition specificities of Puf4 and Puf5 compared to Pum and
Puf3. Further investigation will be required to define precise
rules for RNA recognition by this protein family.
We wondered whether the apparent conservation of protein
structure and RNA recognition sequences extended to the
functional level, i.e., whether the set of proteins encoded by the
target mRNAs of Puf proteins have been evolutionary conserved
between Drosophila and S. cerevisiae. Twenty-eight percent of all
Drosophila proteins match a homologous S. cerevisiae protein
sequence (40). A similar fraction (29%) of proteins encoded by
the Pum mRNA targets in embryos have a yeast homolog (Table
7, which is published as supporting information on the PNAS
web site; for protein BLAST results, see Tables 8 and 9, which are
published as supporting information on the PNAS web site).
However, a significantly greater fraction of proteins encoded by
the adult Pum mRNA targets, 39% (P ⬍ 2 ⫻ 10⫺8), have a yeast
homolog, which may indicate a role of Pum in regulating

Binding Sequence Motif, but Not Gene Function, Conserved Between
Yeast and Drosophila Puf mRNA Targets. The Pum core motif is

strikingly similar to the previously determined RNA recognition
sequence for Puf3 and less similar to sequences recognized by
the Puf4 and Puf5 proteins from S. cerevisiae (Fig. 3) (5). This
finding correlates with amino acid sequence conservation within

Table 1. Sequence motifs enriched in Pum targets
Consensus motif
UGUA

UGUAHAUA

Search option

3⬘ UTRs available

3⬘ UTRs with motif (%)

Genome
Adult (0.1% FDR)
Embryo
Genome
Adult (0.1% FDR)
Embryo

9,777
577
134
9,777
577
134

6,207 (67)
473 (82)
104 (78)
1,431 (15)
311 (54)
29 (22)
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P value
10⫺26
0.0003
10⫺106
0.02
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Discussion
We have systematically analyzed mRNAs associated with Pum,
an important posttranscriptional regulator of gene expression in
Drosophila by a method that combines RNA copurification with
an affinity-tagged RNA-binding protein and DNA microarray
analysis of the associated RNAs (5, 31, 41–46). We identified
⬎1,000 distinct Pum-associated mRNAs, many of which encode
functionally related proteins and contain characteristic 3⬘ UTR
sequence elements sufficient for interaction with Pum. This
finding represents a tremendous increase in potential mRNA
targets that may be subject to translational or other posttranscriptional regulation by Pum, and highlights the potential
importance of posttranscriptional regulation in multicellular
organisms (8, 9). The roles of Pum in embryonic development,
stem cell biology, and the function of the nervous system were
discovered by classical forward-genetic approaches; although
these approaches uncovered essential functions of Pum and
identified several important target mRNAs, our genomic analysis points to many hitherto unrecognized targets mRNAs whose
products may be involved in processes less readily accessed by
classical genetic approaches. However, our assay is unlikely to
exclusively and completely uncover target mRNAs that are
associated with Pum in vivo: nontarget mRNAs may associate
with Pum and true mRNA targets may dissociate during the
affinity-isolation procedure (47). Moreover, our assay does not
reveal whether Pum interacts directly with its target mRNA or
indirectly via another protein. Further biochemical and functional experiments are required to verify and dissect regulation
of particular mRNAs by Pum. Nevertheless, the identification of
a sequence motif for Pum and the striking functional links among
mRNA targets strongly suggest an underlying biological role for
many of the interactions we have identified.
Not only was the number of mRNAs associated with Pum
remarkably large, but the protein products of these mRNAs
shared functional links, including function in the anterior–
posterior patterning system, most cyclins, and most subunits of
the vacuolar H-ATPase. These functional links add to the
growing evidence for an extensive posttranscriptional regulatory

system and support recent models for functionally related posttranscriptional modules organized by RBPs (5–7). Perhaps Pum,
in concert with other proteins, coordinates the temporal or
spatial pattern of translation of a large set of mRNAs. For
instance, Pum may help ensure that maternally derived mRNAs,
which are stored in the unfertilized egg, are translated at the
correct developmental stage. Translational repression of maternally derived mRNAs before fertilization is an important mechanism to control the onset of expression of anterior–posterior
patterning genes (48). Another role of Pum is to regulate mitosis
of migrating pole cells by inhibition of cycB expression (17). Our
finding that most cyclin mRNAs were associated with Pum
introduces the possibility of a more general role for Pum in the
coordination of the cell-cycle, although cyclins can also have
non-cell-cycle-related functions (49). Regulation of cyclins by
Pum may also have a role in sustaining proliferation of stem cells,
a proposed ancestral function of Puf-family proteins (8).
In this work, as in the previous work on yeast Puf proteins (5),
a consensus RNA-binding element was defined by a genomewide unbiased search for common sequence motifs among
mRNAs selected by a biochemical procedure (Fig. 3). The 8-nt
core motif [UGUA(A兾C兾U)AUA] defined here is remarkably
similar to the sequences in and surrounding box B of the hb
NRE, and it resembles core motifs bound by diverse Puf family
proteins (5, 26, 30, 36, 39). It is also in agreement with a crystal
structure of human PumHD in complex with hb RNA, which
revealed that each of the eight repeats comprising the PumHD
interacts with one of eight bases in the bound RNA and
suggested that RNA recognition is highly modular (12). Interestingly, the three amino acid residues in each repeat that directly
interact with one RNA base are conserved between Pum and
yeast Puf3p (Fig. 8, which is published as supporting information
on the PNAS web site) paralleling the almost identical core
sequences bound by these proteins (Fig. 3). Other Puf proteins
that bear the same critical amino acid residues for RNA base
contacts may bind to highly similar RNA consensus sequences.
The definition of core motifs allows us to search for additional
potential mRNA targets that were not identified in our affinity
isolation procedure. About 10% of all genes in Drosophila
contain our computationally defined 8-nt core motif in their 3⬘
UTR; a search for GO terms overrepresented among these 1431
annotated genes found that an unexpectedly large fraction
encode proteins involved in morphogenesis or organ development (243 genes, P ⬍ 10⫺29), neurogenesis (153 genes, P ⬍
10⫺27), transcriptional regulation (172 genes, P ⬍ 10⫺17), or
proteins that are localized to membranes (264 genes, P ⬍ 5 ⫻
10⫺5), in particular the plasma membrane (116 genes, P ⬍ 2 ⫻
10⫺12). Interestingly, many of the mRNAs that have the putative
Pum binding site but were not enriched in our assays encode
proteins with neuronal functions; e.g., Complexin (Cpx;
CG32490), which bears a cluster of 10 core motifs in its 3⬘ UTR.
Because TAP-Pum was specifically expressed in the ovaries of
flies, neuron-specific mRNA targets would not have been accessible to TAP-Pum in vivo and therefore were not expected to
be identified. It will be important to extend this analysis to other
tissues and organs including the nervous system by the use of
tissue-specific drivers available in Drosophila. In addition to
identification of tissue-specific potential mRNA targets of Pum,
these experiments will also allow the determination of whether
and to what extent exchange of Pum-associated mRNAs occurs
after cell lysis.
Systematic identification of mRNAs associated with homologous RBPs in various species provides a basis for considering
their evolution. Large sets of target mRNAs can now be compared with respect to their structural and functional commonalties and differences. In the case of Pum, conservation of amino
acid residues in the PumHDs between homologous Puf proteins
correlates with our identified core motifs in 3⬘ UTR of mRNA
PNAS 兩 March 21, 2006 兩 vol. 103 兩 no. 12 兩 4491
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evolutionarily conserved cellular processes. We also determined
the fraction of the yeast homologs to the Pum targets whose
mRNAs associated with at least one of the five yeast Puf
proteins. Only 15% were targets for a yeast Puf protein (5),
suggesting that the Drosophila Pum targets are not particularly
conserved in yeast.
These differences are further underscored by comparison of
the targets of yeast Puf3 and Drosophila Pum, the most highly
conserved family members. Yeast Puf3p binds almost exclusively
to transcripts of nuclear genes that encode mitochondrial proteins (5). In contrast, only 49 (4%) of the Drosophila Pum mRNA
targets encode mitochondrial proteins. Nevertheless, a large
fraction of those targets (23 mRNAs) contain in their 3⬘ UTRs
our computationally defined 8-nt Pum core motif; this motif is
present in only 31 (8%) of the 400 Drosophila nuclear genes
encoding mitochondrial proteins (for a list of the compiled 400
mitochondrial proteins, see Table 10, which is published as
supporting information on the PNAS web site). Thus, Puf3p and
Pum both appear to interact with nuclear-encoded mRNAs
encoding mitochondrial proteins. Whereas Puf3p interacts predominantly with these mRNAs (87% of targets), Pum interacts
with only a small fraction of this group (4%). Conversely, most
of the Pum targets are mRNAs encoding for nonmitochondrial
proteins. It is possible that the need for greater complexity in
gene regulation and coordination in more complex, multicellular
organisms has been addressed, in part, by breaking up functionally related mRNAs into smaller subgroups. In addition, the
ability to use combinatorial binding of RBPs would allow
coordination of and differentiation between these subgroups.

targets. However, the proteins encoded by the mRNA targets
appeared not to be particularly conserved. This discordance
suggests that acquisition or loss of RBP-binding motifs in UTRs
of genes may provide a surprisingly fluid evolutionary mechanism to modify posttranscriptional regulatory connections.
Materials and Methods
Oligonucleotide Sequences. See Supporting Text.
RNA Affinity Isolations. Wild-type (yellow white, y w) or mat-␣tubGAL4-VP16(V67);UAS-TAP-PumHD(3–1-4) f lies were
grown in large food cages (the generation of transgenic TAPPum flies is described in Supporting Text). Adults (0–5 days old)
were collected, frozen in liquid nitrogen, and stored at ⫺80°C.
Embryos (0–16 h) were collected from apple juice agar plates,
dechorionated, and washed twice with buffer A (20 mM
Tris䡠HCl, pH 8.0兾150 mM NaCl兾10 mM EDTA, pH 8.0兾0.2%
Nonidet P-40兾0.02 mg/ml heparin) before freezing.
Five grams of adult flies or 2.5 g of embryos were used in each
affinity purification. Flies or embryos were suspended in 15 ml of
buffer B [buffer A plus 1.5 mM DTT兾1 mM PMSF兾0.5 g/ml
leupeptin兾0.8 g/ml pepstatin兾20 units/ml DNase I兾100 units/ml
Rnasin (Promega)兾0.2 mg/ml heparin) in a mortar filled with liquid
nitrogen and ground with a pestle to a fine powder. The powder was
transferred to a glass-dounce, thawed, and dounced until the pestle
reached the bottom. The suspension was centrifuged twice at 4°C
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Abstract
Genome-wide identification of mRNAs regulated by RNA-binding proteins is crucial to uncover post-transcriptional gene
regulatory systems. The conserved PUF family RNA-binding proteins repress gene expression post-transcriptionally by
binding to sequence elements in 39-UTRs of mRNAs. Despite their well-studied implications for development and
neurogenesis in metazoa, the mammalian PUF family members are only poorly characterized and mRNA targets are largely
unknown. We have systematically identified the mRNAs associated with the two human PUF proteins, PUM1 and PUM2, by
the recovery of endogenously formed ribonucleoprotein complexes and the analysis of associated RNAs with DNA
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PUM proteins, many of them encoding functionally related proteins. A characteristic PUF-binding motif was highly enriched
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are significantly enriched in the 39-UTRs of experimentally determined PUM1 and PUM2 targets, strongly suggesting an
interaction of human PUM proteins with the miRNA regulatory system. Our work suggests extensive connections between
the RBP and miRNA post-transcriptional regulatory systems and provides a framework for deciphering the molecular
mechanism by which PUF proteins regulate their target mRNAs.
Citation: Galgano A, Forrer M, Jaskiewicz L, Kanitz A, Zavolan M, et al. (2008) Comparative Analysis of mRNA Targets for Human PUF-Family Proteins Suggests
Extensive Interaction with the miRNA Regulatory System. PLoS ONE 3(9): e3164. doi:10.1371/journal.pone.0003164
Editor: Jürg Bähler, Wellcome Trust Sanger Institute, United Kingdom
Received July 11, 2008; Accepted August 18, 2008; Published September 8, 2008
Copyright: ß 2008 Galgano et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: L.J. was supported by SNF grant #3100A0-114001 to M.Z. A.K. was supported by a grant from the Bonizzi-Theler Foundation to A.P.G. A.P.G. is the
recipient of a Career Development Award (CDA0048/2005) from the International Human Frontier Science Program Organization (HFSP).
Competing Interests: The authors have declared that no competing interests exist.
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tetranucleotide followed by 39-UTR sequences that vary among PUF
proteins. In concert with other factors, PUFs repress gene expression
by inhibiting translation or promoting decay [16,17,18].
The study of PUF proteins in diverse model organisms revealed
widespread roles for these proteins in embryonic development,
stem-cell maintenance and neurogenesis [10,11]. In the fruit fly
Drosophila melanogaster, Pumilio (Pum) is required for proper
anterior/posterior patterning during early embryogenesis by
repression of the translation of hunchback mRNA [19]. Furthermore, Pum is also involved in the development and migration of
primordial germ cells [20,21,22], and it may be implicated in longterm memory formation and neuronal excitability [23,24,25]. In
the nematode Caenorhabditis elegans, Fem-3 mRNA Binding Factors
1 and 2 (FBF-1, FBF-2) regulate the germline switch from
spermatogenesis to oogenesis by repressing fem-3 mRNA translation [26]. The six yeast Saccharomyces cerevisiae PUF proteins (Puf1p–
Puf6p) regulate aging, mating-type switching and mitochondrial
function [10,27,28].
Much less is known about the functions of PUF homologs in
vertebrates. Two paralogous PUF proteins exist in human, termed
Pumilio homolog 1 (PUM1) and Pumilio homolog 2 (PUM2).
PUM1 and PUM2 are often co-expressed in diverse tissues

Introduction
Gene expression is regulated at multiple levels to ensure
coordinated synthesis of the cells’ macromolecular components.
Besides transcriptional regulation, it is becoming increasingly
recognized that control of the post-transcriptional steps has
substantial impact on gene expression with widespread physiological implications [1,2]. This regulation is mediated by hundreds of
RNA-binding proteins (RBPs) that are encoded in eukaryotic
genomes and bind to sequence/structural elements in mRNAs, and
thereby regulate the localization, translation or decay of messages
[3–7]. On the other hand, microRNAs (miRNAs), ,22 nucleotide
(nt) long RNA molecules, can repress gene expression by basepairing with sequences in 39-untranslated regions (39-UTRs) of
messages and thus inhibit their translation or promote decay [8,9].
The PUmilio-Fem-3-binding factor (PUF) proteins comprise an
evolutionarily conserved family of RNA-binding proteins that are
implicated in various physiological processes [10,11]. They are
defined by the presence of an RNA-binding domain, termed Pumiliohomology domain (Pum-HD), which consists of eight repeats, each of
which makes contact with a different RNA base [12–15]. PUF
proteins bind to an RNA element that comprises a core ‘UGUR’
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suggesting that they may occasionally act redundantly [11,29,30].
Based on few studies investigating PUM2 function, it is assumed
that mammalian PUFs have physiological roles analogous to the
non-vertebrate homologs: in germ cells, PUM2 interacts with
deleted in azoospermia (DAZ), DAZ-like (DAZL) proteins, and the
meiotic regulator BOULE (BOL), which are RBPs that function in
early germ line stem cells [29,31]. Moreover, mouse Pum2 mutants
have smaller testes, although fertility seems not to be affected [32].
Based on these results, a role for Pum2 in the maintenance of
germline stem cells was proposed [29,31]. PUM2 was recently
found to negatively regulate the expression of MAPK1 (mitogenactivated protein kinase 1, ERK2) and MAPK14 (mitogenactivated protein kinase 14) in human embryonic stem cells and
in the C. elegans germline. MAPK1 and MAPK14 are kinases
acting in the MAPK/ERK pathway that represses stem cell selfrenewal [33] and hence, these results sustain an ancestral role for
PUF proteins in maintenance and self-renewal of stem cells [10].
Recent evidence suggests additional roles of mammalian PUM2 in
neurons i.e. for maintaining synapse morphology and function
[30,34].
A major obstacle in the study of PUF proteins (and of RBPs in
general) is the lack of knowledge about the specific mRNA targets.
Systematic identification of the RNAs associated with RBPs in vivo
is therefore needed to identify the potential RNA targets that may
undergo regulation. In addition, identifying target RNAs of
conserved RBPs in diverse organisms should provide insight into
evolutionary aspects of post-transcriptional regulatory networks.
We have previously identified the mRNA targets for PUF proteins
in the yeast Saccharomyces cerevisiae and the fruit fly Drosophila
melanogaster, revealing association of PUFs with distinct subsets of
mRNAs encoding functionally or cytotopically related proteins
that are part of the same macromolecular complex, localize to the
same subcellular region or act in the same signal transduction
pathway [35,36]. For example, yeast Puf3p binds nearly
exclusively to nuclear encoded mRNAs for mitochondrial proteins,
whereas Drosophila Pum in ovaries of adult flies associates with
mRNAs encoding nuclear proteins involved in nucleotide
metabolism and transcriptional regulation, and many mRNAs
coding for proteins localized to organelle membranes. These
studies provided strong evidence for the presence of a highly
organized post-transcriptional regulatory system that coordinates
the fates of functionally related groups of mRNAs as ‘posttranscriptional operons’ or RNA regulons [2,37,38]. Moreover,
the knowledge of RBP target RNAs initiated diverse follow-up
experiments unraveling new functions of these proteins
[25,28,39,40].
We have now undertaken a systematic analysis of the mRNAs
associated with the two human PUM proteins to provide a
framework for the study of their functional implications.
Surprisingly, our list of experimentally defined PUM targets
predicts extensive connections to the miRNA regulatory system,
providing a first indication that ‘cross-talk’ between translational
regulation through RBPs and miRNAs may be more frequent
than previously appreciated [41,42,43].

specific antibodies coupled to either protein G (PUM1) or protein
A (PUM2) sepharose beads, and then eluted with SDS-EDTA
(Figure S1B). To control for non-specifically enriched RNAs, the
same procedure was performed with beads that were not coupled
with immunoprecipitating antibodies (mock samples). RNA was
isolated from extracts (input) and from the immunopurified (IPed)
samples, amplified, and labeled with Cy3 and Cy5 fluorescent
dyes, respectively. The labeled RNA probes from total RNA and
IPed RNA were mixed and competitively hybridized to human
cDNA microarrays that contained probes for ,26,000 transcripts.
In this assay, the ratio of the two RNA populations at a given array
element reflects the enrichment of the respective mRNA by the
PUM affinity purification [35,36].
To generate a list of mRNAs that were consistently enriched by
PUMs and hence represent likely targets, we compared association
of transcripts from PUM affinity isolations to the mock isolates by
unpaired two-class Significance Analysis of Microarrays (SAM)
and determined false discovery rates (FDRs) for each array
element [45]. 1766 transcripts representing 1424 ENSEMBL
annotated genes were consistently associated with PUM1 with
FDRs of less than 5%. (Figure 1A, Table S1, a complete list of
PUM1 mRNA targets is provided in Table S2). Likewise, we
identified 751 transcripts (575 ENSEMBL genes) that were
reproducibly associated with PUM2 with FDRs of less than 5%
(Figure 1B, Table S1, a complete list of PUM2 mRNA targets is
provided in Table S3). Strikingly, 507 (88%) of the PUM2 target
genes were also among the experimentally defined PUM1 targets,
indicating that the two human PUM paralogs have very similar
substrate specificities and possibly act redundantly on common
targets (Figure 1C). This finding correlates with the high amino
acid conservation among PUM paralogs (83% similarity) and their
respective RNA-binding domains (PUM-HD; 91% identity),
where all of the critical amino-acids that directly contact RNA
are fully conserved [13]. Furthermore, immunoblot analysis of
PUM1 and PUM2 RIP eluates with a-PUM2 and a-PUM1
antibodies, respectively, did not show co-immunoprecipitation of
the two paralogous proteins, thus excluding the possibility that the
target overlap was simply due to simultaneous protein pull-down
(Figure S1B).
In spite of the extensive overlap between the target sets of the
two proteins, 138 PUM2 associated transcripts (representing 68
ENSEMBL annotated genes) did not pass the threshold to be
selected as PUM1 target. Likewise, we identified over 1000
transcripts (representing 917 genes) that were only associated with
PUM1 but not with PUM2 (Tables S2, S3). However, we observed
substantial PUM2 protein degradation during the RIP procedure
(Figure S1, data not shown) and hence, may have lost associations
with a fraction of mRNA targets during the procedure, possibly
reducing the number of identified targets. Apart from this, falsepositives from unspecific antibody binding, or other PUMinteracting proteins that pulled down additional mRNAs could
have contributed to differential mRNA associations. However,
since most transcripts bear a canonical PUF-binding motif (see
below), we believe that they represent true PUM targets.
Differential associations may be attributed to slightly different
substrate selectivity of the paralogous PUM proteins, possibly
defined by additional sequence or structural elements in the
vicinity of the PUF-binding site.

Results
Human PUM 1 and PUM 2 associate with hundreds of
mRNAs in HeLa S3 cancer cells

Human PUM proteins associate with functionally related
messages

To identify mRNAs associated with human PUM proteins, we
used a modified Ribonucleoprotein-ImmunoPrecipitation Microarray (RIP-Chip) approach on HeLa S3 cancer cells that express
both PUM1 and PUM2 (Figure S1A) [44]. PUM ribonucleoprotein (RNP) complexes were captured from cell-free extracts with
PLoS ONE | www.plosone.org

To identify functional themes among the mRNAs associated
with PUM1 and PUM2, we searched for shared Protein ANalysis
THrough Evolutionary Relationships (PANTHER) [46] and Gene
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Figure 1. mRNAs specifically associated with human PUM proteins. Rows represent unique transcripts ordered according to increasing FDRs
determined by SAM analysis. Columns represent individual experiments. The colour code indicates the degree of enrichment (green-red log2 ratio
scale). (A) mRNAs associated with PUM1. Three experiments with PUM1 protein and three mock experiments both with dye-swap technical replicates
are shown. (B) mRNAs associated with PUM2. Four experiments with PUM2 protein and three mock experiments are shown. (C). Venn diagram
representing overlap between PUM1 and PUM2 targeted transcripts (right) and the corresponding genes (ENSEMBL, left).
doi:10.1371/journal.pone.0003164.g001

Ontology (GO) [47] annotations in the list of PUM1 and PUM2
mRNA targets with FDR,5% (Table 1, for a detailed list of
significant annotations see Table S4). PANTHER pathway
analysis of PUM1 targets revealed significant enrichment of
components that regulate angiogenesis (p,861027) or that
mediate inflammatory/immune responses (T and B cell activation,
p,561024 and p,1022, respectively). We also found strong
enrichment of pathways important for cell-proliferation and stress
response such as the Ras (p,161026), the platelet-derived growth
factor (PDGF, p,361024) and epidermal growth factor (EGF,
p,1022) signaling pathways. Although several components of
these pathways were also associated with PUM2, the respective
terms did not reach statistical significance. The analysis for PUM2
targets revealed only two terms with weak statistical significance:
the p53 pathway (p,1022), which was also weakly enriched
among PUM1 targets (p,1023), and several messages coding for
proteins related to Parkinson’s disease (p,261022) (Table 1,
Table S4).
We were intrigued by the finding that PUM targets often
encode proteins linked to angiogenesis - the process that promotes
the formation of new blood vessels - and to the Ras (rat sarcoma)
signaling pathway, which virtually affects every aspect of cell
biology [48,49]. We have therefore further mapped the interactions of the encoded proteins (Figure 2). Thirty-seven PUM1
bound mRNAs are assigned to the term ‘angiogenesis’ by
PANTHER (Figure 2A). These include messages for diverse
tyrosine kinase receptors including fms-related tyrosine kinase 1
PLoS ONE | www.plosone.org

(FLT1), which is a receptor for vascular endothelial growth factor
A (VEGF A), a main inducer of angiogenesis. Even though VEGF
A was not selected as a PUM target (FDR.86%), the 39-UTR
binds to PUM in vitro and bears a canonical PUF-binding motif,
suggesting that PUM may regulate VEGF A expression (see
below). Furthermore, PUM also targets components that transduce the intracellular signals downstream of these receptors and
that are, at least in part, related to angiogenesis. For instance, parts
of the wingless (Wnt) signaling pathway, including the three main
components of the ‘ß-catenin destruction complex’ [50], or
activators and effectors of Ras (Figure 2B) [49]. Finally, PUMs
also bind diverse messages that are final targets of these signaling
pathways, such as transcription factors that induce expression of
angiogenic modulators or regulate cell proliferation or survival
(Jun, STAT1, TCF4, TCF7L2). However, there is no apparent
preference for PUMs to act selectively on positive or negative
regulators of angiogenesis.
We finally searched for subcellular localization among PUM
targets revealing that PUM associated mRNAs preferentially
encode membrane-bound, cytoplasmic and nuclear proteins
(Table 1, Table S4). The latter compartment mainly relates to
transcription factors and their regulators, but also to RBPs. In this
regard, PUM2 mRNAs was highly associated with PUM1 and
PUM2 (FDR,0), suggesting the presence of negative feed-back
loops for self-regulation of PUM expression. In the cytoplasm,
PUM1 targets many messages coding for kinases, in particular
non-receptor serine/threonine protein kinases. Most of these
3
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Table 1. Significantly shared PANTHER and GO annotations among PUM1 and PUM2 mRNA targets.

Category
Pathway (PANTHER)

PUM1 p-value

Term
Angiogenesis

8610

Ras Pathway

161026

PDGF signaling pathway

361024

T cell activation

561024

p53 pathway

161023

Interleukin signaling pathway

1610

EGF receptor signaling pathway

161022

B cell activation

161022
261022

Nucleoside, nucleotide and nucleic acid metabolism
Cell cycle
mRNA transcription
Protein phosphorylation
Intracellular protein traffic
Intracellular signaling cascade

Molecular Function (PANTHER)

1610

219

161026

1610

214

961027

3610

213

561024

2610

28

361022

3610

27

661023

6610

26

361022

Cell proliferation and differentiation

561025

Developmental processes

761025

Oncogenesis

161024

DNA repair

461024

MAPKKK cascade

161022

Nucleic acid binding

6610211

461026

210

Transcription factor

2610

Kinase

361029

Non-receptor serine/threonine protein kinase

361027

RNA-binding protein/mRNA binding

461024
161022

Membrane traffic protein
Component (GO)

961023

22

Parkinson’s disease
Biological Process (PANTHER)

PUM2 p-value

27

Intracellular membrane-bound organelle
Nucleus
Cytoplasm
Organelle lumen
Nuclear lumen

7610

262

2610225

6610

244

1610214

2610

236

9610212

4610

218

361027

2610

216

861026

PANTHER: total 25,431 NCBI annotated genes.
GO: total 35,541 EBI annotated genes.
doi:10.1371/journal.pone.0003164.t001

messages cannot be found among the PUM2 associated mRNAs,
indicating the presence of additional factors that direct the binding
of functional groups of mRNAs to PUM proteins.

messages with the different PUF proteins. We retrieved human
homologs for the 1090 Drosophila Pum and for the 220 yeast Puf3p
mRNA targets. Notably, among yeast Puf proteins, Puf3p is most
related to human PUM and targets messages for nuclear encoded
mitochondrial proteins [35], a functional class that is not
particularly enriched among human PUMs. More than 40% of
the Drosophila and yeast Puf3p targets had an assigned human
homolog - however, only a small fraction of these messages were
also among our experimentally determined human PUM targets:
17% and ,7% of Drosophila Pum and a similar fraction of Puf3p
homologs were among PUM1 and PUM2 targets (Table S5).
Therefore, the conservation of functional themes among targets in
human and Drosophila is not directly reflected by the association
with homologous messages. Moreover, this indicates that the
suspected conservation of PUF’s physiological functions may not
necessarily imply the regulation of the same critical genes.

Conservation of functional groups but not of
homologous messages between yeast, fly and human
We have previously mapped the mRNAs associated with
Drosophila Pum in adult flies, and we wondered whether these
interactions may have been evolutionarily conserved [36]. We
noticed partial overlap of functional groupings made of proteins
encoded by PUF associated mRNAs. As seen for the human PUM
proteins, Drosophila Pum preferentially targets messages coding for
proteins located on membrane-bound organelle (p,1027) and
nuclear proteins (p,1025), including transcription factors, cyclins
and RNA-binding proteins [36]. We therefore asked whether this
consistency is directly reflected by association of the homologous
PLoS ONE | www.plosone.org
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Figure 2. PUM targets encode proteins acting in cancer related pathways. Components whose mRNAs are associated with PUM1 are
depicted in yellow, those bound by both PUM1 and PUM2 are shown in red. Messages that contain a PUF motif are shown with a thick black border.
(A) Regulators of angiogenesis. PUM associated messages code for the tyrosine kinase receptors fms-related tyrosine kinase 1 (FLT1), which is the
vascular endothelial growth factor receptor 1, fibroblast growth factor receptor 1 (FGFR1) and EPH receptor B4 (EPHB4) and its ligand ephrin-B1
(EFNB1). These receptors and their ligands can trigger signals that induce angiogenesis [73,74,75]. ARAF (v-raf murine sarcoma 3611 viral oncogene
homolog) and MAPK1 (mitogen-activated protein kinase 1) are part of the RAS/RAF/MAPK pathway that can activate ETS (E26 transformation specific
sequence) family transcription factors that promote angiogenesis [76]. Human PUM proteins commonly target messages of both canonical (Wnt/ßcatenin) and non-canonical (Wnt/calcium signaling and planar cell polarity) pathways: WNT5A (wingless-type MMTV integration site family, member
5A) activates non-canonical Wnt signaling [77], which induces proliferation of endothelial cells in vitro. WNT5A is thought to promote the expression
of the angiogenic effectors MMP1 (matrix metallopeptidase 1), and TEK (endothelial TEK tyrosine kinase, TIE-2) [77]. PUM1 and PUM2 commonly
target components of the ‘‘ß-catenin destruction complex’’ consisting of the serine/threonine kinase GSK3A (glycogen synthase kinase 3 alpha),
which phosphorylates ß-catenin marking the protein for ubiquitylation and rapid degradation by the proteasome, the tumor suppressor APC
(adenomatous polyposis coli), and the scaffold protein AXIN1. PUM1 further associates with mRNAs coding for the co-factors TCF/LEF1 (transcription
factor/lymphoid enhancer-binding factor 1) that become activated when ß-catenin enters the nucleus. This includes TCF4 and TCF7L27 (transcription
factors 4 and 7-like 2), that stimulate the transcription of genes implicated in cell growth regulation [50]. (B) Activators and effectors of RAS [49,78].
PUM bound messages code for EGFR (epidermal growth factor receptor), adaptor proteins GRB2 (growth factor receptor-bound protein 2) and SHC1
(Src homology 2 domain containing transforming protein 1), which activate Ras proteins upon recruitment of the guanine nucleotide exchange factor
SOS (son of sevenless). RAS interacts specifically with ARAF, MAP3K1 (mitogen-activated protein kinase kinase kinase 1), PIK3CB (phoshoinositide-3kinase, catalytic, beta polypeptide) and TIAM2 (T-cell lymphoma invasion and metastasis 2), which can initiate cascades of protein-protein
interactions and further activate more specific signaling pathways. Components of the Raf/MEK/ERK and the MEKK/SEK/JNK pathways are covered by
PUM1 targets encoding mitogen-activated protein kinases MAPK1 and MAPKAPK5 (mitogen-activated protein kinase-activated protein kinase 5), and
RPS6AK3 (ribosomal protein S6 kinase, polypeptide 3). These pathways target the transcription factors JUN (jun oncogene), ATF2 (activating
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transcription factor 2) and STAT1 (signal transducer and activator of transcription), which commonly induce cell proliferation [49]. The PI3K-mediated
(PIK3CB) signal is further triggered by activation of protein kinase B (AKT1, v-akt murine thymoma viral homolog 1) and phosphorylates GSK3A. PUM1
also targets effectors downstream of TIAM such as the GTP-binding protein RAC1 (ras-related C3 botulinum toxin substrate 1) and the Ras homologs
gene family members B, F and J (RHOB, RHOF, RHOJ), which are all components of the TIAM/RAC/RHO signaling pathway implicated in the
reorganization of the actin cytoskeleton [79]. The RAC effector PAK2 (p21 protein- activated kinase 2) is involved in cell migration and invasion [80],
and EXOC2 (exocyst complex component 2) induces vescicle trafficking upon RAL (Ras-related) activation [49].
doi:10.1371/journal.pone.0003164.g002

Kinase 1 (mpk-1) mRNA, which bears two distinct FBF binding
sites with five-fold different binding affinities [33].
We finally questioned whether the positions within and around
the PUF-binding motifs were evolutionarily conserved in mammals [53]. We used as measure of evolutionary conservation the
phastCons score [54] representing the probability that a given
nucleotide is part of a block of conservation, given the genome
alignments of a number of placental mammals (human, chimpanzee, rhesus monkey, bush baby, treeshrew, rat, mouse, guinea pig,
rabbit, shrew, hedgehog, dog, cat, horse, cow, armadillo, elephant
and tenrec). In this way, we identified the PUF motifs in the
PUM1 and PUM2 IPed transcripts (targets) and in the expressed
transcripts that were not IPed (non-targets), and we used
transcript-to-genome alignments to determine the genomic
coordinates of the PUF motifs. For each nucleotide in the PUF
motif and each nucleotide up to 2400 nts upstream and to
+400 nts downstream of the motif, we extracted the phastCons
score. We then used the Wilcoxon test to determine whether the
positions in and around PUF sites from IPed transcripts were more
highly conserved than positions in and around non-IPed
transcripts. The profiles of the Wilcoxon test for PUM1 and
PUM2 sites, as represented by the logarithms of the p-values, are
shown in Figure 3E. Position of PUF motifs in PUM1 and PUM2
targets are more conserved than in non-targets (p-values are
smallest for positions within the PUM sites). Moreover, we found
that the PUF motifs in PUM1 and PUM2 targets reside in longer
(400 nucleotides) blocks of conservation compared to PUF motifs
in non-targets. Thus, the observed constraints on the positions of
PUF motifs in the PUM target mRNAs, but not in non-target
RNAs suggests that these motifs are indeed functionally conserved.
These findings further indicate that other factors may contribute
to or modulate the functionality of PUM binding sites, for example
recognition elements for cofactors like Nanos, which is known to
interact with Pumilio to mediate translational repression [55].

A common and conserved sequence motif among
PUMILIO mRNA targets
Characteristic sequence motifs have been previously found in
the 39-UTRs of the mRNA targets of different PUF-family
members [10,33,35,36]. Thus, we examined the sets of mRNAs
that associate with PUM1 and PUM2 for the presence of common
motifs using Multiple Expectation maximization for Motif
Elicitation (MEME) as an unbiased motif discovery tool [51].
We compiled one hundred available 39-UTR sequences among
the most highly enriched PUM1 and PUM2 mRNA targets, and
MEME analysis identified a 12-nt consensus sequence encompassing a highly conserved 8-nt core motif UGUA(AUC)AUA
(Figure 3A). The 8-nt consensus motif is highly related to the
Drosophila Pum and yeast Puf3p mRNA binding site [35,36],
indicating the conservation of the recognition element during
evolution despite the lack of conservation of the PUF targets
among the considered species. We further evaluated the
occurrence of this motif among PUM mRNA targets by searching
UTRs and coding sequences (CDSs) for the presence of the 8-nt
core motif UGUAnAUA using PatSearch [52]. 69% of the PUM1
mRNA targets (p,102100) and 74% of the PUM2 targets
(p,102100) contained the consensus motif in the 39-UTR, which
represents a striking enrichment compared to its genome-wide
occurrence in 39-UTRs (20% of all ENSEMBL annotated genes;
22% of all genes for which data could be obtained for microarray
cDNA probes). We also found the motif highly overrepresented in
the CDS of mRNA targets (13% of PUM1 and PUM2 mRNA
targets with p values of ,102100 and 10215, respectively), but it is
almost absent in 59-UTRs (Table 2, for detailed statistics on motif
occurrences see Tables S6, S7). These results are consistent with
the observed enrichment of PUF-binding motifs in coding
sequences of mRNAs targeted by yeast PUF proteins [35].
Moreover, the functionality of PUF motifs in CDS has recently
been demonstrated for paralytic (para) mRNA, which codes for a
sodium channel expressed in neurons of Drosophila larvae [25].
We next analyzed the distribution of PUF consensus motifs.
Approximately 85% of PUM1 and PUM2 mRNAs targets bear
the motif exclusively in the 39-UTRs, 3–5% (PUM2 and PUM1,
respectively) solely in the CDS, and ,17% bear the motif in both
the CDS and 39-UTRs (Figure 3B). Most of the PUM bound
messages have only one PUF motif (Figure 3C). However, a
substantial fraction – one third of the PUM2 bound messages
(32%) - bears at least two consensus PUF-binding motifs in the 39UTRs. The distance between multiple motifs is similarly
distributed among the PUM1 and PUM2 mRNA targets ranging
up to 4000 nts with median distances of 324 nts and 230 nts for
PUM1 and PUM2 targets, respectively (Figure 3D). Nevertheless,
a large proportion of the double motifs are located within 200 nts
(94, 36% PUM1 and 58, 25% PUM2), and a ‘peak’ was found at a
distance of ,20 nts, indicating that the two motifs are preferentially located in close proximity (Figure 3D, inlet). Such repetitive
occurrence of PUF binding sites may affect RNA regulation:
different sites could have different affinities for PUF binding
leading to dose-dependent or allosteric regulation. Such a mode of
regulation has been proposed for messages of C. elegans MAP
PLoS ONE | www.plosone.org

RNA pull-down experiments confirm PUM binding to
selected substrates
To evaluate some of our identified PUM mRNA substrates, we
performed RNA pull-down experiments using in vitro transcribed
biotinylated mRNAs added to extracts prepared from HeLa cells
expressing TAP-tagged PUM1-HD or PUM2-HD. We tested
biotinylated 39-UTR sequences of six potential targets that contain
the PUF motif: integrator complex subunit 2 (INTS2), defective in
cullin neddylation 1, domain containing 3 (DCUN1D3), delta-like
1 (Dll1), SDA1 domain containing 1 (SDAD1), VEGFA and
hepatocyte growth factor receptor (MET). INTS2, MET and
other members of the DCUN1 (DCUN1D1, DCUN1D4) and Dll
gene families (Dll3) were among our list of IPed PUM mRNAs
targets, whereas SDAD1 and VEGFA were not among the IPed
messages, though they bear a conserved PUF binding motif.
Moreover, SDAD1 was previously found to interact with PUM2
[56]. We also tested yeast cytochrome c oxidase (COX10), a known
target for the yeast PUF3 protein, which bears the 8-nt core
consensus motif [35], and a negative control RNA (Ribosomal
protein S26, RpS26) that does not bind to PUFs [36]. All of the
6
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Figure 3. Analysis of an RNA consensus sequence associated with human PUM proteins. (A) PUF consensus motif in 39-UTR sequences
associated with PUM1, PUM2, Drosophila Pum and yeast Puf3, Puf4 and Puf5 proteins [35,36]. Height of the letters indicates the probability of
appearing at the position in the motif. Nucleotides with less than 10% appearance were omitted. (B) Distribution of PUF consensus motifs. (C)
Number of PUF motifs in the 39-UTRs of PUM bound messages. (D) Distances between double PUF motifs present in 39-UTR. Represented bins are
50 nts (0–4000 nts distance) and 10 nts (0–200 nts distance). (E) Analysis of PUF motif conservation among PUM1 and PUM2 targets. The x-axis
shows the position (relative to the middle of the PUF motif), and the y-axis shows the logarithm (base 10) of the p-value from the Wilcoxon test
determining whether conservation scores come from the same distribution for PUM targets and non-targets. The vertical blue line is drawn at
position 0 corresponding to the PUF motif. The dashed black line is drawn at a p-value of 0.05, the continuous black line at a p-value of 0.01, and the
red line at a p-value of 1025, which is the threshold for significance considering multiple testing.
doi:10.1371/journal.pone.0003164.g003
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These results suggest that PUM1 and PUM2 have identical basal
substrate specificities, reminiscent of the largely overlapping set of
PUM1 and PUM2 mRNA targets identified by RIP-Chip. This
suggests that the presence of the computationally inferred core
motif is sufficient for association with human PUM proteins in vitro.
However, since SDAD1 and VEGFA were not among our IPed
mRNA targets, the in vitro binding activities may not always reflect
in vivo association, which may be controlled by additional factors.
The discrepancy may also be due to technical issues related to the
experimental procedure, or the computational analysis of the
microarray data.

Table 2. Number of PUF consensus motifs found in human
PUMILIO targets (FDR,5%).

PUM1

PUM2

Search option

Sequences

Motifs (%)

p-value

39-UTR

1416

977 (69)

,102100

CDS

1418

187 (13)

,102100

59-UTR

1390

24 (2)

561022

39-UTR

571

422 (74)

,102100

CDS

572

73 (13)

6610216

59-UTR

558

11 (2)

761022

The PUF motif is enriched around predicted miRNA
binding sites

doi:10.1371/journal.pone.0003164.t002

Initial application of the Phylogibbs algorithm for motif finding
[57] to 39-UTR regions around high-confidence predicted
microRNA (miRNA) target sites [58] suggested that the PUFbinding motif could be enriched in these regions, as shown in
Figure 5A (Zavolan, unpublished). However, this motif (UGUAnAUA) is A/U-rich, and high-confidence miRNA sites are known
to reside in A/U-rich regions [58,59]. Thus, we decided to test
directly whether the PUF-binding motif indeed occurs in the
vicinity of high-confidence miRNA sites at a higher frequency
than expected at a random distribution, particularly given its
nucleotide composition. We extracted from our miRNA target
predictions [58] the top 1000 target sites with the highest
probability of being under evolutionary selection, and an equal
number of target sites with the lowest probability of being under
evolutionary selection, by choosing for each miRNA having at
least one high-probability target site, an equal number of lowprobability sites. We then extracted 400 nucleotides upstream or
400 nucleotides downstream of the miRNA seed match (match to
the nucleotides 1–7, 2–8, or 1–8 of the miRNA), and counted how
many of the 1000 sequences contained the PUF consensus motif.
For the upstream regions, we found 132 positive sequences (with
high-probability miRNA sites) and 71 negative sequences (with
low-probability miRNA sites) containing the PUF motif, whereas
for the downstream regions, 159 positive sequences and 56
negative sequences contained the PUF motif (Table S8). This
indicates that the frequency of the PUF motif is significantly higher
in the environment of high-probability miRNA sites (p-values of
8.961026 for the upstream and 1.8610213 for the downstream
regions in the chi-square test). To rule out the possibility that this
enrichment was simply due to the structure of the PUF motif, we
performed the same analysis for all the 16384 possible motifs of the
same structure as the PUF motif (i.e. first four bases defined, the
fifth any of A/C/G/U and then the next three bases defined).
Table S8 shows these results for all of the motifs for which the
frequency was higher in regions around high-probability sites
compared to regions around low-probability sites. As expected, we
found that the environment of high-probability miRNA target sites
is enriched in many A/U-rich elements. Strikingly, the PUFbinding motif is the second most significantly enriched motif (out
of 6750 motifs) in the downstream regions of miRNA sites, and the
fortieth most enriched motif (out of 6906 motifs) in the upstream
regions. This test thus supports the hypothesis that the pumilio
proteins share targets with the miRNA pathway.
As we mentioned above, the PUF motif is A/U-rich. We therefore
wondered whether the enrichment that we observed was simply due
to spurious matches to the PUF consensus that occur in the A/U-rich
regions around high-confidence miRNA target sites. To test this, we
generated by sequence shuffling 100 randomized sets of sequences
with the same nucleotide composition as the regions around highprobability and low-probability miRNA target sites, respectively. We

seven potential target mRNAs bound to both PUM1-HD and
PUM2-HD, whereas the RpS26 control 39-UTR sequence did not
(Figure 4A). Moreover, addition of a 10-nt competitor RNA
comprising the consensus sequence prevented binding to biotinylated Dll1 RNA, but no such competition was seen with a control
RNA, in which the conserved UGU trinucleotide within the core
was mutated to ACA (Figure 4B, data not shown). Likewise,
mutation of this PUM binding site in a fragment of the MET RNA
also abolished binding (Figure 4B). Notably, probing of the same
immunoblots with PUM1 and PUM2 specific antibodies to detect
the full-length proteins gave analogous results (data not shown).

Figure 4. Validation of human PUM mRNA targets. RNA-protein
complexes formed between biotinylated 39-UTRs and extracts of HeLa
S3 cells expressing PUM1-HD-TAP and PUM2-HD-TAP were purified on
streptavidin magnetic beads and monitored for the presence of TAPPUM-HD by immunoblot analysis with anti-PAP antibody. (A) Biotinlabeled 39-UTR sequences for indicated genes (lanes 3 to 8) were
incubated with PUM1-HD-TAP and PUM2-HD-TAP extracts (lane 1).
Rps26 39-UTR was used as negative control probe RNA (lanes 8/9). The
supernatant after pull-down with INTS2 is shown in lane 2. (B)
Validation of the PUF-binding motif. Biotinylated RNA corresponding
to the Dll1 39-UTR was combined with PUM1-HD-TAP extract (lane 2)
and 100-fold excess of competitor RNA (R1; AUUGUAAAUA; lane 3) or
control RNA where the core motif is mutated (R2; AUACAAAAUA; lane
4). A fragment of MET 39-UTR bearing wild type (UGU) or mutant (ACA)
PUF binding sites is shown in lanes 5 and 6.
doi:10.1371/journal.pone.0003164.g004
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Figure 5. miRNA binding sites are enriched among human PUM targets. (A) Example of a motif identified using the Phylogibbs motif finding
algorithm in the vicinity (400 nucleotides upstream) of high-confidence miR-30a target sites. The x-axis indicates the position of a nucleotide in the
inferred motif, and the y-axis gives the information score (bits) at that position. The height of each letter is proportional to the frequency of the
respective nucleotide at that particular position in the alignment of inferred sites. (B) Distribution of the density of high-confidence miRNA sites (sites
per nucleotide of 39-UTR) in the 39 UTRs of PUM targets (IPed, red) and non-targets (non-IPed, black).
doi:10.1371/journal.pone.0003164.g005

target mRNAs. Thus, we first selected from our experimental data
sets PUM1 or PUM2 targets (IPed), as well as expressed transcripts
that were not PUM1 and PUM2 targets (non-IPed). We then
computed the density of high-probability miRNA sites (p$0.5
computed by the method of Gaidatzis [58] (http://www.mirz.
unibas.ch/ElMMo2) in the two data sets. The distribution of
densities for IPed and not IPed transcripts is shown in Figure 5B.
The p-value of the Wilcoxon test was ,2.2610216 for both PUM1
and PUM2 targets, indicating that PUMs tends to target
transcripts that are enriched in high-probability miRNA sites,
and suggesting that there could be cross-talk between the two
systems. In fact, evidence for an interaction of a PUF protein with
the miRNA pathway already exists: it has been previously shown
that C. elegans puf-9 is required for the repression of the let-7
miRNA target HunchBack Like (hbl-1) [43]. We therefore selected
a set of candidates that appear most promising for follow-up
studies. These are 197 PUM1 and 77 PUM2 targets that contain a
high-probability miRNA site and a PUF site conserved among
human, rhesus, cow, dog and mouse that are located within 50
nucleotides of each other (Table S9).

then counted the number of randomized sequences containing the
PUF motif and performed the chi-square test. For the downstream
regions, the lowest p-value that we observed in a randomized set was
1024, much higher than 1.8610213 observed for the real data set. For
comparison, the lowest p-value that we observed in a randomized set
for the motif that was most enriched in the real data set
(TTTTNTAA, p = 1.3610214) was 1.4610210. For the upstream
regions the p-value of the real data set was only marginally lower
compared to the lowest p-value we obtained for the randomized
variants (8.961026 compared to 5.161025). These results indicate
that the frequent occurrence of the PUF motif downstream of the
high-confidence target sites cannot be explained simply by the
nucleotide composition of these regions, and thus could suggest a
functionally-relevant localization of the PUF-binding motif downstream of the miRNA sites for the interplay between the two systems.

High-confidence miRNA binding sites are enriched in the
39-UTRs of experimentally determined PUM targets
We wondered whether our experimentally determined sets of
PUM targets provide evidence that miRNAs and PUMs share
PLoS ONE | www.plosone.org
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PUM1 mRNA targets (representing 11.1% of the 6,539 expressed
genes). 397 of these mRNA targets (55%) were also among our
experimentally identified PUM1 targets with a 5% FDR; and for
902 of our defined PUM1 targets that were represented on their
arrays, 756 (85%) were more enriched than the median IP
enrichment (t-scores) of all mRNAs. Furthermore, Morris et al. also
identified the core PUF motif in almost half of 39-UTRs of mRNA
targets. Therefore, our data is in broad general agreement with the
data from Morris et al. despite some significant differences in the
experimental set-up and microarray data analysis. For instance,
different number of replicate arrays were used (three by Morris et
al. vs. six in our study), different types of arrays and hybridization
conditions (separate vs. competitive hybridization, total IP-ed RNA
vs. amplified mRNA and oligo- vs. cDNA-arrays) and different
statistical analyses (Gaussian mixture modeling with log of odds
(LOD) scores vs. SAM). For instance, the larger number of
replicates used in our study, our RNA amplification strategy and
microarray analysis of more transcripts has probably lead to the
identification of almost twice the number of mRNA targets
compared to Morris et al. (1424 vs. 726) - most of them (.80%)
bearing a PUM motif in the 39-UTR or coding sequence.
Nevertheless, both studies found that PUM1 associated mRNAs
belong to a relatively small number of functional groups, mainly
genes coding for proteins that function in transcriptional
regulation and cell cycle/proliferation. These and our own results
therefore strongly support the ‘RNA operon/regulon model’,
which suggests the coordinate cis-/trans-regulation of multiple
mRNAs coding for proteins with related functions [37,38].
Interestingly, some functional groups have apparently been
conserved between human and Drosophila. For instance, in both
Drosophila and human, PUFs preferentially target messages for
nuclear proteins that encode transcription factors and membrane
associated proteins. However, it is intriguing that the conservation
of functional themes among targets in human and Drosophila is not
reflected by conservation of the particular homologous messages,
which is consistent with data obtained by Keene and his colleagues
[61]. This finding is intriguing in respect of the assumed
conservation of physiological function of PUM proteins for
germ-cell development and neurogenesis, suggesting that analogous phenotypes may be accomplished by targeting related
mRNAs that are part of the same regulatory network. However,
we want to note that this comparative analysis of targets in flies
and human is hampered by the fact that PUM targets have been
analyzed in different experimental set-ups (whole flies versus
cultured cells) and therefore, the data is not directly comparable.
As seen in previous systematic analyses of mRNA targets of the
yeast and Drosophila Pumilio proteins [35,36], most of the human
PUM targets contain a characteristic PUF-binding motif in the 39UTR, and a significant number of targets bear the motif in the
CDS (Table 2). Moreover, almost half of the experimentally
determined targets have multiple PUF binding motifs (Figure 3C).
These findings raise the question about possible roles for the
position and multiplicity of PUF motif in transcripts. The different
binding sites may be used alternatively, or may bear different
affinities as observed for the C. elegans FBF-1 and FBF-2 target mpk1 [33]. PUM1 and PUM2 may therefore compete or synergistically act on common RNA substrates. Slightly different preferences for RNA-binding, but also in the expression levels of PUM
proteins may influence binding with alternative outcomes for the
fate of the mRNA. Finally, it is possible that other factors
contribute to or modulate the functionality of PUM binding sites.
Actually, our analysis shows that not only the PUF sites are
conserved among the PUM targets compared to the non-targets,
but also longer blocks upstream and downstream of the PUF

Discussion
We have systematically analyzed the mRNAs associated with
the two human Pumilio RNA-binding proteins, PUM1 and PUM2
in HeLa S3 cancer cells, using a method that combines the
recovery of endogenous RNP complexes and DNA microarray
analysis of the associated mRNAs [2,44,60,61,62]. We identified
more than one thousand PUM1 and hundreds of PUM2
associated mRNAs, providing the first comparative analysis of
mRNAs associated with paralogous PUF proteins in vertebrates.
Our data suggests that PUM proteins potentially regulate
approximately 15% of the cell’s transcriptome. A similar fraction
of the transcriptome was found to be associated with the five yeast
PUF proteins and the Drosophila homolog Pumilio, indicating that
PUF proteins generally coordinate large sets of mRNAs with
functional implications that may not be simply attributed to a few
specific mRNA targets.
The sets of human PUM1 and PUM2 associated mRNAs
strongly overlapped, suggesting that PUM1 and PUM2 have
similar substrate specificities (Figure 1). The presence of identical
PUF-binding elements among the PUM1 and PUM2 associated
mRNAs (Figure 3), and equal binding of PUM1 and PUM2 to a
set of synthetic RNAs in RNA pull-down experiments further
corroborated this notion (Figure 4). These results agree with recent
structural studies of PUM-HD in complex with RNA. The PUMHDs of mammalian PUM proteins are highly related (91% amino
acid identity) and all of the critical amino-acids that make direct
contact with the RNA are fully-conserved [11]. The human PUM
proteins are therefore different from the PUF proteins in S.
cerevisiae or C. elegans, where individual PUF family members have
altered substrate specificities and only marginally share common
sets of mRNAs [35,63]. However, despite this large overlap of
mRNA targets in HeLa cells, each PUM was also associated with a
distinct set of mRNAs indicating that additional factors may
further specify substrate selectivity in vivo.
Functionally related groups of mRNAs were often associated with
both PUM1 and PUM2 (Table 1, Figure 2). However, some of them
were preferentially enriched with either PUM1 or PUM2. For
instance, angiogenesis-related proteins were mainly enriched among
PUM1 targets whereas the transcripts coding for proteins linked to
Parkinson’s disease were solely enriched among PUM2 targets.
Notably, the same functional attributes can often be found among
all genes with a conserved PUF motif in 39-UTRs [53], including
angiogenesis (p,10213) and Parkinson’s disease (p.1025) (for a list
of PANTHER and GO terms that are enriched among predicted
PUF targets see Table S10). However, some functional groups were
differentially enriched among experimentally determined and
predicted mRNA targets: for example, the Ras signaling pathway
was enriched among PUM1 targets, but not among the predicted
ones, whereas the Wnt signaling pathway is only significantly
overrepresented among the predicted targets (p,361028). Moreover, a fraction of the predicted targets encode proteins involved in
neurogenesis (p,2610235) possibly relating to PUM functions in
neurons [23,24,25]. However, since we have analyzed PUM targets
in cancer cells, these neuron-specific mRNA targets were not
expected to be identified. In conclusion, these analyses revealed
PUM- and possibly cell/tissue-specific functional attributes among
the potentially regulated messages, and it will be a future challenge
to investigate the functional roles of PUM regulation on key targets.
During preparation of this manuscript, a ribonomic analysis has
been published where mRNAs associated with PUM1 were
identified and analyzed [61]. This study by Morris et al. applied
a very similar RIP-Chip approach as we did by using the same
PUM1 antibodies on HeLa S3 cells. Morris et al. defined 726
PLoS ONE | www.plosone.org
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the designated specific antibodies and horse radish peroxidase
(HRP)-coupled secondary antibodies, and developed with the
enhanced chemiluminescence detection kit (Amersham). The
following antibodies were used in this study (dilution indicated in
brackets): goat anti-PUMILIO 1 (1:25,000; Bethyl Laboratories,
#300-201A), rabbit anti-PUMILIO 2 (1:2,500; Bethyl Laboratories, #A300-202A); mouse anti-ß-actin (1:3000; Sigma), HRPlinked anti-mouse (1:2000; Sigma), HRP-linked anti-goat (1:5000;
Sigma); HRP-linked anti-rabbit (1:5000; Amersham). HRPcoupled peroxidase anti-peroxidase antibody (PAP; 1:5000; Sigma)
was used to detect TAP-tagged proteins.

binding site showed significant conservation, suggesting that these
could represent recognition sites for cofactors like nanos [55].
Our work provides first evidence that the PUF motif is enriched
around predicted miRNA binding, offering the possibility for
functionally relevant localization of the PUF binding site
downstream the miRNA sites for the interplay between the two
systems. This hypothesis is further sustained by the finding that
high-confidence miRNA binding sites are significantly enriched in
the 39-UTRs of experimentally determined PUM1 and PUM2
targets. One example for interaction of PUF proteins with the
miRNA pathway has already been described in C. elegans, where
puf-9 is required for repression of hbl-1 by let-7 miRNA [43]. The
39-UTR of hbl-1 transcript contains PUF binding sites as well as
binding sites for the let-7 miRNA family suggesting that PUFs and
miRNAs cooperate to negatively regulate common targets [43].
On the other hand, it has also been observed that RBPs and
miRNAs may directly compete with each other. For instance, the
evolutionarily conserved RBP dead end homolog 1 (DND1)
relieves miRNA-specific repression of several messages by binding
to uridine-rich regions (URRs) which are located in close
proximity to miRNA binding sites in the 39-UTR, and thereby,
prohibits miRNAs from associating with their target sites [42].
Another example constitutes the AU-rich element (ARE) binding
protein Hu antigen R (ELAVL1) that counteracts hsa-miR-122
mediated repression of a cationic amino acid transporter
(SLC7A1, CAT-1) after stress treatment [41,64]. Additional
scenarios for how miRNAs could modulate RBP binding and
function in a dynamic manner have also been hypothesized [65].
For instance, miRNA binding could alter the structure of the
mRNA, which either ablates or provides binding sites for specific
RBPs and further alters the fate of the mRNA target. Therefore,
the functional interactions between PUF and miRNAs may well be
very mRNA target-specific because many additional factors and
combinatorial binding of RBPs and miRNAs may have an impact
on its final fait. It will be the topic of future investigation to
determine how PUF proteins interact with miRNAs on specific
model substrates.

Cell culture and transfections
HeLa S3 cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% FBS (Gibco) and 1%
penicillin/streptomycin (Gibco). The cells were grown in dishes
(Falcon) in a humidified incubator at 37uC and 5% CO2. Two mg
of PUM-HD expression plasmids were transfected into one million
HeLa S3 cells with Superfect Transfection Reagent (Qiagen).
Stable cell lines expressing PUM2-HD-TAP were obtained upon
G418 antibiotic selection (400 mg/ml; Invitrogen).

Ribonucleoprotein-ImmunoPrecipitation (RIP)

Sequences coding for the C-terminal tandem affinity purification (TAP)-tag were amplified with primers TAP1-NotIFw and
TAP2-XhoIRev from plasmid pBS1479 [66] by PCR, and cloned
into pcDNA3.1 (Invitrogen) via NotI and XhoI restriction sites,
generating plasmid pcDNA3.1-TAP. The sequences encoding the
C-terminal part of PUM1 (AF315592; amino acids 746–1186) and
PUM2 (AF31559; amino acids 624–1064) were PCR amplified
from cDNA clones IRAUp969B1150D (PUM1) and IRAUp969G0177D (PUM2) from the Deutsches Ressourcenzentrum
für Genomforschung (RZPD) with primer pairs PUM1-HDEcoRVFw/PUM1-HD-NotIRev, and PUM2-HD-EcoRVFw/
PUM2-HD-NotIRev, and cloned via EcoRV and NotI sites into
pcDNA3.1-TAP, producing the plasmids pcDNA3.1-PUM1-HDTAP and pcDNA3.1-PUM2-HD-TAP, respectively.

RNA affinity isolations were performed essentially as described
[44]. HeLa S3 cells were grown in 15 cm dishes (Falcon) until 90%
confluency, washed in PBS and collected by centrifugation at
3,000 g and 4uC for 5 min. Cells were resuspended in an equal
volume of polysome lysis buffer (10 mM HEPES-KOH [pH 7.0],
100 mM KCl, 5 mM MgCl2, 25 mM EDTA, 0.5% IGEPAL,
2 mM dithiothreitol [DTT], 0.2 mg/ml Heparin, 50 U/ml
RNase OUTTM [Invitrogen], 50 U/ml Superase INTM [Ambion],
16 complete protease inhibitor tablet [Roche]) and lysed by
repeated pipetting up and down. The suspension was centrifuged
three times at 14,000 g at 4uC for 10 min and aliquots were in
liquid nitrogen and stored at 280uC until use. Protein concentration was determined by the Bradford method (Bio-Rad protein
assay, BioRad) with bovine serum albumin (BSA) as reference
standard.
50 ml protein G or protein A sepharose beads (Amersham) were
equilibrated in NT2 buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1 mM MgCl2, 0.05% IGEPAL) supplemented with 5%
BSA (Equitech Bio), 0.02% sodium azide and 0.02 mg/ml
heparin. 20 mg of goat anti-PUM1 and 50 mg of rabbit antiPUM2 antibodies were then coupled to the blocked protein G and
protein A beads, respectively, which were further incubated on a
rotator for 12 hours at 4uC. No antibodies were added in mock
control experiments. The beads were subsequently washed three
times in NT2 buffer and resuspended in 5–10 ml NT2 buffer
supplemented with 30 mM EDTA (pH 8.0), 1 mM DTT, 50 U/
ml RNase OUTTM and 50 U/ml Superase INTM (to decrease
unspecific binding to the beads, NT2 buffer corresponding to ten
volumes of extract was used). HeLa cell extract (20 mg protein)
was added to the antibody-coupled or mock beads, which were
then mixed on a rotator for 6 hours at 4uC. The beads were then
thoroughly washed four times in ice-cold NT2 buffer and RNP
complexes were eluted twice with 500 ml SDS-EDTA (50 mM
Tris [pH 8.0], 100 mM NaCl, 10 mM EDTA, 1% SDS) for
10 min at 65uC.

Immunoblot analysis and antibodies

RNA isolation, amplification and fluorescent labeling

Protein samples were resolved on 8% SDS polyacrylamide gels
and transferred to nitrocellulose membranes (BioRad). Membranes were blocked in phosphate buffered saline-0.1% Tween-20
(PBST) at 4uC overnight containing 5% low fat milk, probed with

Total RNA was isolated from cell extracts and immunopurified
samples with the mirVanaTM PARISTM kit (Ambion). RNA was
quantified with a NanoDrop device (Witeg AG). Poly-adenylated
RNAs were amplified in the presence of aminoallyl-UTP with

Materials and Methods
Oligonucleotide primers
For a list of primers see Supporting Text S1.

Plasmid construction
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Amino Allyl MessageAmp II aRNA kit (Ambion). For this
purpose, 500 ng total RNA from extracts and half (50–100 ng)
of the immunopurified RNAs were used for amplification. 8 mg of
the amplified RNAs (aaRNA) were fluorescently labeled with
NHS-monoester Cy3 and Cy5 dyes (GE HealthSciences), except
for mock RNA samples, where an aaRNA amount proportional to
the yield obtained from corresponding PUM affinity isolates was
used. For PUM1 RIPs, we performed three biological replicates
with technical (dye swap) replicates (total six arrays). For PUM2
RIPs, we performed four biological replicates but omitted the dye
swaps due to the lower aaRNA obtained after amplification
(,10 mg aaRNA from PUM2 RIPs, ,40 mg aaRNA from PUM1
RIPs, ,9 mg aaRNA from mock RIPs). The Cy3- and Cy5labeled aaRNA samples were mixed and hybridized to human
cDNA microarrays.

bioinfo.cnio.es/) [68]. Replicate probes representing the same
transcript were collapsed to ENSEMBL or RefSeq annotated
transcripts ( = unique transcripts), which were then mapped to genes
based on ENSG accession numbers ( = annotated genes). All
microarray data is available at the Stanford Microarray Database
(SMD) or at the Gene Expression Omnibus at www.ncbi.nlm.nih.
gov/geo (GSE12357).
To compare our PUM1 mRNA targets with the ones defined by
Morris et al. [61], we retrieved the ENSG and RefSeq accession
numbers of the Morris et al. study from GEO (accession No. GSE
11301, platform GPL5770) and from the Supplemental Material
published on the journal’s web site.

Synthesis of biotinylated RNAs and pull-down
experiments
DNA templates for biotin-RNA synthesis were prepared by
PCR from 200 ng of HeLa S3 genomic DNA with 59oligonucleotides bearing a T7 RNA polymerase promoter
sequence, except for MET where complementary pairs of
oligonucleotides comprising nts 1950–2006 of MET were
annealed and cloned into psiCheck-2 (Promega). The following
oligonucleotide pairs were used to amplify the indicated regions
(specified by nucleotide positions) of 39-UTRs: INTS2-T7Fw and
INTS2-Rev for nucleotides (nts) 1800–2144 of INTS2,
DCUN1D3-T7Fw and DCUN1D3-Rev for nts 965–1474 of
DCUN1D3, Dll1-T7Fw and Dll1-Rev for nts 120–587 of Dll1,
SDAD1-T7Fw and SDAD1-Rev for nts 112–529 of SDAD1,
VEGFA-T7Fw and VEGFA-Rev for nts 925–1485 of VEGF-A.
The ORF plus 500 nts downstream of the yeast COX10 gene was
amplified with primers COX10-T7Fw and COX10-Cnot from S.
cerevisiae genomic DNA. The Rps26 control probe was prepared as
described [36]. Biotinylated RNAs were produced with T7-RNA
polymerase with biotin RNA labeling mixture (Roche) as
described [36].
Biotin RNA pull-down experiments were performed essentially
as described [36]. Extracts were prepared by mechanical
disruption with a Tissue Lyser (Qiagen; 66 30 sec, 30 Hz, 4uC)
from HeLa S3 cells that were either transiently transfected with
pcDNA3.1-PUM1-HD-TAP and collected after 24 hours, or that
stably expressed PUM2-HD-TAP. 130 mg (protein content) of
extract was incubated with 2 pmol of biotinylated RNAs, and
streptavidin captured RNA-protein complexes were resolved on a
10% SDS polyacrylamid gel. Proteins were visualized with PAP
antibody or specific anti-PUM antibodies.

Microarray analysis and data selection
Detailed methods for microarray experiments are available at
http://cmgm.stanford.edu/pbrown/protocols/index.html. cDNA
microarrays were produced by the Stanford Functional Genomic
Facility and contained 43,197 human probes representing 26,524
Unigene cluster IDs (12,466 ENSEMBL annotated genes) spotted
on Corning Ultra GAPS slides. Spotted cDNAs were cross-linked
with 65 mJ of UV irradiation on slides, which were then postprocessed for 1 hour at 42uC in pre-hybridization solution (56
SSC, 0.1% SDS, 0.1 mg/ml BSA), washed twice in 400 ml of
0.16SSC for 5 min, dunked in 400 ml ultrapure water for 30 sec,
and dried by centrifugation at 550 rpm for 5 min. Slides were used
the same day.
Cy3- and Cy5-labeled aaRNA probes were mixed and applied
to arrays in hybridization solution (36 SSC, 20 mg poly(A) RNA
[Invitrogen], 20 mg yeast tRNA [Invitrogen], 20 mg Human Cot-1
DNA [Invitrogen], 20 mM HEPES [pH 7.0] and 0.3% SDS) for
18 h at 65uC. The arrays were then washed sequentially in 400 ml
of 26 SSC with 0.1% SDS, 16 SSC, and 0.26 SSC. The first
wash was performed for 5 min at 65uC, the subsequent washes
were performed for 5 min at RT. The arrays were dried by
centrifugation and immediately scanned with an AxonScanner
4200A (Molecular Devices). Data were collected using GENEPIX
5.1 (Molecular Devices). Arrays were normalized computationally
by the Stanford Microarray Database (SMD) [67]. The data were
filtered for signal over background of greater than 1.5 in the
channel measuring aaRNA from extract, and only features that
met these criteria in .50% of the arrays were included for further
analysis. Log2 median ratios were retrieved and exported into
Microsoft Excel.
To identify transcripts that were specifically enriched by
association with PUM1 and PUM2, we performed two class
Significance Analysis of Microarrays (SAM) on median centered
arrays [45]. Comparing six arrays representing PUM1 affinity
isolations (three independent experiments, each with a dye-swap
replicate) with six arrays representing mock isolates (three
independent experiments with dye swaps) identified 1674 transcripts representing 1266 annotated genes with FDRs,1% and
2196 transcript (1755 annotated genes) with FDRs,5% (Table S1;
a list of PUM1 mRNA targets is shown in Table S2). Likewise,
comparing four arrays representing independent PUM2 affinity
isolations with three mock control arrays identified 400 transcripts
(307 annotated genes) with FDR,1%, and 889 transcripts (751
genes) with FDRs,5% (Table S1; a list of PUM2 targets is shown in
Table S3). ENSEMBL gene identifiers (ENSG accession numbers)
and Reference Sequence mRNA identifiers (RefSeq; NM) were
retrieved from the Clone IDs (IMAGE numbers) represented on the
arrays using the CLONE|GENE ID converter (http://idconverter.
PLoS ONE | www.plosone.org

Web-based database searches
Protein Analysis THrough Evolutionary Relationships (PANTHER) analysis was performed with PUM1 and PUM2 mRNA
targets (unique transcripts with 5% FDR) at http://www.
pantherdb.org/ [46]. Gene Ontology (GO) searches were performed with the Generic Gene Ontology Term Finder (http://go.
princeton.edu/cgi-bin/GOTermFinder) [47]. For comparative
analysis of mRNA targets, ENSG IDs for predicted human
orthologs of Drosophila Pum and S. cerevisiae Puf3p targets [35,36]
were retrieved with Biomart (http://www.biomart.org/) [69].

Motif searches
39-UTR, 59-UTR and coding sequences were retrieved from
ENSEMBL (via ENSG IDs; Ensembl Release 48/1st December
2007) or GenBank (via RefSeq; release 164/February 2008)
[70,71]. Motif searches were performed with MEME (http://
meme.sdsc.edu/meme/meme.html) [51] on the first 100 39-UTR
sequences available corresponding to the 125 and 135 highest
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enriched (according to descending SAM score) PUM1 and PUM2
targets, respectively, with the following settings: searching the
sense strand, one motif per sequence and 6 to 10 nucleotides
expected motif length. The 39-UTR, 59-UTR and coding
sequences of PUM1 and PUM2 targets (FDR,5%) were searched
for PUF motifs (TGTAnATA) with PatSearch (http://www.ba.itb.
cnr.it/BIG/PatSearch/) [52]
For the conservation analysis of PUF motifs in PUM1 and
PUM2 targets and non-targets, the genomic location of PUF
motifs found in PUM1 and PUM2 targets (IPed transcripts) and
non-targets (expressed but not IPed transcripts) was inferred by
aligning the mRNAs to the hg18 assembly of the human genome
using the Spa algorithm [72], and the genomic coordinates of the
PUF motif were identified based on the coordinates in the mRNA
and the mRNA-to-genome alignments. The phastCons conservation scores for each nucleotide within 8 nucleotides-long regions
centered on the middle of the PUF motifs were extracted from the
UCSC site (http://hgdownload.cse.ucsc.edu/goldenPath/hg18/
database/phastCons17way.txt.gz) [54]. For each position around
the PUF motif we then constructed two vectors: one that
contained the conservation scores for that particular position
around PUF motifs in IPed transcripts, and the other containing
the conservation scores for that position around PUF motifs in
transcripts that were expressed but not IPed. Finally, we applied
the Wilcoxon test to the two vectors of conservation scores and
reported the position-wise profile of the logarithm of the p-value.

(m) = 10, number of different motifs to infer (z) = 2, expected
number of sites in a given set of sequences (y) = 120, order of the
Markov model for background probabilities (N) = 3.

Computation of the density of high-confidence miRNA
targets in the 39-UTRs of PUM1 and PUM2 targets and
non-targets
We intersected the set of mRNAs that had at least one highconfidence (p$0.5) predicted miRNA target site in their 39-UTRs
with the sets of mRNAs that were IPed, or expressed but not IPed
in the PUM1 and PUM2 experiments. Then, for each mRNA, we
computed the density of high-confidence targets sites per 39-UTR
nucleotide by dividing the number of high-confidence sites in the
39-UTR by the total length of the 39-UTR.

Supporting Information
Text S1 Oligonucleotide primer sequences.
Found at: doi:10.1371/journal.pone.0003164.s001 (0.03 MB
DOC)
Figure S1 Immunoblot analysis of human PUM proteins in
HeLa S3 cells. (A) Expression of endogenous human PUM
proteins in HeLa S3 cells. Lane 1: Immunoblot analysis of PUM1
(127 kDa) probed with anti-PUM1 antibody (25 mg cell extract);
lane 2: Immunoblot analysis of PUM2 (114 kDa) probed with
anti-PUM2 antibody (50 mg cell extract). (B) Immunoblot analysis
following immunoprecipitation of PUM1 and PUM2 with antiPUM1 and anti-PUM2 antibodies. Lanes 1–4: PUM affinity
isolations; lanes 5–8: mock control isolations. Lanes 1, 5: cell
extract; lanes 2, 6: supernatant after incubation of extracts with
antibody-coupled protein G or protein A sepharose beads; lanes 3,
7: RNP eluates after treatment of beads with SDS-EDTA; lanes 4,
8: RNP eluates probed with the alternate PUM antibody. 25 mg
(PUM1) or 50 mg (PUM2) of extracts and supernatants, 5% of
captured beads and 1% of eluates were loaded.
Found at: doi:10.1371/journal.pone.0003164.s002 (3.61 MB TIF)

Extraction of miRNA target sites
From http://www.mirz.unibas.ch/ElMMo2 we extracted
miRNA target predictions generated based on the algorithm
previously described [58]. We extracted as high-confidence target
sites the top 1000 sites in the order of their posterior probability of
being under functional selection. An equal number of lowconfidence target sites was extracted by traversing the list of
predicted sites for each miRNA from the sites with lowest
probability to those with the highest probability, and selecting, for
each miRNA a number of low-probability sites equal to the
number of high-probability sites.

Table S1 mRNA specifically associated with PUM1 and PUM2.

Columns indicate the following (from left to right): total number of
transcripts (including replicates); total number of unique transcripts; total number of transcripts with ENSEMBL gene IDs; all
listed according to FDRs determined by SAM.
Found at: doi:10.1371/journal.pone.0003164.s003 (0.02 MB
XLS)

Motif searches with the Phylogibbs algorithm
To identify binding sites for protein cofactors of the miRNA
pathway, we applied the Phylogibbs algorithm [57] to the 400
nucleotide upstream and downstream regions of the highconfidence sites of three miRNAs, which had a few hundred
high-confidence predicted targets (miR-30a – 210 upstream/208
downstream regions, miR-19 – 126 upstream/154 downstream
regions and miR-137 – 153 upstream/131 downstream regions).
The 39-UTRs of the predicted miRNA targets were mapped to the
hg18 assembly of the human genome using the Spa algorithm for
mRNA-to-genome mapping [72]. The genomic locations of the
miRNA target sites were identified based on the location of the
target sites in the 39-UTRs and the alignments of 39-UTRs to
genome. The genomic coordinates of the predicted sites were then
used to extract alignments that covered 400 nucleotides upstream
or downstream of the miRNA match in the following species:
mouse - mm8 assembly, rhesus monkey - rheMac2 assembly, dog canFam2 assembly, cow - bosTau2 assembly and horse - equCab1
assembly. The pair-wise genome alignments were obtained from
the genome browser web site of the University of California of
Santa Cruz (http://hgdownload.cse.ucsc.edu/goldenPath/hg18/
vsX, where X is the corresponding assembly as given above). The
orthologous regions were realigned using the T-coffee algorithm,
and then submitted to Phylogibbs. Without trying to perform an
exhaustive study, we used the following parameters: motif length
PLoS ONE | www.plosone.org

List of PUM1 target mRNAs in HeLa S3 cells.
Columns indicate the following (from left to right): Clone_ID
(IMAGE); gene name; gene description; average log2 ratio in
PUM1 affinity isolations; average log2 ratio in mock affinity
isolations; SAM score; FDR; Ensembl_Gene_ID; Ensembl_Gene
(+); RefseqRNA; EntrezGene; GenBank accession number; PUM2
target (+); PUM2 affinity isolation FDR; 39-UTR information
available (+); 39-UTR information available from ENSEMBL,
ENSG (+); PUF motif within 39-UTR (+); PUF motif within 39UTR from ENSG sequence (+); number of motifs within 39-UTR;
CDS information available (+); CDS information available from
ENSEMBL, ENSG (+); PUF motif within CDS (+); PUF motif
within CDS from ENSG sequence (+); number of motifs within
CDS; 59-UTR information available (+); 59-UTR information
available from ENSEMBL, ENSG (+); PUF motif within 59-UTR
(+); PUF motif within 59-UTR from ENSG sequence (+); number
of motifs within 59-UTR; miRNA binding site close (within 50 nts)
to 39-UTR PUF motif (+); distance between PUF and miRNA sites
(nts).
Table S2
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Found at: doi:10.1371/journal.pone.0003164.s004 (0.78 MB
XLS)

(from left to right): search option; number of ENSEMBL genes;
number of sequences retrieve from ENSEMBL; number of motifs
(number of motifs from ENSEMBL-retrieved sequences); p-value.
Found at: doi:10.1371/journal.pone.0003164.s009 (0.03 MB
XLS)

Table S3 List of PUM2 target mRNAs in HeLa S3 cells.

Columns indicate the following (from left to right): Clone_ID
(IMAGE); gene name; gene description; average log2 ratio PUM2
affinity isolations; average log2 ratio mock affinity isolations; SAM
score; FDR; Ensembl_Gene_ID; Ensembl_Gene (+); RefseqRNA;
EntrezGene; GenBank accession number; PUM1 target (+);
PUM1 affinity isolation FDR; 39-UTR information available (+);
39-UTR information available from ENSEMBL, ENSG (+); PUF
motif within 39-UTR (+); PUF motif within 39-UTR from ENSG
sequence (+); number of motifs within 39-UTR; CDS information
available (+); CDS information available from ENSEMBL, ENSG
(+); PUF motif within CDS (+); PUF motif within CDS from
ENSG sequence (+); number of motifs within CDS; 59-UTR
information available (+); 59-UTR information available from
ENSEMBL, ENSG (+); PUF motif within 59-UTR (+); number of
motifs within 59-UTR; PUF motif within 59-UTR from ENSG
sequence (+); miRNA binding site close (within 50 nts) to 39-UTR
PUF motif (+); distance between PUF and miRNA sites (nts).
Found at: doi:10.1371/journal.pone.0003164.s005 (0.32 MB
XLS)

Table S8 Motifs enriched in the surrounding of miRNA binding

sites. Columns indicate the following: motif; number of positive
sequences; number of negative sequences; p-value. (A) Motifs
enriched downstream of miRNA binding sites. (B) Motifs enriched
upstream of miRNA binding sites.
Found at: doi:10.1371/journal.pone.0003164.s010 (1.22 MB
XLS)
List of PUM targets with conserved PUF and miRNA
binding sites. Columns indicate the following: (A) Targets with
PUF and miRNA conserved double sites among the species
indicated in C (Homo sapiens, hg; Rhesus macaque, rheMac; Bos
Taurus, bosTau; Canis familiaris, camFam; Mus musculus, mm).
For each target, the first rows of C and D indicate the position of
PUF binding sites (start-end); the first rows of F and G indicate the
position of the miRNA binding sites (start-end) specified in E. H
indicates the probability that the miRNA binding site is under
selection; column I indicates the distance between PUM and
miRNA binding sites.
Found at: doi:10.1371/journal.pone.0003164.s011 (0.25 MB
XLS)

Table S9

Table S4 Significantly shared PANTHER and GO annotations
among PUM1 and PUM2 mRNA targets. (A) Significantly shared
PANTHER annotations among PUM1 mRNA targets. (B)
Significantly shared PANTHER annotations among PUM2
mRNA targets (C) Significantly shared GO annotations among
PUM1 targets (D) Significantly shared GO annotations among
PUM2 targets.
Found at: doi:10.1371/journal.pone.0003164.s006 (0.06 MB
XLS)

Table S10

Conservation between yeast, Drosophila and human
PUM targets. (A, B) Homologous messages conserved among
yeast, Drosophila and human pumilio targets. (C) Significantly
shared PANTHER annotations among 85 conserved PUM1 and
Drosophila Pumilio mRNA targets.
Found at: doi:10.1371/journal.pone.0003164.s007 (0.03 MB
XLS)
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RNA-binding proteins (RBPs) have roles in the regulation of many post-transcriptional steps in gene expression, but
relatively few RBPs have been systematically studied. We searched for the RNA targets of 40 proteins in the yeast
Saccharomyces cerevisiae: a selective sample of the approximately 600 annotated and predicted RBPs, as well as several
proteins not annotated as RBPs. At least 33 of these 40 proteins, including three of the four proteins that were not
previously known or predicted to be RBPs, were reproducibly associated with specific sets of a few to several hundred
RNAs. Remarkably, many of the RBPs we studied bound mRNAs whose protein products share identifiable functional or
cytotopic features. We identified specific sequences or predicted structures significantly enriched in target mRNAs of 16
RBPs. These potential RNA-recognition elements were diverse in sequence, structure, and location: some were found
predominantly in 39-untranslated regions, others in 59-untranslated regions, some in coding sequences, and many in
two or more of these features. Although this study only examined a small fraction of the universe of yeast RBPs, 70% of
the mRNA transcriptome had significant associations with at least one of these RBPs, and on average, each distinct yeast
mRNA interacted with three of the RBPs, suggesting the potential for a rich, multidimensional network of regulation.
These results strongly suggest that combinatorial binding of RBPs to specific recognition elements in mRNAs is a
pervasive mechanism for multi-dimensional regulation of their post-transcriptional fate.
Citation: Hogan DJ, Riordan DP, Gerber AP, Herschlag D, Brown PO (2008) Diverse RNA-binding proteins interact with functionally related sets of RNAs, suggesting an
extensive regulatory system. PLoS Biol 6(10): e255. doi:10.1371/journal.pbio.0060255

regulation of transcription and mRNA decay, only about 70%
of the observed variance in protein abundance is accounted
for by variation in mRNA abundance [14,15]. When cells are
moved from rich media to minimal media, the abundance of
hundreds of proteins change, but mRNA abundance changes
parallel changes in the abundance for only about half of the
cognate proteins [16,17]. The abundance of each RNA is
determined jointly by regulated transcription and regulated
degradation. Widespread, transcript-speciﬁc regulation of
mRNA decay is evident from the closely matched decay rates
of mRNAs encoding functionally related proteins [18–21],
particularly evident in S. cerevisiae in sets of proteins that form
stoichiometric complexes [19].
Increasing evidence points to extensive involvement of

Introduction
Much of the regulation of eukaryotic gene expression
programs is still unaccounted for. Although these programs
are subject to regulation at many steps, most investigation has
focused on regulation of transcription. There are clues,
however, that a signiﬁcant portion of undiscovered regulation might be post-transcriptional, acting to regulate
mRNA processing, localization, translation, and decay [1–5].
For example, systematic phylogenetic comparison among
yeast and mammalian genomes sequences have revealed that
untranslated regions of many mRNAs are under purifying
selection, and thus presumably carrying information important for ﬁtness [6–8].
Biological regulation can be achieved by controlling any of
a large number of steps in the lives of RNA molecules.
Alternative splicing of transcripts can enable a single gene to
encode numerous protein products, greatly expanding its
molecular complexity [9]. Even in organisms with few introns,
such as Saccharomyces cerevisiae, splicing is subject to regulation
[10,11]. Notable examples of regulated RNA localization
include mRNA export from the nucleus to the cytoplasm,
partitioning of mRNAs to the rough endoplasmic reticulum
(ER) membrane for cotranslational export, and the precise
subcellular localization of thousands of speciﬁc mRNAs [12].
In a recent survey of mRNA localization in developing
Drosophila embryos, more than 70% of the roughly 3,000
mRNAs examined showed distinct patterns of subcellular
localization [13]. Widespread regulation of translation rates is
evident in several observations. In yeast, despite extensive
PLoS Biology | www.plosbiology.org
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Author Summary

select sample of 40 out of the more than 500 known and
predicted RBPs in S. cerevisiae.

Regulation of gene transcription has been extensively studied, but
much less is known about how the fates of the resulting mRNA
transcripts are regulated. We were intrigued by the fact that while
most eukaryotic genomes encode hundreds of RNA-binding
proteins (RBPs), the targets and regulatory roles of only a small
fraction of these proteins have been characterized. In this study, we
systematically identified the RNAs associated with a select sample of
40 of the approximately 600 predicted RBPs in the budding yeast,
Saccharomyces cerevisiae. We found that most of these RBPs bound
specific sets of mRNAs whose protein products share physiological
themes or similar locations within the cell. For 16 of the 40 RBPs, we
identified sequence motifs significantly enriched in their RNA targets
that presumably mediate recognition of the target by the RBP. The
intricate, overlapping patterns of mRNAs associated with RBPs
suggest an extensive combinatorial system for post-transcriptional
regulation, involving dozens or even hundreds of RBPs. The
organization and molecular mechanisms involved in this regulatory
system, including how RBP–mRNA interactions are integrated with
signal transduction systems and how they affect the fates of their
RNA targets, provide abundant opportunities for investigation and
discovery.

Results
Systematic Identification of RNAs Associated with a Select
Sample of RNA-Binding Proteins
We ﬁrst developed a list of candidate RBPs based on
annotations in the Saccharomyces Genome Database (SGD)
(http://www.yeastgenome.org), the Yeast Protein Database
[41], and the Munich Information Center for Protein
Sequences database [42] and on literature searches. From
the assembled list of 561 genes (Table S1), we chose a set of 36
with diverse RNA-binding domains and diverse functional
annotations (Table S2 and Text S1). Because many known
RBPs lack recognizable RNA-binding domains, we also
included two metabolic enzymes whose homologs in other
species are known to associate with RNA, and two proteins
that were not, a priori, expected to bind RNA, but which we
suspected might have post-transcriptional regulatory functions (Table S2).
To identify RNAs associated with each putative RBP, Cterminal tandem afﬁnity puriﬁcation (TAP)-tagged proteins,
expressed under control of their native promoters, were
afﬁnity puriﬁed from whole-cell extracts of cultures grown to
mid-log phase in rich medium [14,26,43]. Extracts were
incubated with immunoglobulin G (IgG) agarose beads,
washed, and ribonuclear protein complexes were eluted by
tobacco etch virus (TEV) protease treatment (Text S2). We
performed two to four independent isolations with each
tagged strain. As controls, we performed 13 immunoafﬁnity
puriﬁcations (IPs) of untagged strains to identify and exclude
potential false-positive RNA targets.
We puriﬁed total RNA from the whole-cell extracts and
TEV-puriﬁed fractions, reverse transcribed with an aminoallyl-dUTP/dNTP mix, coupled the puriﬁed cDNA to Cy3 and
Cy5 dyes, respectively, mixed the two differentially labeled
cDNA pools, and then hybridized them to DNA microarrays
(Dataset S1).
We identiﬁed RNAs speciﬁcally associated with each
protein using the signiﬁcance analysis of microarrays (SAM)
algorithm [44]. Although it is not possible to perfectly
distinguish targets from nontargets, and the best criterion
for distinguishing targets from nontargets is unlikely to be
the same for all proteins, for most proteins, we chose a 1%
false discovery rate (FDR) as a criterion for identifying targets
(Datasets S2 and S3). For many RBPs, the number of RNAs
called signiﬁcantly enriched has an inﬂection point near 1%
FDR, suggesting that this threshold is a good balance between
sensitivity and speciﬁcity, but undoubtedly our identiﬁcation
of speciﬁc RBP targets is not comprehensive. For two
proteins in the survey (Ssd1 and Khd1), we used a more
stringent 1% local FDR criterion [45] (details in Materials and
Methods; Datasets S2 and S3). We also included mRNAs
speciﬁcally associated with Puf1–5 from our previous work
[26], (deﬁned using a 1% local FDR), and previously identiﬁed
She2 targets [32].

speciﬁc RNA-binding proteins (RBPs) in regulation of these
post-transcriptional events [1–5]. Pioneering studies focusing
on tens of predominantly nuclear mRNA RBPs (so-called
heterogeneous ribonucleoprotein [hnRNP] proteins), revealed that these proteins recognize speciﬁc features in
mRNAs, bind at overlapping, but distinct, times during RNA
processing, and differentially associate with subsets of
nascent transcripts [22]. Steps in RNA processing in the
nucleus are functionally and physically coupled, providing an
opportunity for coordinated control [23].
Investigations of regulation acting on RNA have usually
focused on a few model RNAs, leaving unanswered the extent
to which mRNAs are coordinated and differentially regulated, and this regulatory landscape is still largely unexplored.
Recent studies have systematically identiﬁed the suite of
mRNAs associated with some individual RBPs. Several RBPs
implicated in RNA processing and nuclear export in S.
cerevisiae were found to associate with distinct sets of
hundreds of functionally related mRNAs [24,25]. Five
members of the Puf family of RBPs in S. cerevisiae were each
found to associate with distinct, overlapping sets of 40–250
mRNAs [26]. The speciﬁc sets of mRNAs associated with each
Puf protein were signiﬁcantly enriched for mRNAs encoding
functionally and cytotopically related proteins. For instance,
most of the approximately 220 mRNAs associated with Puf3
are transcribed from nuclear genes and encode proteins
localized to the mitochondrion (p , 10100). Puf3, Puf4, and
Puf5 each recognize speciﬁc sequences in the 39-untranslated
regions (UTRs) of their targets. These results and others, from
studies of a few selected RBPs, may be just a glimpse of a
much larger and richer post-transcriptional regulatory network, involving dozens to hundreds of RBPs and a cognate
suite of recognition elements in their RNA targets (e.g.,
[22,24–40]).
But does such a multidimensional post-transcriptional
regulatory network exist? To test this hypothesis and to
extend and deepen our understanding of RBP–RNA interactions, we systematically searched for the RNA targets of a
PLoS Biology | www.plosbiology.org
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The 40 proteins in the survey (and also Puf1–5 and She2
from our previous work [26,32]) displayed diverse patterns of
speciﬁcity with regard to the numbers and types of RNA
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targets and their enrichment proﬁles (Figures 1 and S1, and
Text S3). The number of conﬁdently identiﬁed RNA targets
varied widely among the proteins surveyed, ranging from
fewer than ten (Nce102, Nrp1, Idh1, Rib2, Nop13, Bud27,
Rna15, Pbp2, Dhh1, Upf1, and Mex67) to more than a
thousand (Pab1, Pub1, Scp160, Npl3, Nrd1, and Bfr1) (Figure
1A). The two ‘‘negative controls,’’ Nce102 and Bud27, were
each associated with speciﬁc RNAs. Nce102 was associated
with eight distinct RNAs, whereas Bud27 was associated with
two putative mRNA targets; interestingly, one of these
putative targets (RPA190) was reproducibly enriched more
than 300-fold, and both targets were lost when immunopuriﬁcations were performed in the absence of Mg2þ (unpublished data). Because neither Nce102 nor Bud27 was known or
expected to associate with RNA, the RNAs identiﬁed as their
targets may be spurious, but we cannot exclude the possibility
that the RNA interactions we found for these two proteins
are real and signiﬁcant. Regardless, they provide a benchmark
estimate of the number of RNA targets falsely identiﬁed for
other RBPs. Aconitase (Aco1) and glyceraldehyde-3 phosphate dehydrogenase (Tdh3), two metabolic enzymes whose
human orthologs also function as RBPs [46,47], but which
were not previously known to be RBPs in yeast, associated
with 38 and 155 RNAs, respectively, at 1% FDR, indicating
that these enzymes are also RBPs in yeast.
Fourteen of the proteins we surveyed speciﬁcally associated
with RNAs other than mature mRNAs encoded by nuclear
genes (Figure S2). Their speciﬁc targets included introncontaining transcripts (Cbc2, Msl5, Npl3, Hrb1, Pab1, and
Pub1), H/ACA box small nucleolar RNAs (snoRNAs) (Cbf5,
Nrd1, and Pub1), C/D box snoRNAs (Nop56, Sof1, Nab3,
Nrd1, Pub1, and Pab1), and mitochondrial mRNAs (Aco1,
Tdh3, and Nab2). Several of these proteins have previously
been shown to be associated with speciﬁc classes of RNA
(Cbc2, Msl5, Npl3, Cbf5, Nrd1, Nop56, Sof1, and Nab3), and
therefore provide de facto positive controls (Table S2 and
Text S4). Aco1, a TCA cycle enzyme [48], which has recently
been implicated in maintaining mitochondrial genome
integrity [49], selectively binds transcripts encoded by the
mitochondrial genome (p , 1038). Our results also suggest
unexpected associations for several noncoding-RNA–binding
proteins and suggest possible regulatory links between mRNA
and noncoding RNA (ncRNA) processing (Text S4). However,
the remainder of this report will focus mostly on mRNA
targets.

interacting with each of 4,300 distinct mRNAs; 31 proteins
(including Puf1–5 and She2) reproducibly bound at least ten
mRNAs (at a 1% FDR). Most mRNAs were bound by multiple
RBPs (Figure 1C, black bars); 628 mRNAs were bound by ﬁve
or more of this set of 31 RBPs; intriguingly, a disproportionate fraction of the mRNAs with the greatest number of
identiﬁed interactions with this set of RBPs encode proteins
localized to the cell wall (31, p , 104).
About 75% (;9,000) of the mRNA–RBP interactions
identiﬁed in this survey were accounted for by the nine
proteins that targeted more than 500 mRNAs each, (Figure
1C, grey bars). Our conservative approach to target identiﬁcation, emphasizing speciﬁcity over sensitivity, probably
underestimates the number of targets of these broadspeciﬁcity RBPs; some of these proteins, such as Scp160 and
Pab1, probably bind most or all mRNAs (Figure S1 and Text
S3). The speciﬁcity and regulatory contributions of these
‘‘general’’ RBPs are still poorly understood.

Many RNA-Binding Proteins Associate with mRNAs
Encoding Functionally and Cytotopically Related Proteins
Regulatory proteins, including both transcription factors
and RBPs, typically regulate sets of targets that share
identiﬁable functional relationships (e.g., [26–29,32,35,52–
60]). As a ﬁrst step toward identifying relationships among
RNAs bound by speciﬁc RBPs, we searched for gene ontology
(GO) terms [61] that were signiﬁcantly enriched among the
targets of each RBP. Twenty-ﬁve of the RBPs in this survey
were consistently associated with at least ten mRNAs; 13 of
these sets of RNA targets speciﬁc to an RBP were signiﬁcantly
enriched for at least one ‘‘cellular component’’ GO term
(Figure 2A and Table S3), representing a shared subcellular
localization or in some instances a protein complex, and 13 of
these RBP-speciﬁc target sets were signiﬁcantly enriched for
at least one ‘‘biological process’’ GO term (Figure 2B and
Table S3).
Diverse subcellular loci and biological processes were
represented among the annotations enriched in the sets of
RNA targets of these 15 RBPs (as well as the ﬁve Puf proteins
and She2), including nearly all major subcellular compartments. Some subcellular sites and biological processes were
found as shared attributes of the RNA targets associated with
an unexpectedly large fraction of the RBPs in this study,
perhaps highlighting processes or systems in which posttranscriptional regulation plays an especially important role.
For instance, six RBPs (Pub1, Khd1, Nab6, Ssd1, Ypl184c, and
Scp160) were speciﬁcally associated with mRNAs encoding
cell wall proteins; six (Pub1, Puf1, Puf2, Khd1, Ypl184c, and
Scp160) were speciﬁcally associated with mRNAs encoding
plasma membrane proteins; ﬁve (Puf3, Nsr1, Pab1, Npl3, and
Nrd1) were signiﬁcantly associated with mRNAs encoding
subunits of mitochondrial ribosome; and four (Scp160, Bfr1,
Puf4, and Gbp2) were speciﬁcally associated with mRNAs
encoding proteins localized to the nucleolus and involved in
RNA processing and ribosome biogenesis.
For many RBPs, several distinct subcellular components or
biological processes were overrepresented in the functional
annotations of the associated transcripts; these subcellular
loci or processes were often functionally linked. For example,
RNAs associated with Ssd1 were enriched for transcripts
encoding cell wall and bud proteins, whereas Gbp2-associated
RNAs were enriched for transcripts encoding nuclear

Most mRNAs Associate with Multiple RNA-Binding
Proteins
To explore the interrelationships among RBPs and their
RNA targets, we organized RNAs (Figure 1B, columns) and
RBPs (Figure 1B, rows), respectively, by hierarchical clustering based on their patterns of mutual interactions, and
visualized the results as a heat map representing the
conﬁdence of an RNA–RBP interaction with a black (.10%
FDR) to yellow (0% FDR) scale. For the most part, each RBP
had a unique proﬁle of enrichment, with a few notable
exceptions, including Scp160/Bfr1 and Nrd1/Nab3, which are
pairs of proteins that act together in stable stoichiometric
complexes [50,51] and were correspondingly associated with
similar sets of mRNAs.
Altogether, we identiﬁed more than 12,000 mRNA–RBP
interactions (at a 1% FDR), an average of at least 2.8 RBPs
PLoS Biology | www.plosbiology.org
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Figure 1. Diverse Binding Specificity among RNA-Binding Proteins
(A) Estimated number of RNA species (y-axis) associated with each protein in this survey (x-axis) at a 1% FDR threshold. The proportions of bound RNAs
in each of several classes are represented by colors: nuclear-encoded mRNAs (black), nuclear introns (red), mitochondrion-encoded mRNAs (green), C/D
box snoRNAs (cyan), H/ACA box snoRNAs (magenta), and all other RNAs (grey), which includes ribosomal RNAs, LSR1, NME1, SCR1, SRG1, TLC1,
mitochondrial introns, unannotated ‘‘intergenic’’ transcripts (named IGR* and IGX* in Datasets S1–S3), tRNAs, and splice junctions. An asterisk (*)
PLoS Biology | www.plosbiology.org
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denotes proteins whose targets were identified using DNA microarrays that did not contain probes designed to detect most non-nuclear-encoded
mRNAs. Six proteins from our previously published work (Puf1–5 and She2) are also included (marked with a plus sign [þ]).
(B) Hierarchically clustered heat map representation of RBPs and their RNA targets. Rows correspond to specific RBPs and columns correspond to RNAs.
The certainty that the RNA is a bona fide target of the specified RBP is represented by a continuous black (10% FDR or greater) to yellow (0% FDR) scale.
(C) The distribution of the number of RBPs bound per mRNA at 1% FDR threshold is shown as a bar plot. The black bars represent the values for the 31
RBPs associated with at least ten mRNAs, and the grey bars represent the 22 RBPs associated with at least ten mRNAs, but fewer than 500 mRNAs.
doi:10.1371/journal.pbio.0060255.g001

afﬁnity of the RBP molecules bound or differences in the
fraction of its lifespan that an individual mRNA spends at the
speciﬁc stage during which a particular RBP plays a role (Text
S5).
Pab1 provides a simple and useful example of the possible
functional signiﬁcance of the differential enrichment; immunoafﬁnity enrichment of mRNAs associated with Pab1 was
correlated with ribosome occupancy (Pearson correlation ¼
0.35). Pab1 is the major poly(A) binding protein in both the
nucleus and cytoplasm [64]. In the cytoplasm, Pab1 binds to
the poly(A) tails of mRNAs and interacts with eIF4-G to
promote translation initiation [65]. Because longer poly(A)
tails have been reported to increase translation efﬁciency
[66], a possible interpretation of these results is that the
observed enrichment could reﬂect the number of Pab1
proteins bound per mRNA and thus the length of the poly(A)
tail [39].
In contrast, immunoafﬁnity enrichment with Khd1 was
negatively correlated with ribosome occupancy (r ¼ 0.26).
Khd1 is implicated in repressing translation of ASH1 mRNA
during the transport of the mRNA to the bud tip [67]. The
negative correlation with global ribosome occupancy and the
large number of mRNAs associated with Khd1 suggest that

proteins with roles in ribosome biogenesis or chromatin
remodeling. In many instances, the functional themes
signiﬁcantly overrepresented among the RNA targets of an
RBP are congruent with previously published work on that
RBP, such as phenotypes associated with mutation of altered
expression (Table S2). A few examples are described in
subsequent sections.

Specific Features of Post-Transcriptional Regulation May
Be Linked to Broad-Specificity RNA-Binding Proteins
Although some appear to bind to most or all mRNAs
(Figure S2 and Text S3), the nine RBPs that bind large (.500)
sets of mRNAs display several distinct enrichment proﬁles
(Figure 1B), with correspondingly different GO annotations
overrepresented among the most highly enriched mRNAs
(Figure 2). In addition, for each of these nine RBPs,
immunoafﬁnity enrichment of mRNAs with the RBP was
signiﬁcantly correlated with either ribosome occupancy [62],
abundance [19], half-life [19], 39-UTR length [63], 59-UTR
length [63], mRNA length [63], coding sequence length, or in
some cases, with more than one of these features (Figure S3).
Quantitative differences in the enrichment of mRNAs in
association with a given RBP could result from the number or

Figure 2. RNA-Binding Proteins Bind mRNAs Encoding Functionally and Cytotopically Related Proteins
(A) Enrichment of ‘‘cellular component’’ GO terms (rows) in target sets (1% FDR) of RBPs (columns). The significance of enrichment of the GO term is
represented as a heat map (scale is to the left of the figure) in which the color intensity corresponds to the negative log10 p-value, calculated using the
hypergeometric density distribution function and corrected for multiple hypothesis testing using the Bonferroni method. Only a subset of significantly
enriched GO terms are shown. RBPs whose targets are significantly enriched (p  0.01) for at least one ‘‘cellular component’’ or ‘‘biological process’’ GO
term are shown.
(B) Same as in (A), except for ‘‘biological process’’ GO terms.
doi:10.1371/journal.pbio.0060255.g002
PLoS Biology | www.plosbiology.org
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Combinatorial Interactions among RNA-Binding Proteins
and mRNAs
The RBPs we analyzed bound overlapping sets of mRNAs,
and many individual mRNAs were bound by more than one
RBP (Figure 1B and 1C). This network of interactions could
support a robust and multidimensional regulatory program.
To explore the relationships among the groups of RNAs
bound by different RBPs, we determined the extent to which
the overlaps between targets for each RBP pair differed from
what would be expected by chance. The signiﬁcance values
from this analysis were used as a metric of similarity for
hierarchical clustering to identify pairs and sets of RBPs with
similar patterns of shared targets. The results are presented
in Figure 4A as a heat map, in which the similarity between
the target sets of each pair of RBPs is shown on a blue
(signiﬁcantly fewer shared targets than expected, p ¼ 1025) to
white (p . 0.001) to red (signiﬁcantly more shared targets
than expected, p ¼ 1025) scale. At a p-value threshold of 0.001,
69 of 465 RBP pairs shared signiﬁcantly more mRNA targets
than expected by chance, whereas 11 RBP pairs shared
signiﬁcantly fewer mRNA targets than expected by chance.
Several of the most signiﬁcantly overlapping target sets
belong to sets of RBPs that are known to physically interact,
such as Scp160 and Bfr1 [50], Nrd1 and Nab3 [51], Nrd1/Nab3
and Npl3 [71], and Nrd1/Nab3 and Pab1 [72].
To further explore the interrelationships among RBPs and
their mRNA targets, we used a supervised method to identify
smaller subsets of mRNAs that shared interactions with
several RBPs. We did this by selecting mRNAs bound by a
common set of RBPs whose targets, in turn, were enriched for
common GO terms (Figure 2).
The group of mRNAs, deﬁned by interactions with at least
four of a set of six RBPs (Pub1, Khd1, Nab6, Ssd1, Ypl184c,
and Scp160), includes a signiﬁcant excess of mRNAs encoding
proteins localized to the cell wall (Figure 4B); indeed, 23 of
the 78 mRNAs in this cluster encode cell-wall proteins (p ,
1019). This group also contains mRNAs that encode proteins
that are secreted (5), localized to sites of polarized growth (4),
or localized to the ER (14). It is important to recognize that
the unifying theme in this group is not narrowly restricted to
simple functions in cell-wall metabolism—many mRNAs in
this group encode proteins with diverse roles in regulation of
cell-wall metabolism. Fifteen mRNAs encode proteins involved in post-transcriptional regulation, including SSD1,
DHH1, and PUF5, which are genetically implicated in cellwall biogenesis and maintenance [73,74], and NGR1 and
WHI3, which are involved in control of cell growth [75–77].
Fourteen of these mRNAs encode proteins involved in
transcriptional control, including SFL1, which is implicated
in cell-wall assembly [78], and NDD1, YOX1, and NRM1,
which are involved in cell-cycle control [79–81]. Seven
mRNAs encode signal transduction proteins, including
MFA2, CLN2, GIC2, WSC2, and MSB2, which are implicated
in cell-wall growth or cell-cycle regulation [82–88].

Figure 3. Differential Exon/Intron Association Suggests That Certain
RNA-Binding Proteins Bind Their Targets during Specific Stages in Their
Lives
The relative enrichment of exons and introns in association with RBPs
(columns) is represented using a color scale. Results are shown for RBPs
that associated substantially more or less strongly with exons or introns
than with RNAs overall (mean enrichment of exons from introncontaining genes or introns 25% above or below the median IP
enrichment of all RNAs, respectively).
doi:10.1371/journal.pbio.0060255.g003

Khd1 may similarly repress translation initiation of hundreds
to thousands of mRNAs, perhaps during their transport to
speciﬁc cellular loci.

Many RNA-Binding Proteins Appear to Bind Their Targets
during Specific Stages in Their Lives
Many RBPs associate with mRNAs at a particular stage in
their lives [2]. For the approximately 270 intron-containing
genes, the relative enrichment of introns (i.e., unspliced premRNAs and possibly uncleaved excised introns) versus exons
(i.e., mature mRNAs and pre-mRNAs) should reveal whether
the RBP is bound speciﬁcally to intron-containing transcripts, mature mRNAs, or both, and thus indicate when and
where the RBP associates with its target RNAs. Linking these
data to functional information on the RBP could then
provide insights into timing and duration of speciﬁc stages
in the lives of mRNAs.
To test this idea, we compared the enrichment of intron
and exon sequences in association with RBPs. For the
approximately 120 intron/exon probe pairs for which our
data were most consistently reliable, the relative enrichment
proﬁles vary greatly among RBPs (Figure 3 and Text S6). For
example, Cbc2 (a component of the heterodimeric nuclear
cap-binding protein) and Pab1 were preferentially associated
with both intron-containing transcripts and mature mRNAs
derived from intron-containing transcripts (Figure 3). Cbc2
was strongly associated with intron-containing transcripts
(mean enrichment of intronic sequences ¼ 6.8), and also, but
to a considerably lesser extent, with exon sequences from
intron-derived transcripts (mean enrichment of exonic
sequences ¼ 1.5). These results are consistent with Cbc2
binding during transcription, prior to splicing, and being
displaced shortly after the mature mRNA reaches the
cytoplasm [68,69]. The enrichment of intron-related transcripts and the paucity of signiﬁcantly enriched mature
mRNAs suggest that most mRNAs spend only a very small
fraction of their lives in the nucleus. That Pab1, the major
poly(A) binding protein, associated with intron-containing
transcripts (mean enrichment of intronic sequences ¼ 1.5), as
well as sequences from exons (mean enrichment of exonic
sequences ¼ 3.9), is consistent with most splicing occurring
after poly(A) tail addition [70].
PLoS Biology | www.plosbiology.org

How Do the RNA-Binding Proteins Identify Their Targets?
We identiﬁed candidates for the sequence elements that
mediate regulatory interactions with speciﬁc RBPs using two
related computational methods: ‘‘ﬁnding informative regulatory elements’’ (FIRE), which searches for motifs with
informative patterns of enrichment [89], and a newly
developed method, ‘‘relative ﬁltering by nucleotide enrich2302
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Figure 4. Combinatorial Interactions among RNA-Binding Proteins and mRNAs
(A) The significance of the overlap between mRNA targets for each pair of RBPs (1% FDR threshold) is represented as a hierarchically clustered heat map
in which the color intensity represents the negative log10 p-value, which was calculated using the hypergeometric density distribution and corrected for
multiple hypothesis testing using the Bonferroni method.
(B) An example of a cluster of functionally and cytotopically related mRNAs defined by their pattern of binding to multiple RBPs. The heat map
represents RBPs (rows) and mRNAs (columns) color coded to reflect the certainty with which we infer that a specific mRNA is a target of a specific RBP
(10% FDR [black] to 0% FDR [yellow]). These 78 mRNAs were associated (at a 1% FDR threshold) with at least four of a set of six RBPs (Ssd1, Khd1, Pub1,
Ypl184c, Scp160, and Nab6) whose targets are enriched for mRNAs encoding proteins localized to the cell wall.
doi:10.1371/journal.pbio.0060255.g004

ment’’ (REFINE). In brief, REFINE identiﬁes all hexamers that
are signiﬁcantly enriched in putative 59- and 39-UTR regions
of targets over nontargets, ﬁlters out regions of target
sequences that are relatively devoid of such hexamers, and
then applies the ‘‘multiple expectation maximization for
motif elicitation’’ (MEME) motif-ﬁnding algorithm [90]. A full
description of the REFINE methodology and more detailed
analyses of predicted motif sequences will be published
separately (D. P. Riordan, D. Herschlag, and P. O. Brown,
unpublished data). Herein, we combined the results from
these two approaches.
Using stringent statistical criteria based on randomized
simulations (details in Materials and Methods), we identiﬁed a
total of 60 candidate RNA regulatory motifs signiﬁcantly
associated with 21 different RBPs; 35 motifs (for 21 RBPs)
were predicted by REFINE, and 25 motifs (for 13 RBPs) were
predicted by FIRE (Table S4). Since the same motifs were
often predicted by both programs for the same RBP or for
different RBPs with signiﬁcantly overlapping target sets, we
manually grouped motifs with similar consensus sequences
and origins into classes (Table S4). We then included only the
most signiﬁcant motif from each class and for each RBP,
resulting in a set of 14 nonredundant RNA motifs predicted
with high conﬁdence (Figure 5). We also evaluated the
predicted RNA motifs by testing whether motif sites occurring in targets were more likely to be conserved than sites in
nontargets, and whether they exhibited a forward strand bias
by testing for signiﬁcant enrichment of the reverse complementary motif in RBP targets (Table S4).
The motifs we identiﬁed for Puf3, Puf4, Puf5, Pub1, Nab2,
PLoS Biology | www.plosbiology.org

Nrd1, and Nab3 match previously described binding sites for
the corresponding RBPs, validating our approach and
suggesting that many of the RBP–RNA interactions we
measured are likely to be directly mediated by these elements
(Text S7). Interestingly, the inferred recognition element for
Nrd1, Nrd1–1 (UUCUUGUW), contains both an exact match
to the reported Nrd1 binding site consensus ‘‘UCUU’’ and a
partial match to the reported Nab3 recognition site consensus ‘‘GUAR’’ [91,92]. As Nrd1 and Nab3 are known to act
as a complex to control transcriptional termination of
nonpolyadenylated RNAs [93], and a nearly identical motif
was identiﬁed in Nab3 targets (Table S4), it is possible that
these motifs represent a favored orientation of adjacent Nrd1
and Nab3 RNA elements that facilitates speciﬁc binding of
the Nrd1–Nab3 complex.
The most signiﬁcant novel motif we identiﬁed, Puf2–1
(UAAUAAUUW), is enriched in the 39-UTRs and coding
sequences of Puf2 targets and demonstrates signiﬁcant
conservation and a forward strand bias (Figure 5). This motif
is similar to a motif identiﬁed for the paralogous RBP Puf1,
which associates with a subset of the Puf2 target mRNAs
(Table S4). The next most signiﬁcant novel motif, Ssd1–1
(AKUCAUUCCUU), is highly enriched in the 59-UTRs of Ssd1
targets (Figure 5). Although its presence upstream of the
coding sequences of Ssd1 target genes would also be
consistent with a role as a transcription factor binding site,
its tendency to occur within the annotated 59-UTRs of targets
(63% targets versus 19% nontargets, p , 106) [94], its
dramatic enrichment in targets, and its forward strand bias
suggest that this RNA motif is recognized by Ssd1.
2303
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Figure 5. Diverse Sequence Motifs Enriched in mRNAs Bound by Specific RNA-Binding Proteins
A pictogram (http://genes.mit.edu/pictogram.html) represents the regular expression patterns defined for FIRE motifs or the preferred base
composition of the position-specific scoring matrices for REFINE motifs. For each motif, the negative log10 p-value of the significance of genome-wide
enrichment for motif sites in targets is represented (using a color scale) for segments of its mRNA targets (59 ¼ 200 bases upstream of start codon, CDS ¼
protein coding sequence, 39 ¼ 200 bases downstream of stop codon). Arrows indicate motifs with a forward strand bias, i.e., the reverse complements of
the motifs are not significantly enriched (p . 104 based on the hypergeometric distribution) in targets. ‘‘Cons’’ indicates the negative log10 p-value
measuring whether motif sites in targets are more likely to be conserved in orthologous sequence alignments in S. bayanus than are motif sites
occurring in nontargets, based on the hypergeometric distribution. Asterisks (*) denote motifs matching previously described RNA-binding elements
(details in text). Exact data values and full descriptions of all motifs are presented in Table S4.
doi:10.1371/journal.pbio.0060255.g005

and SCW4), three with Scp160 (CTS1, SCW4, and EGT2), and
two with Nab6 (CTS1 and SCW4) and Nrd1 (DSE2 and EGT2).
In addition to these overlapping interactions, most of these
mRNAs associated with a unique set of additional RBPs; for
instance, SUN4 contains two Puf5-binding sites in its 39-UTR
and EGT2 contains eight She2-binding sites in its coding
sequence. CLN2 encodes a G1 cyclin and associated with
many of the same RBPs as SUN4, DSE2, CTS1, SCW4, and
EGT2 (Figure 6F). PUF2 associated with several RBPs,
including its cognate protein, which is common among RBPs
in this study (Text S8); there are 12 Puf2-binding sites in its
coding sequence (Figure 6G). PMA1 associated with a similar
set of RBPs as PUF2, including Pub1 and Puf2, but the
locations and numbers of binding sites for these RBPs are
very different in the two mRNAs (Figure 6H). The putative
binding sites for Puf4 and Puf5 in the 39-UTR of HHT1
partially overlap, suggesting these RBPs may compete for
binding to this mRNA (Figure 6J). These diagrams represent
only a partial picture of the RBP interactions with these
mRNAs; the mRNA targets have only been deﬁned for a small

A selective sample of 11 mRNAs provides an unﬁnished,
but revealing, picture of the organization of the information
that speciﬁes interactions with, and perhaps regulation by,
speciﬁc RBPs examined in this study (Figure 6). For each
mRNA, the location of high-conﬁdence RNA recognition
elements for RBPs that interact with the mRNA are indicated,
while RBPs that interact with the mRNA, but whose binding
site is uncertain, are shown to the right of the mRNA. The
relative lengths of the 59-UTR, coding sequence, and 39-UTR
are drawn to scale, and the translation start and stop codons
are depicted with the corresponding ‘‘trafﬁc signal.’’ Each of
these mRNAs has speciﬁc interactions with overlapping, but
distinct, subsets of RBPs in the study. The putative binding
patterns of speciﬁc RBPs, with respect to the number and
locations of sites, vary considerably among the mRNAs, which
may have important functional consequences. The ﬁrst ﬁve
mRNAs (SUN4, DSE2, CTS1, SCW4, and EGT2) encode cellwall enzymes (Figure 6A–6E). Each of these mRNAs associated
with ﬁve to nine RBPs in this study, including all ﬁve with
Pub1, Khd1, and Ypl184c, four with Ssd1 (SUN4, DSE2, CTS1,
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Figure 6. Diverse Combinatorial Patterns of RNA-Binding Protein Interactions with a Choice Sample of mRNAs
(A–K) Putative binding sites of RBPs in target mRNAs. The relative lengths of the 59-UTR, coding sequence, and 39-UTR are drawn to scale. For mRNAs for
which there are reliable measurements for untranslated sequence lengths (SUN4, DSE2, SCW4, CLN2, PUF2, PMA1, SUR7, and HHT1) [63], we added 50
bases onto the estimated 59-UTR and 39-UTR lengths, because the estimated UTR lengths are likely conservative. For mRNAs that do not have reliable
untranslated region measurements (CTS1, EGT2, and MRP1), we used 250 bases upstream and downstream of the coding sequence as the 59-UTR and
39-UTR, respectively. The positions of the start and stop codons are indicated by stop signals. Putative binding sites for RBPs with strong evidence for
association (1% FDR) are marked (Puf3-REFINE, Puf4-FIRE, Puf5-REFINE, Pub1-FIRE, Puf1/2-REFINE, Ssd1-REFINE, Nsr1-REFINE, Yll032c-REFINE, Pin4REFINE, and Nrd1/Nab3-REFINE) (Figure 5 and Table S4). RBPs that we found to be associated with the mRNA, but for which the recognition elements
are not yet known, are listed to the right of the mRNA. The number of Pab1 molecules shown bound to the poly(A) tail represents the degree of
enrichment of the corresponding mRNA in the Pab1 IPs (log2 immunopurification enrichment 6 ¼ 0, 5 ¼ 1, etc.) and not the number of Pab1
molecules bound per mRNA. The cap-binding proteins, Cbc1/2 and eiF4e, are shown by default at the cap site.
doi:10.1371/journal.pbio.0060255.g006

fraction of all yeast RBPs, and the sequence elements that
specify many of the interactions we have identiﬁed are not
yet known.
For many RBPs, our computational method did not
identify any sequence motifs with statistically signiﬁcant
enrichment, the motifs identiﬁed signiﬁcantly overlapped
those associated with other RBP target sets, or the motif did
not match previously reported binding preferences (Table S4
and Text S7). The large degree of motif coenrichment
observed in our analysis is consistent with combinatorial
regulation by a highly interconnected regulatory network and
represents an important limitation of computational regulatory element identiﬁcation. It is likely that some of the RBPs
for which we failed to predict sequence motifs recognize RNA
structural elements or features primarily present in coding
sequences, which are difﬁcult to detect with current methods
for RNA motif prediction, because they are not suited to
modeling structural features or handling the signiﬁcant
confounding sequence biases in coding sequences.
Vts1 illustrates some of the limitations of current RNA
motif prediction methods. Vts1 is known to bind to a
structural RNA motif called the Smaug recognition element
(SRE), which consists of a short hairpin with the loop
consensus sequence CNGGN(0–1) [95]. SRE sites are indeed
signiﬁcantly enriched in the coding sequences of Vts1 targets
(65% targets versus 36% nontargets, p , 107) in agreement
with previous results [96], suggesting that SRE elements are
directly responsible for these interactions in vivo. However,
neither REFINE nor FIRE succeeded in identifying the SRE.
Instead, both programs identiﬁed a motif, Vts1–1
(UKWCGRGGN), which is indeed enriched in the 39-UTRs
of Vts1 targets but is unrelated to the SRE (Table S4). We
suspect that the Vts1–1 motif may represent a binding site for
an unknown factor that regulates a set of mRNAs that
overlaps extensively with the targets of Vts1.
It is likely that direct high-resolution mapping of in vivo
RBP binding sites and systematic in vitro characterization of
binding preferences of RBPs will overcome some of the
limitations in current methods for RNA motif identiﬁcation
[97,98].

ing, predominantly cytoplasmic protein [99], genetically
implicated in cell-wall biogenesis and function: mutant
phenotypes include increased sensitivity to osmotic stress
and caffeine, altered composition and structure of the cell
wall, defects in germination and sporulation, premature
aging, and pathogenicity [73,74,100–103]. Ssd1 physically and
genetically interacts with numerous signaling proteins, many
of which are genetically implicated in cell-wall function
[71,102,104,105]. Ssd1 binds to the C-terminal domain of RNA
polymerase II in vitro [106].
Of the 52 annotated mRNAs associated with Ssd1, 16
encode proteins localized to the cell wall (p , 1015), and 11
encode proteins localized to the bud (p , 105). The proteins
encoded by the Ssd1-associated transcripts have diverse
functional and structural roles related to cell-wall biosynthesis, or remodeling and its regulation, cell-cycle progression, and protein trafﬁcking. Ssd1 also appears to bind its
own transcript (Text S8).
For both of the Ssd1 mRNA targets encoded by introncontaining genes (PUF5 and ECM33), the intron-containing
primary transcripts are also enriched by Ssd1 IP, suggesting
that Ssd1 binds its RNA targets in the nucleus, perhaps while
they are being transcribed. A putative RNA-recognition motif
is signiﬁcantly enriched in the 59-UTRs of Ssd1 targets (Figure
5). The numbers and positions of this motif in Ssd1-bound
RNAs vary widely among its targets (Figure 6A–6D and 6F).
These data lead us to speculate that Ssd1 binds its targets
cotranscriptionally by recognizing a speciﬁc RNA motif and
prevents their translation initiation until these mRNAs reach
speciﬁc locations in the cell, such as the ER membrane, bud,
or sites of cell-wall biosynthesis. The multiple phosphorylation sites on Ssd1 could regulate the localization, binding, and
release of its RNA targets. Although Ssd1 is a ribonuclease-II
domain–containing protein, it has no discernable nuclease
activity [99]. Given that Ssd1 does not contain any other
known RNA-binding domains, we suggest that the ribonuclease-II domain may have evolved into a sequence-speciﬁc
RNA-binding domain in this protein family.
Ypl184c is a largely uncharacterized, predominantly
cytoplasmic protein that contains three RNA recognition
motifs (RRMs). Of the three proteins that have been found to
physically interact with Ypl184c, two are among the other
RBPs included in this survey: Pab1 and Nab6 [71].
A disproportionate fraction of the 321 annotated mRNAs
we found to associate with Ypl184c encode proteins localized
to the cell wall (38, p , 1023), ER (50, p , 105), plasma
membrane (32, p , 103), or extracellular milieu (8, p , 103).
Transcripts encoding components of several protein complexes were associated with Ypl184c, including three of ﬁve
components of the Cdc28 complex (CLB2, CLN3, and CLN2)

Insights into the Functions of Specific RNA-Binding
Proteins
The functional and cytotopic themes represented among
the speciﬁc targets of each RBP have obvious implications for
their possible regulatory roles, which can be integrated with
previously reported information to derive further insights,
and generate new hypotheses, as illustrated here for Ssd1 and
Ypl184c (see Text S9 for descriptions of Khd1 and Gbp2).
Ssd1 is a large (140 kDa), ribonuclease-II domain–containPLoS Biology | www.plosbiology.org

2306

131

October 2008 | Volume 6 | Issue 10 | e255

Targets of Diverse RNA-Binding Proteins

for which we obtained high-quality measurements, three of
three components of the plasma membrane Hþ ATPase
(PMP1, PMP2, and PMA1) for which we obtained high-quality
measurements, and four of nine components of the oligosaccharyltransferase complex (OST4, SWP1, OST3, and
OST5) [107]. Components of these complexes that were not
deﬁned as targets of Ypl184c (at a stringent 1% FDR) were
nevertheless more likely to be overrepresented in Ypl184c IPs
than expected by chance, suggesting that Ypl184c may
actually associate with the mRNAs encoding most or all
members of these complexes.
Ypl184c associated with many mRNAs that exhibit unusual
modes of translation regulation. Ypl184c bound all ﬁve of the
mRNAs that have experimentally conﬁrmed short upstream
open reading frames (uORFs) (GCN4, CPA1, LEU4, SCH9,
and SCO1) [108–115] in their 59-UTRs and for which we
obtained high-quality measurements; uORFs have been
shown to regulate the translation of the downstream coding
sequence and the stability of the mRNA [116]. Ypl184c
associated with all ﬁve of the S. cerevisiae mRNAs that have
been shown to have internal ribosome entry sites (IRES)
(HAP4, YMR181C, GPR1, NCE102, and GIC1) in their 59UTRs [117,118] for which we obtained high-quality measurements; these IRESs enable cap-independent translation, often
in response to environmental stresses [119]. Ypl184c also
bound the unspliced HAC1 transcript, which associates with
the cytosolic side of the ER membrane and is not efﬁciently
translated until it is spliced by IRE1 as part of the unfolded
protein response pathway [120,121].
Given Ypl184c’s association with Pab1 and its striking
association with sets of mRNAs that are known to be subject
to extensive translational regulation, we speculate that
Ypl184c regulates translation. The sequence motifs that we
found to be signiﬁcantly enriched in the mRNA targets of
Ypl184c closely match the ones we found for Pub1 (Table S4).
Indeed, the RNA target sets of these two proteins overlap
signiﬁcantly (Figures 1B and 4A). Given the absence of
evidence for direct interactions between Ypl184c and Pub1,
perhaps they compete for binding to overlapping groups of
mRNAs. We have named YPL184C, post-transcriptional
regulator of 69 kDa (PTR69).

role. The mRNA targets of most of the RBPs in the survey
encoded sets of proteins that were signiﬁcantly associated
with one or several related subcellular sites or biological
processes (Figure 2 and Table S3). Although the regulatory
roles and molecular mechanisms of most of these interactions
remain to be elucidated, it seems unlikely that they have a
purely decorative function. The selective binding of RBPs to
sets of mRNAs that encode functionally and cytotopically
related proteins provides strong evidence for widespread
regulation at the post-transcriptional level. The functional
relevance of these interactions is further supported by their
relationships to phenotypes associated with mutation or
altered expression of the RBP (Table S2). Many RBPs,
including those examined in our survey, have mutant
phenotypes only in speciﬁc physiological and developmental
programs, and they have diverse gene expression patterns
(http://www.yeastgenome.org). Thus, the regulatory program
mediated by RBPs may be reorganized in response to speciﬁc
physiological and developmental cues.
The striking tendency of individual RBPs to bind to sets of
mRNAs whose protein products are similarly localized in the
cell hints at an important role for RBPs in establishing and
maintaining spatial organization in the cell, perhaps through
facilitating localized protein production and mRNA decay
[13,32,122–131]. The cellular structures that were most often
overrepresented among the mRNA targets of many RBPs
were the cell wall, plasma membrane, and ER. Thus, in
addition to the familiar role of the peptide signal sequence in
mediating ER-localized translation [12], RBPs may have
important roles in RNA partitioning between the cytoplasm
and ER, and perhaps in localization to speciﬁc sites in the
periphery of the cell, such as sites of cell-wall biogenesis, bud
development, and endocytosis [32,132–135]. Two of the RBPs
whose targets disproportionably encode proteins localized to
the cell periphery, She2 and Khd1, have been shown to be
involved in trafﬁcking some of their mRNA targets to the bud
tip during the G2/M phase of the cell cycle [32,67,136]. The
particularly strong overrepresentation of RBPs that associate
with mRNAs encoding cell-wall components may reﬂect the
need for extensive multilayered regulation of the location
and timing of assembly and remodeling of this dynamic
subcellular structure.
Identiﬁcation of the information that speciﬁes mRNA–RBP
interactions is still in its earliest stages. The sequence motifs
overrepresented in RBP targets, identiﬁed with the recently
developed FIRE and novel REFINE methodologies, are
diverse in design and location (Figures 5 and 6). Many of
these RBPs recognized short linear sequences in the 39-UTRs,
59-UTRs, or coding sequences, or two or more of these
regions. For about half of the RBPs, however, we were unable
to ﬁnd a sequence motif enriched among its RNA targets.
Some of these RBPs may recognize structural elements. In
support of this idea, we found the SRE hairpin loop,
previously recognized as important for speciﬁc recognition
of RNA by Vts1 [95], signiﬁcantly enriched in coding
sequences of Vts1 targets. Another protein in this survey,
She2, is believed to recognize a three-dimensional structure
in its targets [137,138]. We found promoter elements that
likely specify transcription factor interactions enriched in the
upstream regions of several RBP target sets, e.g., Gbp2 (Table
S4). It is possible these promoter elements play an indirect
role in specifying RBP interactions, perhaps by cotranscrip-

Discussion
A large body of work has given us a general picture of the
relationship between the several hundred transcription
factors and thousands of genes in yeast (e.g., [26–
29,32,35,52–60]). Among the key features of transcriptional
regulation are that: (1) individual transcription factors
characteristically regulate sets of genes with related biological
roles, (2) transcription factors are recruited to the speciﬁc
genes they regulate by binding to speciﬁc sequences in the
vicinity of those genes, and (3) combinatorial regulation of
individual genes by two or more distinct transcription factors
provides multidimensional control and precision to their
regulation. Our systematic identiﬁcation of RNAs associated
with each of 46 proteins in yeast suggests that a system that
shares these three key features, likely involving dozens to
hundreds of RBPs, may regulate the post-transcriptional fate
of most or all RNAs in the yeast cell.
This glimpse into the landscape of RNA–protein interactions has provided tantalizing clues to its organization and
PLoS Biology | www.plosbiology.org
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lyse the cells, we ﬁrst thawed the cell suspension at 4 8C, added 5 ml of
buffer B (buffer A plus 0.5 mM DTT, 1 mM PMSF, 1 lg/ml leupeptin, 1
lg/ml pepstatin, 20 U/ml DNase I [Stratagene Cat# 600032], 50 U/ml
Superasin [Ambion Cat# AM2696], and 0.2 mg/ml heparin), and then
mechanically lysed the cells by vortexing in the presence of glass
beads. We removed the beads by centrifugation at 1,000g for 5 min,
then clariﬁed the extracts by centrifuging them twice at 7,000g for 5
min each. We adjusted the volume of the extract to 5 ml with buffer
B, removed a 100-ll aliquot for reference RNA isolation, and then
incubated the remaining 4.9 ml with 400 ll of 50% (v/v) suspension of
IgG-agarose beads (Sigma Cat# A2909) in Buffer A with gentle
rotation for 2 h. We washed the beads once with 5 ml of buffer B for
15 min, and three times with 12 ml of buffer C (20 mM Tris-HCl [pH
8.0], 140 mM KCl, 1.8 mM MgCl2, 0.5 mM DTT, 0.01% NP-40, 15 U/ml
Superasin, 1 lg/ml pepstatin, 1 lg/ml leupeptin, 1 mM PMSF) for 15
min with gentle rotation. We pelleted the beads by centrifugation for
5 min at 60g in a table-top centrifuge. We then transferred the beads
to 1.2-ml micro-spin columns (BioRad Cat# 732-6204), centrifuged
them brieﬂy to pellet the beads, removed buffer C, and then added 1
volume of buffer C. We cleaved TAP-tagged proteins by incubation
with 80 U acTEV protease (Invitrogen Cat# 12575023) or an
equivalent amount of puriﬁed TEV [152] for 2 h at 15 8C. We
collected the eluent by centrifugation into 2-ml tubes. We isolated
reference RNA using RNeasy Mini Kit (Qiagen Cat# 74106), while we
isolated RNA from the eluate by extraction with Phenol/Chloroform/
Isoamyl Alcohol, 25:24:1 (Invitrogen Cat# 15593031) twice, and
chloroform once, followed by ethanol precipitation with 15 lg of
Glycoblue (Ambion Cat# AM9515) as carrier.
Oligonucleotide microarray design. Starting with the Operon
AROS 1.1 oligo set, which contains long oligonucleotides for almost
all annotated S. cerevisiae nuclear and mitochondrial coding sequences, we added 3,072 additional probes designed to detect annotated
noncoding RNAs, ribosomal RNA precursors, introns, exon-intron
and exon-exon junctions, other sequences predicted to be expressed,
additional probes for genes with high cross-hybridization potential,
and hundreds of controls for array quality measurements and
normalization. Details of oligonucleotide selection and probe
sequences are available from the Operon Web site (https://www.
operon.com/; S. cerevisiae YBOX V1.0).
Microarray production and prehybridization processing. Detailed
methods for microarray experiments are available at the Brown lab
Web site (http://rd.plos.org/pbio.0060255).
For oligonucleotide microarrays, we resuspended oligonucleotides
in 33 SSC (13 SSC ¼ 150 mM NaCl, 15 mM sodium citrate [pH 7.0]) at
a ﬁnal concentration of 25 lM and printed oligonucleotides on polylysine glass (Erie Scientiﬁc Cat# C41–5870-M20) (http://rd.plos.org/
pbio.0060255a). We printed each oligonucleotide twice per array. For
most arrays, the second print was in reverse orientation to the ﬁrst
print, such that oligonucleotide pairs were printed with different pins
and thus located in different sectors of the array.
Prior to hybridization, the oligonucleotides were crosslinked to the
poly-lysine–coated surface with 65 mJ of UV irradiation. Slides were
then incubated in a 500-ml solution containing 33 SSX and 0.2% SDS
for 5 min at 50 8C. Slides were washed for 2 min in a glass chamber
containing 400 ml of water, dunked in a glass chamber containing 400
ml of 95% ethanol for 15 s, and then dried by centrifugation. Free
poly-lysine groups were then succinylated by incubation with 5.5 g of
succinic anhydride that was dissolved in 350 ml of anhydrous 1methyl,2-pyrolidoinone (Sigma Cat# 328634) and 15 ml of 1 M
sodium borate (pH 8.0) for 20 min [53]. Slides were washed for 2 min
in a glass chamber containing 400 ml of room temperature water,
dunked in a glass chamber containing 400 ml of 95% ethanol for 15 s,
and then dried by centrifugation.
cDNA microarrays containing long double-stranded DNA (dsDNA)
from PCR reactions were prepared as previously described [53].
Microarray sample preparation, hybridization, and washing. A
total of 3 lg of reference RNA from extract and up to 3 lg (or 50%)
of afﬁnity-puriﬁed RNA were reverse transcribed with Superscript II
(Invitrogen Cat# 18064–014) in the presence of 5-(3-aminoallyl)dUTP (Ambion Cat# AM8439) and natural dNTPs (GE Healthcare
Life Sciences Cat# US77212) with a 1:1 mixture of N9 and dT20V
primers (Invitrogen). Subsequently, amino-allyl–containing cDNAs
were covalently linked to Cy3 and Cy5 NHS-monoesters (GE
Healthcare Life Sciences Cat# RPN5661). Dye-labeled DNA was
diluted in a 20–40-ll solution containing 33 SSC, 25 mM HepesNaOH (pH 7.0), 20 lg of poly(A) RNA (Sigma cat # P4303), and 0.3%
SDS. The sample was incubated at 95 8C for 2 min, spun at 14,000 rpm
for 10 min in a microcentrifuge, and then hybridized at 65 8C for 12–
16 h. For most oligonucleotide microarray experiments, we hybridized microarrays inside sealed chambers in a water bath using the M-

tional recruitment of an RBP to mRNA targets via interactions with speciﬁc transcription-associated factors
[22,23,139]. Identiﬁcation of the large amount of stillundiscovered RNA regulatory information is an essential
step in uncovering the speciﬁc regulatory program of each
gene.
We identiﬁed over 12,000 mRNA–RBP interactions with
high conﬁdence. Most mRNAs in the yeast transcriptome
associated with at least one of the RBPs in our survey and
many associated with multiple RBPs. Some of the RBPs in the
survey appear to interact with most or all mRNAs at some
point in their lifecycle (Figure S1 and Text S3). Naively
extrapolating from our results to the estimated 600 RBPs in
Saccharomyces suggests that each mRNA might interact with a
dozen or more different RBPs, on average, during its lifetime.
This extrapolation is highly speculative; the sample of RBPs
that we investigated is biased towards RBPs that we suspected
might have a regulatory function; we do not have a good
estimate of the number of regulatory RBPs that bind discrete
sets of mRNAs in the manner analogous to speciﬁc transcription factors; given that three of the four proteins in this
survey that were not annotated as RBPs nevertheless gave
reproducible interactions with speciﬁc sets of mRNAs
(Bud27, Aco1, and Tdh3), the number of potential noncanonical, unannotated RBPs with regulatory roles may be
large, perhaps even in the hundreds [140–144].
There is no reason to believe the system we have described
is peculiar to yeast. Extensive post-transcriptional regulation
by combinatorial binding of a large and diverse set of speciﬁc
RBPs is likely to be a general feature of regulation in
eukaryotes. Indeed, several lines of evidence suggest an even
greater genomic investment in post-transcriptional regulation in humans (and other metazoans); the number and
diversity of RBPs encoded by the human genome seems to far
exceed that of yeast [145], untranslated regions of mRNAs are
much longer in humans (;1,300 bases on average) than in
yeast (;300 bases on average) and appear to contain much
more regulatory information [6,146,147], and the architecture of animal cells is far more diverse and complex than that
of the yeast cell, with a correspondingly greater potential role
for speciﬁc RNA localization [13,130,148–151].
This work has provided a glimpse of a network of RBP–
mRNA interactions that is likely to play an important, but still
largely undiscovered, role in biological regulation. The genes
and cis-regulatory elements implicated in this process
represent a substantial fraction of the genome’s investment
in regulation, yet the speciﬁc details and molecular mechanisms of this network of RBP–mRNA interactions are still
largely terra incognita—and fertile ground for further
exploration and discovery.

Materials and Methods
RNA imunoafﬁnity puriﬁcations. We carried out immunopuriﬁcations of speciﬁc proteins, together with the associated RNAs, using
speciﬁc strains expressing a TAP-tagged derivative of each selected
protein (Open Biosystems Cat# YSC1177-OB), essentially as described
in Gerber et al. [26]. After growing 1L cultures to an optical density at
600 nm (OD600 ) of 0.6–0.9 in YPAD, we harvested cells by
centrifugation, chilled the cell pellets on ice, washed them twice
with 25 ml of ice cold buffer A (20 mM Tris–HCl [pH 8.0], 140 mM
KCl, 1.8 mM MgCl2, 0.1% Nonidet P-40, 0.02 mg/ml heparin), then
froze them in LN2 and stored them at 80 8C. In a few instances, we
proceeded to lyse the pelleted cells immediately without freezing. To
PLoS Biology | www.plosbiology.org
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classes. One sequence from each redundant class was retained to
create nonredundant databases for each region.
Motif prediction. The REFINE procedure was run using hexamers
with signiﬁcant (p , 103) enrichment in RBP targets, as measured by
the hypergeometric distribution (using options –ss –f 3 –g 6 –ct 3 –max
15 –dust). MEME analysis (version 3.5.1) was performed on the REFINE
output sequences with options –dna –minw 6 –maxw 15 –text –maxsize
200000 –evt 10 –nmotifs 3. Motif site sequences were extracted from
MEME output and used to generate position-speciﬁc log-odds scoring
matrices based on the observed frequencies and 0.25 pseudocounts
per base, and null frequencies based on mononucleotide composition
of all sequences in the corresponding (59-UTR or 39- UTR) nonredundant database. Cutoff scores for motif classiﬁcation were chosen
to maximize the signiﬁcance of association of motif sites with RBP
target membership as measured by hypergeometric p-values for
enrichment. All subsequences with scores above the cutoff threshold
were classiﬁed as motif sites, and the ﬁnal signiﬁcance was measured as
the negative log of the p-value of motif enrichment in RBP targets.
FIRE analysis was run on the nonredundant 59- and 39-UTR databases
using binary data indicating RBP target membership with options –
exptype¼discrete –seqlen_rna¼200 –nodups¼1 –dodna¼0.
Simulations to evaluate signiﬁcance of predicted motifs. For both
REFINE and FIRE, statistical signiﬁcance of the predicted motifs was
assessed by randomly generating target sets of similar size and
repeating each procedure 100 times on the simulated target data. We
deﬁned a test statistic as the negative log of the p-value for motif
enrichment for REFINE; the reported motif z-score was used for FIRE
motifs, and we compared the observed values of these test statistics to
the distributions generated by the random simulations (Table S4).
Motifs were declared as signiﬁcant if the observed test statistic was
greater than three standard deviations above the mean, or if there
was signiﬁcant enrichment (p , 104) of the motif in targets
occurring in regions from which that motif was not derived.

series lifterslip to contain the probe on the microarray (Erie
Scientiﬁc Cat # 22x60I-M-5522). For some oligonucleotide microarray
experiments, we hybridized microarrays using the MAUI hybridization system (BioMicro), which promotes active mixing during
hybridization. We hybridized cDNA microarrays inside sealed
chambers in a water bath using a coverslip to contain the probe on
the microarray.
Following hybridization, microarrays were washed in a series of
four solutions containing 400 ml of 23 SSC with 0.05% SDS, 23 SSC,
13 SSC, and 0.23 SSC, respectively. The ﬁrst wash was performed for
5 min at 65 8C. The subsequent washes were performed at room
temperature for 2 min each. Following the last wash, the microarrays
were dried by centrifugation in a low-ozone environment (,5 ppb) to
prevent destruction of Cy dyes [153,154]. Once dry, the microarrays
were kept in a low-ozone environment during storage and scanning
(see http://rd.plos.org/pbio.0060255).
Microarray scanning and data processing. Microarrays were
scanned using either AxonScanner 4200, 4000B, or 4000A (Molecular
Devices). PMT levels were adjusted to achieve 0.1%–0.5% pixel
saturation. Each element was located and analyzed using GenePix Pro
5.0 (Molecular Devices). These data were submitted to the Stanford
Microarray Database [155] for further analysis. Data were ﬁltered, as
described in Text S10, to remove low-conﬁdence measurements.
Oligonucleotide pairs that both passed ﬁltering criteria were
averaged, and the data were globally normalized per array such that
the mean log2 (Cy5/Cy3 ﬂuorescence) ratio was zero after normalization. We analyzed a total of 123 IPs by microarray hybridization
(Dataset S1). During the course of this work, we continued to improve
and optimize our protocols. These changes and the manufacturing
differences in reagents (especially in the beads used in the IPs) led to
systematic differences in the background distribution of RNAs
between corresponding experiments. We minimized systematic
differences among sets of experiments by deriving estimates of the
background separately for each set of experiments. Each group was
normalized by subtracting the median log2 ratio for each molecular
features across the experiments in a group from the log2 ratio of the
molecular feature in each experiment. The details of the group
normalization are described in Text S10, and the groups are labeled
in Table S5.
Microarray analyses. Hierarchical clustering was performed with
Cluster 3.0 [156], and the results were visualized as heat maps with
Java TreeView 1.0.12 [157]. Clustering of FDR values (Figures 1B and
4B) was performed using the centered Pearson correlation as a
similarity metric. FDR values that were greater than or equal to 10
and missing values were set to 10 prior to clustering. Clustering of the
signiﬁcance values measuring the degree of overlap between RBP
target sets (Figure 4A) was performed using the uncentered Pearson
correlation as a similarity metric.
For SAM, unpaired two-class t-tests were performed with default
settings. FDRs were generated from up to 1,000 permutations of
group normalized data. Details of SAM analysis are described in Text
S11.
Enrichment of speciﬁc gene lists in RBP target sets. The p-values of
enrichment of speciﬁc classes of RNAs and GO terms in target sets
were determined using the hypergeometric density distribution
function and corrected for multiple hypothesis testing using the
Bonferroni method. Enrichment of GO terms was performed with
GO::TermFinder [158]. For noncoding RNAs, all RNAs for which we
obtained reliable measurements on the microarray were used as
background. For GO analysis, only probes that are meant to capture
mature mRNAs were included in analyses. For oligonucleotide
microarray experiments, this corresponds to probes that match the
following regular expression: Y[A-P][RL][0–9]f3g[WC][-ABC]*_ORF
(Datasets S1–S3). For cDNA microarray experiments, this corresponds to probes that match the following regular expression: Y[AP][RL][0–9]f3g[WC][-ABC]* (Datasets S1–S3). mRNAs for which we
obtained high-quality measurements were used as background.
Sequences used for motif analysis. Yeast sequence ﬁles orf_genomic_1000.fasta and orf_coding.fasta were downloaded from SGD
(ftp://ftp.yeastgenome.org). The 200 nucleotides upstream and downstream of coding sequences containing proper start and stop codons
were extracted to create 59-UTR and 39-UTR databases, and the
coding sequences were used for the coding sequence database. All-byall WU-BLAST [159] (http://blast.wustl.edu/) comparisons were performed for each database against itself to identify highly similar
sequences (using options -e 1e-10 -b 5000 -S 1 -F F). WU-BLAST
output ﬁles were parsed to identify alignments of greater than or
equal to 80% identity extending over half the length of the query
sequence, and all such sequence pairs were grouped into redundant
PLoS Biology | www.plosbiology.org
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Each RNA–RBP Pair
Found at doi:10.1371/journal.pbio.0060255.sd002 (2.5 MB ZIP).
Dataset S3. Signiﬁcance Analysis of Microarray Results for Each
Protein
Found at doi:10.1371/journal.pbio.0060255.sd003 (11.8 MB ZIP).
Figure S1. Immunopuriﬁcation Enrichment Proﬁles of Several RNABinding Proteins
(A) Distribution of average Cy5/Cy3 ﬂuorescence ratios from ﬁve
independent microarray hybridizations analyzing Ssd1 targets. The
enrichment distribution for mRNAs is shown in black, and the
enrichment distribution for other annotated RNAs (i.e., nuclear
introns, mitochondrion-encoded mRNAs, mitochondrial introns,
snoRNAs, ribosomal RNAs, LSR1, NME1, SCR1, SRG1, and TLC1) is
shown in red. The points correspond to an estimated distribution
that was created by binning the average ﬂuorescence ratios into 0.1
log2 unit bins from 7 to 7 log2 units. The lines correspond to a
smoothed ﬁt of the data [160]. We scaled the smoothed ﬁt of the
distribution to the binned data by making the maximum value of the
smoothed ﬁt data equal to the value in the bin with the largest
number of RNAs.
(B) Same as in (A), except for Scp160. The results are the average of
three independent microarray hybridizations.
(C) Same as in (A), except for Pab1. The results are the average of
three independent microarray hybridizations.
(D) Same as in (A), except for Pub1. The results are the average of
three independent microarray hybridizations.
Found at doi:10.1371/journal.pbio.0060255.sg001 (374 KB PDF).
Figure S2. Overrepresentation of Speciﬁc Classes of RNAs in
Association with Speciﬁc RNA-Binding Proteins
Enrichment of several classes of RNAs (rows) in target sets (1% FDR)
of RBPs (columns). The signiﬁcance of enrichment of the class of
RNAs is represented as a heat map in which the color intensity
corresponds to the negative log10 p-value, which was calculated using
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Text S6. Many RNA-Binding Proteins Appear to Bind Their Targets
during Speciﬁc Stages in Their Lives
Found at doi:10.1371/journal.pbio.0060255.sd009 (57 KB DOC).

the hypergeometric density distribution function and corrected for
multiple hypothesis testing using the Bonferroni method. RBPs whose
targets are signiﬁcantly enriched (p  0.05) for a speciﬁc class of
RNAs are shown.
Found at doi:10.1371/journal.pbio.0060255.sg002 (219 KB PDF).

Text S7. Putative RNA-Recognition Motifs
Found at doi:10.1371/journal.pbio.0060255.sd010 (48 KB DOC).

Figure S3. Speciﬁc Features of Post-Transcriptional Regulation May
Be Linked to Broad-Speciﬁcity RNA-Binding Proteins
Pearson correlations between IP enrichment with the RBP (columns)
and selected characteristics of mRNAs (rows) are represented as a
heat map. mRNAs that passed quality ﬁltering for all nine RBPs were
included in this analysis.
Found at doi:10.1371/journal.pbio.0060255.sg003 (231 KB PDF).

Text S8. Many RNA-Binding Proteins Associated with Their Own
Transcripts
Found at doi:10.1371/journal.pbio.0060255.sd011 (32 KB DOC).
Text S9. Insights into the Functions of Speciﬁc RNA-Binding
Proteins
Found at doi:10.1371/journal.pbio.0060255.sd012 (49 KB DOC).

Table S1. Annotated and Putative RNA-Binding Proteins in
Saccharomyces cerevisiae
Found at doi:10.1371/journal.pbio.0060255.st001 (160 KB XLS).

Text S10. Immunopuriﬁcation Group Normalization
Found at doi:10.1371/journal.pbio.0060255.sd013 (28 KB DOC).

Table S2. Summary of RNA-Binding Proteins in the Survey
Found at doi:10.1371/journal.pbio.0060255.st002 (49 KB XLS).

Text S11. Signiﬁcance Analysis of Microarrays
Found at doi:10.1371/journal.pbio.0060255.sd014 (33 KB DOC).

Table S3. Gene Ontology Terms Enriched in RNA-Binding Protein
Target Sets
Found at doi:10.1371/journal.pbio.0060255.st003 (91 KB XLS).

Accession Numbers
Our microarray experiment data are publicly available from the
Stanford Microarray Database and Gene Expression Omnibus.

Table S4. RNA Motifs Identiﬁed in RNA-Binding Protein Target
Sequences
Found at doi:10.1371/journal.pbio.0060255.st004 (46 KB XLS).
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Abstract
Trf4p and Trf5p are non-canonical poly(A) polymerases and are part of the heteromeric protein complexes TRAMP4 and
TRAMP5 that promote the degradation of aberrant and short-lived RNA substrates by interacting with the nuclear exosome.
To assess the level of functional redundancy between the paralogous Trf4 and Trf5 proteins and to investigate the role of
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target RNAs, this analysis along with in vivo cross-linking and RNA immunopurification-chip experiments revealed that both
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independent of the polyadenylation activity of Trf4p. In addition, we show that disruption of trf4 causes severe shortening
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or Air2, and the RNA helicase Mtr4p [5–7]. In contrast to the
canonical poly(A) polymerase Pap1p, which adds long poly(A) tails
to the 39-end of mRNAs that facilitates nuclear RNA export and
increases the stability and translation of messages [11,12], the Trf
proteins add short poly(A) tails to their substrate RNAs, which is
assumed to trigger efficient decay of the RNAs by recruitment of
the nuclear exosome complex [5–7].
Initially, Trf4 protein was identified as a key player in the
surveillance and degradation of hypomodified initiator tRNA
(tRNAiMet) [4]. Further studies revealed more widespread roles of
TRAMP complexes to assist the exosome-mediated degradation
and trimming of several types of non-coding RNAs (ncRNAs)
including precursors of rRNAs, tRNAs, snoRNAs, snRNAs, and of
aberrant pre-mRNAs that are defective in 39 end cleavage, splicing,
or export to the cytoplasm [1,6–9,13–17]. Many of these RNA
substrates are part of ribonucleoprotein (RNP) complexes and preribosomes suggesting that most if not all newly synthesized nuclear
RNPs are subject to quality control by TRAMP and the exosome.
Another major class of potential RNA targets for TRAMP

Introduction
Gene expression in eukaryotes depends on highly complex
mechanisms for production of mature RNA molecules. Precursors
of mRNAs, ribosomal RNAs (rRNAs), transfer RNAs (tRNAs),
small nucleolar RNAs (snoRNAs), and small nuclear RNA
(snRNAs) undergo stepwise processing and maturation, which
includes 59-capping, splicing, 39-polyadenylation, endo- and
exonucleolytic trimming, and base modifications. All these
processes are error-prone and thus, RNA maturation has to be
monitored by nuclear and cytoplasmic RNA quality control
pathways to remove potentially harmful aberrant RNAs [1,2].
In the budding yeast Saccharomyces cerevisiae, nuclear RNA
surveillance is mediated by the combined action of the Trf4/5Air1/2-Mtr4 (TRAMP) complex and the exosome that promote
rapid degradation of nonfunctional RNAs [3–10]. The TRAMP
complex consists of either one of the two paralogous non-canonical
poly(A) polymerases Trf4p and Trf5p forming TRAMP4 and
TRAMP5 complexes, respectively, the RNA binding proteins Air1
PLoS Genetics | www.plosgenetics.org
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(TRAMP5), a comprehensive view of the substrate specificities and
potential functional implications of the different TRAMP
complexes is still lacking. We therefore wished to obtain a global
picture of the RNA substrates that are regulated by the TRAMP4
and TRAMP5 complexes. To this end, we have used DNA
microarrays to systematically map the RNA targets of Trf4p and
Trf5. Surprisingly, we found that the different TRAMP complexes
per se regulate only marginally overlapping sets of RNAs in the cell.
Furthermore, the polyadenylation-defective form of Trf4p (Trf4pDADA) suppressed most of the altered expression pattern as seen
in the trf4D mutant cells suggesting that the TRAMP polyadenylation activity is not essential for RNA regulation. We further
demonstrate that Trf4p and to a lower extent Trf5p promotes the
degradation of a group of introns through an exosome-dependent
but polyadenylation-independent mechanism. Moreover, Trf4p
but not Trf5p stimulates RNA degradation mechanisms that are
functionally linked to telomere maintenance and to antisense
RNA-mediated regulatory pathways of gene expression. These
results suggest widespread and distinct roles of different TRAMP
complexes in the regulation of gene expression.

Author Summary
The discovery that most regions of the genome are
actively transcribed into non-coding RNAs has dramatically
increased interest in their function and regulation. Recent
data from us and others have shed light on the molecular
machinery that promotes the decay of such transcripts. In
the yeast S. cerevisiae, Trf4p and Trf5p are alternative
subunits of the so-called TRAMP complex, which degrades
aberrant and short-lived RNAs. They add short poly(A) tails
to their substrate RNAs that function as landing pads for
exonucleases mediating RNA decay. Although alternate
compositions of TRAMP complexes exist, the RNA substrate specificities and the processes controlled by them
have not been determined. Applying a genome-wide
approach, we describe overlapping yet distinct functional
implications of different TRAMP complexes, and we
demonstrate strong connections between RNA quality
control and other RNA–related processes such as telomer
length maintenance. Moreover, our study shows that the
degradation of specific target RNAs is not strictly
dependent on the polyadenylation activity of Trf proteins
in vivo. These results suggest novel and integrative
functions of TRAMP complexes for RNA regulation.

Results
Trf4p and Trf5p Modulate the Expression of Different
Sets of Genes

complexes are the so-called ‘cryptic unstable transcripts’ (CUTs)
[7]. CUTs are small, capped and fairly unstable transcripts that are
expressed at such low levels that they can only be readily detected in
nuclear RNA degradation mutants such as rrp6D. Originally
detected in some intergenic regions (IGRs) [7], the recent systematic
exploration of CUTs by RNA sequencing and tiling arrays suggests
the existence of hundreds of CUTs that preferentially originate from
nucleosome-free 59 promotor regions, or from the 39-ends of
protein-coding genes [18,19]. However, whether these CUTs have
a biological role, or merely reflect transcriptional noise made from
nucleosome-depleted regions is not known [18,19].
Most studies investigating the functions of TRAMP complexes
focused on TRAMP4 and much less is known about TRAMP5
[20,21]. Trf4p and Trf5p share 56% amino-acid sequence
similarity and loss of both poly(A) polymerases is lethal [22].
The conditional depletion of Trf5p in trf4D mutant cells increases
the steady-state levels of specific RNAs, such as the 39-extended
forms of U14 snoRNA, the 23S pre-rRNA and the CUT NEL025c
that accumulate in either single mutant indicating that Trf4p and
Trf5p have at least partially overlapping substrate specificities in
vivo [7,15,20,23].
Besides RNA quality control and processing, Trf proteins may
also participate in DNA-related processes. Originally, TRF4 was
identified in a screen for mutations that are synthetically lethal
with top1, which encodes the DNA topoisomerase I [24]. A top1
trf4-ts double mutant was defective in several mitotic events, such
as sister chromatid cohesion, chromosome condensation at the
rDNA loci, and chromosome segregation [22,24–26]. These
defects were suppressed by overexpression of TRF5 suggesting
that both Trf4p and Trf5p have roles in DNA metabolism and
heterochromatin formation [22]. Moreover, Trf4p as well as the
orthologous protein Cid14 in S. pombe stimulate the RNAmediated silencing of heterochromatic transcripts and control
rDNA copy numbers [24,27–32]. Hence, it was postulated that
RNA-mediated recruitment of Trf4p and Trf5p may promote
chromatin remodeling through regulation of histone modifying
enzymes at specific chromatin loci [23].
Although the above mentioned studies revealed some substrates
and functions for complexes containing Trf4 (TRAMP4) and Trf5
PLoS Genetics | www.plosgenetics.org

TRAMP complexes promote the exosome-assisted degradation
of diverse ncRNAs and aberrant or nonfunctional RNAs [4–7,14–
16]. To identify additional specific RNA targets for the TRAMP4
and TRAMP5 complexes, we measured the relative changes of
gene expression of S. cerevisiae cells lacking either trf4 (trf4D) or trf5
(trf5D) compared to wild-type (WT) cells using yeast oligo
microarrays that contained features representing all annotated
yeast ORFs, ncRNAs, introns, rRNA precursors, as well as some
intergenic regions (IGRs) and tiled regions downstream of a few
genes (see Materials and Methods). To this purpose, total RNA
isolated from exponentially growing cells was reverse transcribed
with a mixture of random nonamers and oligo(dT) primers. Cy5
fluorescently labeled cDNAs derived from total RNA isolated from
either the trf4D or the trf5D mutants were then competitively
hybridized with Cy3 labeled cDNAs from WT cells. To define a
list of arrayed features determining transcripts that significantly
changed expression in the trf4D, the trf5D and the trf4D/TRF4DADA mutants (which are explained below), we arbitrarily selected
those features that changed relative expression at least 2-fold
(average of three biological replicates) with false discovery rates
(FDRs) of less than 5% [33] (Figure 1A; a list of the selected
features is provided in Table S1). Similar results were obtained by
statistical analysis with Cyber-T [34] followed by selection of those
features with a p-value of less than 0.05 [34] (for a comparison of
FDRs and p-values see Table S2). To further visualize the relation
among the 715 features selected by this analysis, we hierarchically
clustered the features and experiments (Figure 1A). To identify
common themes among the differentially expressed mRNAs in the
trf4D and trf5D mutants, we searched for common Gene Ontology
(GO) annotations among the 550 transcripts for which GO
annotations were available at the Saccharomyces Genome Database
(SGD; Table S3).
Not surprisingly, most of the 715 selected features showed
increased steady-state levels in trf mutants (691 features, 97%),
which is in agreement with the idea that Trf4p and Trf5p promote
RNA degradation and their depletion hence leads to the
accumulation of RNAs that are normally targeted by these
proteins (Figure 1A). More interestingly, although deletions of trf4
and trf5 are synthetically lethal, which may suggest common
2
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CUTs that have been recently mapped by massive sequencing of
RNAs bound to the nuclear cap-binding protein Cbp20p isolated
from conditional trf4D rrp6D double mutants [18], or that were
accumulated in rrp6D mutants and identified with tiling arrays
[19]. (A comparison of selected IGRs and CUTs is provided in a
separate worksheet of Table S1.)
Ty1 retrotransposons represented the second most abundant
class of transcripts with altered expression in the trf4D strain
(Figure S1), as 68 out of the 98 probes specific for TyA and TyB
exhibited an average 4-fold increase in relative expression levels
compared to the WT strain (Figure S3A). This result was further
confirmed by quantitative real-time PCR (qRT-PCR) analysis
with primers specific for a sequence overlapping the TyA and TyB
boundary (Figure S3B). In contrast to trf4D cells, the expression of
the Ty1 elements was slightly decreased in the trf5D mutant
(,21.5-fold) and unchanged in cells lacking the exosome subunit
Rrp6p (rrp6D) (Figure S3B). Ty1 transcription and transposition is
regulated by the trans acting antisense regulatory RTL-RNA that is
transcribed divergently to TyA from an internal promoter and is
degraded by the 59 to 39 exoribonuclease Xrn1p [27]. In
agreement with a previous report [27], we found that the steady
state levels of RTL-RNA were unaffected in rrp6 mutants.
Conversely, RTL-RNA levels were slightly increased (.1.5-fold)
in the trf4D mutant and decreased (,1.5-fold) in the trf5D mutant
(Figure S3B). Since both the Ty1 elements and the negative
regulator RTL-RNA were simultaneously increased in the trf4D
mutant and decreased in the trf5D mutant, but remained
unchanged in the exosome mutant rrp6D, we speculate that the
TRAMP/exosome pathway is not involved in either the
degradation of the TyA and TyB mRNAs or of the antisense
regulatory RTL-RNA. However, the opposite effect of trf4 or trf5
deletions on the levels of the TY1- and RTL-RNAs suggests that
TRAMP4 and TRAMP5 likely act through a yet uncharacterized
mechanism to regulate the expression of the TY1 locus.
Deletion of TRF5 caused the accumulation of only 11 ncRNAs
(4%) out of the 269 features (representing 220 GO annotated
genes) for which we measured significantly altered expression
levels (Figure S1B). This includes one snoRNA (SNR68), and four
IGRs likely representing two CUTs (CUT857, CUT195) and the
stable untranslated transcript SUT180 [19] (Table S1). However,
the majority (94%) of the trf5-affected transcripts can be assigned
to protein-coding mRNAs. A GO analysis among these messages
revealed overrepresentation of mRNAs coding for cytoplasmic
proteins involved in translation (e.g. 19 ribosomal protein genes,
p,0.01) or act in diverse metabolic processes such as glycolysis (7
genes, p,0.01), sulphate assimilation (5 genes, p,0.003), and
nitrogen metabolism (21 genes, p,0.003; GO analysis of
annotated transcripts is shown in Table S3). Except for 7 messages
coding for proteins acting in glycolysis (p,0.01), these themes
could not be seen among the mRNAs that were affected in the
trf4D mutant which preferentially encode nuclear proteins (116
genes, p,10217). In conclusion, it appears that deletion of trf4 or
trf5 affected the steady-state level of a large variety of mRNAs that
function in diverse cellular pathways and may reflect in part the
pleiotropic defects of trf4D and trf5D mutants [22,24–26]. Our
results also indicate that degradation of ncRNAs is mainly
promoted by Trf4p.

Figure 1. Features with altered levels in trf4D, trf5D, and
polyadenylation-defective trf4D/TRF4-DADA mutants. (A) Hierarchical cluster of 715 features that changed at least 2-fold (FDRs,5%) in
trf4D, trf5D, or trf4D/TRF4-DADA mutant cells (Table S1). Columns (1, 2,
3) correspond to individual experiments, rows to genes. The RNA levels
in the trf4D or trf5D mutant strain relative to the WT (BY4741) strain,
and in the trf4D/TRF4-DADA (DADA) mutant strain relative to BY4741/
pNOPPATA1L strain, are colored in the yellow-blue ratio scale as
indicated at the bottom. Yellow shades indicate higher transcript
abundance in mutants compared to WT, and blue shades represent
lower transcript abundance. Grey represents missing values. Solid lines
(I and II) mark the 422 and the 269 features that were selectively
increased in the trf4D (I) or the trf5D (II) mutants, respectively. (B) Venn
diagrams representing overlap of transcripts that were at least 2-fold
increased in mutants compared to WT. P-values relate to the
significance of the overlap (Fisher’s Exact test, right tail).
doi:10.1371/journal.pgen.1000555.g001

functions and targets, we found that the vast majority of the
affected transcripts overlapped only marginally though significantly (Figure 1B). Only 33 transcripts changed expression in both the
trf4D and the trf5D mutants; among these, 27 transcripts were
selectively increased (Figure 1B) and represented rRNA processing
intermediates, mRNAs encoding chaperones (SSB1, HSP150, and
TIR2) or enzymes involved in glucose metabolism (TDH2, TDH3,
ADH2, and PDC1). These results suggest that trf4 and trf5
specifically affect very different groups of transcripts in vivo.
However, we wish to point out that the comparison of gene
expression profiles of single trf4 and trf5 deletion mutants may not
reveal the full spectra of the in vivo targets; particularly in cases
where either functional Trf4 or Trf5 proteins can fully substitute
the absence of the other paralog.
Consistent with previous reports [6,7,14–16], 72 of the 422
features (17%) that accumulated at least 2-fold in the trf4D mutant
were ncRNAs, such as snoRNAs (27 features) and RNAs derived
from intergenic regions (IGRs; 20 features), or autonomously
replicating sequences (ARSs; 4 features; Figure S1A, Figure S2,
and Table S1). Interestingly, 13 of the 20 IGRs overlap with
PLoS Genetics | www.plosgenetics.org

TRF4-Mediated Polyadenylation Is Dispensable for Most
Targets in Saccharomyces cerevisiae
We next aimed at identifying the set of transcripts that require
the polyadenylation activity of Trf4 for efficient degradation. For
this purpose we constructed a trf4D/TRF4-DADA mutant strain,
where the polyadenylation defective allele TRF4-DADA [5] is
3
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has been observed in the trf4D mutant, introns accumulated in cells
lacking rrp6 but no significant change in the expression of the premRNAs and mature mRNAs of RPS9A, RPL7B, and GCR1 was
detected (Figure S4 and data not shown). Conversely, overexpression of the TRF4-DADA allele in trf4D cells restored WT levels for
nine of the 13 Trf4-dependent introns, or reduced their abundance
to values slightly above (1.5 fold) the WT levels (Figure 2A, Figure
S4, Table S1, and results not shown). This indicates that the
polyadenylation-defective Trf4-DADA protein also participates in
the regulation of ‘‘normal’’ steady-state levels of introns in vivo.
Unlike to what we observed in the trf4D mutant, however, the
increased levels of the Trf5-dependent introns (Figure 2A;
RPL16A-INT and RPL40A-INT in Figure S4) coincided with
similar amounts of the related pre-mRNAs and mature mRNA
transcripts (Figure 2C, Table S1, and data not shown), strongly
suggesting that accumulation of introns in the trf5D mutant reflects
increased relative abundance of unspliced pre-mRNAs.
To test whether Trf5p could efficiently target spliced-out introns
in the absence of Trf4p, we analyzed intron accumulation by
qRT-PCR experiments upon conditional TRF4 or TRF5 depletion. In this experiment, total RNA was isolated from a trf4D trf5D
double mutant strain complemented with a plasmid either
expressing TRF4 or TRF5 under the control of the GAL1 promoter
(for details see Materials and Methods). As shown in Figure 2D, an
one hour shift of cells to media supplemented with glucose to
repress expression of TRF4 or TRF5, led to an enrichment of all
the introns tested. Conversely, no change in the abundance of
introns was observed in control experiments performed with total
RNA purified from WT cells that were transformed with the
empty vector (BY4741/pYC6-CT; results not shown).
Taken together, these results suggest that Trf4p likely promotes
the exosome-mediated degradation of a group of spliced-out
introns through a mechanism that is not dependent on
polyadenylation. In addition, as depletion of TRF5 in trf4D cells
caused intron accumulation in vivo, we infer that Trf4p and Trf5p
are functionally redundant for intron decay (Figure 2D).

episomally expressed in trf4D cells under the control of the NOP1
promoter (see Materials and Methods). Trf4p-DADA contains two
aspartate to alanine mutations in the poly(A) polymerase catalytic
site which renders the enzyme inactive [5]. Similar to the
microarray experiments with the trf4D and the trf5D mutants, we
compared transcript levels of the trf4D/TRF4-DADA mutant to
that of the WT strain harboring the empty vector (BY4741/
pNOPPATA1L).
Surprisingly, the expression levels of more than 90% of
transcripts that were significantly altered in trf4D mutant cells
were almost fully restored to WT levels by the overexpression of
the TRF4-DADA allele (Figure 1, Figure S1C). Only 57 transcripts
were more than 2-fold enriched (FDR,5%) in cells expressing the
TRF4-DADA allele as compared to WT (Figure 1B), 18 of them
(32%) are ncRNAs (Figure S1C). Although the relative abundance
of most SGD annotated rRNA intermediates, snoRNAs, and
IGRs was reduced in trf4D/TRF4-DADA compared to the trf4D
mutant cells (Table S1), 31 ncRNAs (7 rRNA intermediates, 15
SNRs, and 9 IGRs) still exhibited increased steady-state levels (on
average between 1.5-fold and 4-fold; FDR,5%) relative to the
WT cells (Figure S2, Table S1). Similar results were found for the
RNA component NME1 of RNase MRP and for a group of short
dubious ORFs (YJL047C-A, YBR072C-A, YGR121W-A, and
YBR182C-A) that were also enriched in rrp6D mutants [19] and,
hence, most likely do not encode proteins but rather correspond to
CUTs. Some of these ncRNAs are highly abundant such as
rRNAs and snoRNAs. It therefore appears that highly expressed
and structured RNAs strongly depend on the polyadenylation
activity of Trf4p although they represent only a minor fraction
(10%) of Trf4 targets. However, this fraction may recruit a
considerable amount of Trf4 complexes in vivo and thus, a
substantial fraction of the total RNA turnover mediated by Trf4p
may depend upon Trf4 catalytic activity.

Trf4p Stimulates the Degradation of a Subgroup of
Introns
In addition to ncRNAs such as rRNA intermediates, snoRNAs,
and IGR RNAs/CUTs, our microarray data showed that a group
of introns, some of which containing snoRNAs, were specifically
accumulated (2- to 8-fold; FDR,5%) in either the trf4D mutant
(Trf4-dependent introns) or the trf5D mutant (Trf5-dependent
introns; Figure 2A, Table S1). To rule out that accumulation of
these introns simply reflects increased transcript levels of the premRNAs, we compared the relative changes of intron abundance
with that of the corresponding pre-mRNAs and mature mRNAs as
revealed with arrayed probes that specifically detect intron-exon
junctions and exons (Figure 2B and 2C). We found that unlike
introns, the corresponding pre-mRNAs and mature mRNAs were
not significantly changed in the trf4D mutant compared to WT
cells. Likewise, the cognate pre-mRNAs and mature mRNAs of
the Trf4-dependent introns were also unchanged in the trf5D and
trf4D/TRF4-DADA mutants (Figure 2B, Table S1). Thus, this
analysis indicates that only spliced-out introns, such as those of the
RPS9A, RPL7B, and GCR1 genes, specifically accumulate in the
trf4D mutant. To validate this finding, we carried out qRT-PCR
experiments with primers either specific for the introns, the premRNAs, or the mRNAs of RPS9A, RPL7B, and GCR1. Consistent
with our microarray data, the levels of introns but not those of premRNAs or mature mRNAs were increased in the trf4D mutant
compared to WT cells (Figure S4 and results not shown).
As Trf4p promotes the exosome-mediated degradation of
targeted RNAs through its polyadenylation activity [1,5–7], we
also analyzed the steady-state levels of introns in the rrp6D exosome
mutant and in trf4D/TRF4-DADA mutant cells. Similarly to what
PLoS Genetics | www.plosgenetics.org

TRAMP4 Interacts with Introns In Vivo
To identify RNAs associated with TRAMP4, we performed in
vivo cross-linking and ribonucleoprotein-immunopurification experiments followed by microarray analysis of bound RNAs (XRIP-Chip). Cells expressing recombinant tandem-affinity purification (TAP)-tagged Trf4 protein were cross-linked with formaldehyde, and Trf4-containing ribonucleoprotein complexes were
recovered by affinity selection on IgG-coupled beads (see Materials
and Methods). Cells expressing TAP-tagged Trf4 proteins fully
restore Trf4 functions and were previously used to purify
functional TRAMP complexes [5]. As a control for nonspecifically enriched RNAs, the same experiment was done with
untagged WT cells and with cells expressing Fpr1-TAP, a
peptidyl-prolyl-cis-trans-isomerase not expected to bind RNA.
About 70% of Trf4-TAP and 60% of Fpr1-TAP was captured
from the whole cell extract (WCE) as shown by dot-blot analysis
(Figure 3A, left panel). Moreover, Air2p, a well-known component
of the TRAMP4 complex [5,6], co-purified with crosslinked Trf4TAP but was absent in control purifications performed with
untagged WT cells (Figure 3A, right panel).
We isolated total RNA from extracts (input) and from the
immunopurified samples and labeled cDNAs derived from the
RNAs with Cy3 and Cy5 fluorescent dyes, respectively. The
differentially labeled samples were mixed and competitively
hybridized on yeast oligo arrays. In this assay, the ratio of the two
RNA populations at a given array element provides a measurement
for enrichment of the respective RNA with the TRAMP4 complex
4
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Figure 2. Trf4p promotes polyadenylation-independent degradation of introns. (A) Microarray data for 18 introns that changed more than
2-fold (FDRs,5%) in trf4D or trf5D mutants. Overexpression of Trf4p-DADA in trf4D mutant cells reduced steady-state levels of most of these introns
to WT levels. Microarrays are the same as shown in Figure 1. Introns containing snoRNAs (snR) are indicated. (B) Relative changes of the expression of
RPL7B (left panel) and RPS9A (right panel) introns, pre-mRNAs, and mature mRNAs as revealed by exon (ex), intron (int), and intron-exon junction
probes (pre) present on the microarrays. Int-1 and int-2 refer to the first and the second intron of the RPL7B gene; pre-1 and pre-2 refer to the
respective intron-exon junction probes of the RPL7B pre-mRNA. The height of the bar represents average log2 ratios from triplicate microarray data
(Dataset S1); error bars show the standard deviation. (C) Relative changes of expression of RPL16A (left panel) and RPL40A (right panel) introns (int),
pre-mRNAs (pre) and mature mRNAs (ex). Data was extracted from triplicate microarray data as described above. (D) Depletion of Trf4p or Trf5p
promotes intron stability in vivo. Total RNA was purified from trf4D trf5D mutant strains either expressing TRF4 or TRF5, which were transcribed under
the pGAL1 promoter. Cells were initially grown in a galactose containing medium (TRF4 Gal; TRF5 Gal) and then shifted to a glucose containing
medium (YPD) at 30uC (TRF4 Glc; TRF5 Glc) for 1 h. Accumulation of introns of RPS9A and RPL40A and of the first intron of RPL7B was determined by
qRT-PCR with intron-specific primers. The steady-state levels of introns in each sample was calculated as log2 of normalized ratios relative to the t0
time point, which corresponds to the cultures immediately before the galactose to glucose shift (for details see Materials and Methods). The values
represent averages from two independent qRT–PCR analyses.
doi:10.1371/journal.pgen.1000555.g002
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Figure 3. Selective enrichment of introns in TRAMP4 affinity–isolates. (A) RNA–protein complexes were purified from extracts of cells
expressing recombinant Trf4-TAP protein after in vivo cross-linking with formaldehyde (Trf4-TAP-X). Extracts of BY4741 cells and of cells expressing
Fpr1-TAP were used as control (BY4741-X; Fpr1-TAP-X). Affinity purification of the Trf4-TAP protein complex or Fpr1-TAP from the WCEs was
monitored by dot blot (left panel) and immunoblot (right panel) analyses with antibodies detecting the calmodulin-binding region of the TAP-tag (aTAP) or the Air2p subunit of the TRAMP4 complex (a-Air2). Input and supernatant correspond to cross-linked WCEs before and after
immunopurification, respectively. Affinity purified TAP-tagged Trf4 protein complex from non cross-linked WCEs was used as a positive control for the
purification procedure (Trf4-TAP). A molecular weight marker is shown next to the immunoblot; * denotes likely Air2p degradation products. (B, C)
Percentile rank analysis of immunopurified RNA preparations. RNAs enriched by TAP-tag affinity purification was comparatively analyzed to total RNA
purified from WCEs with DNA microarrays. The enrichment profiles of introns (B) and the respective ORFs (C) were created by binning average
percentile ranks from three biological replicates of Trf4-TAP or control IPs (two replicates of Fpr1-TAP and one untagged cells) into 0.05 unit bins. Pvalues to estimate the difference between Trf4 and control data were calculated with the Kolmogorov-Smirnov test. (D) Northern analysis with intronand exon- specific probes in RNA surveillance mutants (trf4D, trf4D/TRF4-DADA, trf5D, and rrp6D) and in the debranching enzyme dbr1D mutant
strain. Strains were grown at 30uC in YPD, except SC311 and trf4(ts)trf5D [25] that were shifted to 37uC for the indicated times prior to RNA extraction.
doi:10.1371/journal.pgen.1000555.g003
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transcripts originating from transcriptionally repressed loci, such
as TEL05L, accumulate in strains lacking components of the
TRAMP4 or the exosome complex [30]. Consistent with this, we
found that transcripts spanning across HMLa1 and ARS318-HMR
of the silenced mating cassettes and across putative subtelomeric
ORFs (YBL109W, YDR543C, YHR217C, and YKL225W) were
highly abundant in the trf4D and the rrp6D mutants (Table S1,
Figure 4B, and Figure S5A). In particular, the subtelomeric
transcripts originate from telomeres that either contain (TEL02L,
TEL04R, and TEL08R) or lack (TEL11L) the Y9 sequence element
(Figure 4B). Similar to what has been reported previously [30],
they are commonly oriented in the 59 to 39 direction towards the
centromere (results not shown). Neither subtelomeric RNAs
transcribed from the opposite strand towards the telomeres nor
telomeric TERRA RNAs [41] were detected (results not shown).
Although overexpression of TRF4-DADA reduced the abundance
of these subtelomeric RNAs in trf4D mutant cells, their steady-state
levels were still about 1.5–2.2 fold higher than in WT cells
(Figure 4B). This decrease in the abundance of subtelomeric RNAs
seen in the trf4D/TRF4-DADA mutant indicates that the
polyadenylation activity of Trf4p may enhance the degradation
of these RNA molecules in vivo (Figure 4B). Increased expression
for two of these RNAs (YDR543C and YKL225W) was also found in
strains deficient of trf5 as shown by qRT-PCR experiments
(Figure 4B). Interestingly and in contrast to trf4D mutants, the
trf5D mutant exhibited also changes in the relative expression of
factors that positively (SIR2, SIR3, and MCM10) or negatively
(SAS5) regulate chromatin silencing (Figure S5B). Thus, it could be
that accumulation of subtelomeric RNAs in the trf5D mutant
reflects defects in pathways other than RNA turnover.

[35,36]. Because of the relatively high variation of array data
between biological replicates, we rank ordered the data and
determined percentile ranks for each analyzed feature (0, no
enrichment; 1 high enrichment; Dataset S2).
In agreement with known functions of TRAMP4 on ncRNAs,
we found that many small and stable ncRNAs such as snoRNAs
and tRNAs were highly enriched in purified cross-linked
TRAMP4 complexes. However, these transcripts were also
strongly enriched in the control isolates and thus, only limited
conclusions can be drawn from this analysis. Nevertheless, despite
the high background from small ncRNAs in these experiments, we
found that spliced-out introns were selectively enriched in the
Trf4-TAP RNA isolates when compared to control isolates
(Kolmogorov-Smirnov test: p = 2.561025; Figure 3B, data for all
intron probes are shown in Table S4). The corresponding probes
for the mature mRNAs were not enriched (p = 0.12; Figure 3C),
suggesting specific association of the TRAMP4 complex with
spliced introns but not with the respective pre-mRNAs. This
finding is consistent with our previous observation for accumulation of certain introns but not of the corresponding mRNAs in the
trf4D mutant (Figure 2 and Figure S4): For 11 (78%) of the 14
introns that were significantly changed in either trf4D and trf5D
mutants (Figure 2A) and for which X-RIP-Chip data were
available, we found higher ranking with TRAMP4 complexes
compared to controls (Table S4), whereas no such preference was
seen for the respective ORF probes (two of the six corresponding
ORFs were higher ranked with TRAMP4 complexes).
We further analyzed whether expression levels of the TRAMP4
associated introns were commonly changed in single trf4D or trf5D
mutants. The relative expression levels for 48 introns that were
preferentially enriched with TRAMP4 complexes (percentile ranks
greater than 0.85) compared to the controls, were mostly
unchanged in either trf4D or trf5D mutants (average log2
ratios = 0.035 and 20.1 in trf4D and trf5D, respectively; Table
S4). Possibly, Trf4p and Trf5p act redundantly in the decay of
most spliced-out introns and therefore no changes of relative
expression levels can be seen in single mutants. To further
corroborate this idea, we measured the expression of introns for
the two genes RPS24A and RPL2B that were enriched in
TRAMP4 affinity isolates (average percentile ranks of 0.83 and
0.9, respectively) but for which expression levels were not
significantly changed in neither trf4 nor trf5 mutants, by Northern
blot analysis with intron specific probes. As expected, these introns
were detectable in total RNA derived from the rrp6D exosome
mutant and from the mutant of the debranching enzyme dbr1D,
which was used as a positive control for intron detection [37–39]
(Figure 3D). However, both introns could not be readily detected
in total RNA derived from either the trf4D or the trf5D single
mutant strains, but they were strongly accumulated in RNA
samples isolated from conditional trf4(ts)trf5D double mutants.
This result is reminiscent of our finding for the RPS9A, RPL7B,
and RPL40A introns that became increasingly enriched in
conditional double mutants (Figure 2D). In conclusion, these data
strongly suggest functional redundancy between Trf4p and Trf5p
in the degradation of introns in vivo.

Telomere Shortening Correlates with Increased TLC1
Expression in trf4D Mutants
To test whether any correlation existed between subtelomeric
RNA accumulation and the structural integrity of telomeres, we
performed Southern blot experiments with XhoI digested genomic
DNA to determine the length of Y9 containing telomeres (Figure 5A
and 5B). Y9 telomeres were on average shortened by ,120 bp in the
trf4D mutant and ,40 bp in the rrp6D exosome mutant (Figure 5A).
Conversely, the length of Y9 telomeres was similar to that of the WT
strain in the trf5D mutant or in trf4D mutant cells complemented
with a plasmid (pNOPPATA1L) carrying the WT allele of TRF4
(Figure 5A). Intriguingly, shortening of telomeres in the trf4D
mutant was also strongly suppressed by overexpression of TRF4DADA, where telomeres were about 40 bp shorter than in the WT
strain (Figure 5B). These results showed that telomere shortening in
trf4D cells is a reversible event achieved by reintroduction of
episomally expressed Trf4 proteins. In addition, our results strongly
suggest that Trf4p exerts a role in telomere maintenance mainly
through a mechanism that is independent of polyadenylation.
The results from these Southern blotting experiments do not
indicate any straight correlation between telomere shortening and
accumulation of the subtelomeric RNA molecules. In fact,
although subtelomeric RNAs were more abundant in the rrp6D
mutant compared to the trf4D or the trf4D/TRF4-DADA mutant
strain (Figure 4B), only disruption of trf4 resulted in a severe
shortening of the telomeres. Moreover, some subtelomeric RNAs
(YDR543C and YKL225W; Figure 4B) also highly accumulated in
the trf5D mutant, which did not show any recognizable change in
telomere length (Figure 5A).
To investigate whether misregulation of the telomerase
components could be the cause of the telomere shortening, we
carried out qRT-PCR experiments with primers specific for the
TLC1, EST1, EST2, and EST3 subunits (Figure 5C) [42,43]. In the

The trf4D Mutant Is Defective in the Turnover of
Subtelomeric RNAs
Yeast telomeres (TEL) consist of a complex mosaic of telomeric
and subtelomeric sequences, where the X element sequence is the
only region common to all chromosome ends. Some subtelomeric
regions contain a conserved helicase-encoding repetitive sequence
(Y9 sequence) located within terminal telomeric repeats (TR;
Figure 4A) [40]. It has recently been reported that cryptic
PLoS Genetics | www.plosgenetics.org
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Figure 4. Subtelomeric transcripts are detected in strains defective in RNA surveillance pathways. (A) Schematic representation of yeast
telomeres. X-type telomeres consist of the X element core sequences (XC), the subtelomeric repeats (STR), and the telomeric repeats at the ends of
the chromosomes. The Y9-type telomeres contain a subtelomeric Y9 DNA sequence located within the telomeric repeats that is not found in X
telomers. A conserved XhoI restriction site specific for Y9 sequences is shown. (B) Bar diagram representing the qRT–PCR analysis for four subtelomeric
ORFs transcribed from X- and Y9-type telomeric regions. Corresponding telomeres are indicated in brackets. RNA amounts were normalized to ACT1
mRNA and are compared relative to the isogenic WT strain. Relative changes of transcript abundances (log2 ratio scale) represent averages from two
independent qRT-PCR analyses. The same RNA preparation was used for the microarray analysis shown in Figure 1A.
doi:10.1371/journal.pgen.1000555.g004

the expression of a few genes including those coding for proteins
involved in phosphate metabolism (PHO3, PHO5, PHO11, PHO12,
and PHO89) were significantly decreased (Table S1). The relative
abundance of these mRNAs was almost fully restored to WT levels
by the overexpression of the TRF4-DADA allele as shown by
microarray and qRT-PCR experiments (Figure 6, Figure S6, and
Table S1).
Such reduced expression of the PHO genes has also previously
been observed in nuclear exosome mutants [16]. Particularly for
PHO84 and PHO5, it was shown that Rrp6p affects the stability of
corresponding antisense RNAs involved in the transcriptional
control of their cognate sense mRNAs [19,29,45].
To assess whether the decreased levels of PHO5, PHO11, and
PHO89 mRNAs in trf4D, trf5D, and rrp6D exosome mutants
correlates with increased levels of corresponding antisense RNAs,
we carried out strand-specific qRT-PCR experiments with primers
specific for antisense RNAs that span across the PHO promoter
regions (Figure 6B, Figure S6). Antisense RNAs could be detected
in all the strains tested, including the WT strain, however, their
levels were more than 2-fold increased in trf4D and rrp6D but not
in trf5D mutants. The abundance of the antisense RNAs was
decreased to WT levels by overexpression of TRF4-DADA
(Figure 6B, data for PHO5 and PHO89 are shown in Figure S6).
Therefore, similar to PHO84 [29], the expression of PHO5,
PHO11, and PHO89 is likely modulated by antisense RNAs, the
degradation of which is promoted by the exosome and the Trf4
protein, and does not require the polyadenylation activity of
Trf4p. In addition, although loss of Trf5p did not cause any
change in the expression of the PHO antisense transcripts, the
reduced steady state level of the PHO5, PHO11, and PHO89
mRNAs suggests that Trf5p, through an yet unknown mechanism,

rrp6D mutant, the steady-state levels for the mRNAs encoding
these telomerase subunits were more than 2-fold increased
compared to the WT strain, suggesting a consequent increase in
the activity of the holoenzyme in this mutant. In contrast, only the
TLC1 RNA was 2.6-fold increased in the trf4D mutant, whereas no
change was detected for EST1, EST2, and EST3 mRNAs levels
(Figure 5C). It was reported that overexpression of TLC1 causes
telomere shortening in yeast because of the specific sequestration
of the telomeric factors yKu70 and yKu80, which promote
telomerase recruitment [42]. Thus, the imbalance in the
expression level between TLC1 and the other subunits of the
telomerase may in part account for for the telomere shortening
observed in the trf4D mutant. This hypothesis is further supported
by the observation that overexpression of the TRF4-DADA allele
not only suppressed the telomeric defect of the trf4D mutant, but
also coincided with the restoration of expression of the TLC1 RNA
subunit to WT levels (Figure 5C). Furthermore, these results
indicate that Trf4p promotes TLC1 turnover through a polyadenylation-independent mechanism. Consistent with the proposed
connection between TLC1 overexpression and telomere shortening, we found no change of TLC1 RNA abundance in the trf5D
mutant (Figure 5C). It is noteworthy, however, that the unaltered
telomere length found in the trf5D mutant might also reflect
increased expression levels (.3-fold) of factors such as EST3,
CST6, and MET18, which participate in the maintenance of
telomeres in vivo (Figure 5C) [44].

Trf4p and the Exosome Promote Degradation of
Antisense RNAs
Besides the many mRNAs for which relative expression levels
were significantly increased in strains devoid of Trf4p or Trf5p,
PLoS Genetics | www.plosgenetics.org
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Figure 5. Trf4p promotes telomere maintenance and TLC1 regulation through a polyadenylation-independent mechanism. (A, B)
Southern blot analyses of Y9-type telomeres was carried out with XhoI-digested DNA of RNA surveillance mutants (trf4D, trf4D/TRF4-DADA, trf5D, and
rrp6D) of S. cerevisiae probed with telomeric sequences. Mutant strains are indicated at the top: wt corresponds to the wild-type BY4741 strain; trf4D/
vector represents the trf4D mutant strain transformed with pNOPPATA1L. DADA(1) and DADA (2) represent two different clones of the trf4D/TRF4DADA mutant. A marker (M) for DNA sizes in kilobases is shown to the left. Solid black bars flanked by Y9 shows the XhoI-digested Y9 DNA fragments,
where white bars refer to the position of average size fragments. Numbers in brackets refer to the average shortening of the Y9-containing telomeres
in the trf4D and trf4D/TRF4-DADA mutants relative to wt. (C) qRT–PCR analysis examining the levels of specified mRNAs and ncRNAs (TLC1) in four
RNA surveillance mutants (trf4D, trf4D/TRF4-DADA, trf5D, and rrp6D). RNA amounts were normalized to ACT1 mRNA and compared to the isogenic WT
strain. Relative changes of transcript abundances (log2 ratio scale) represent averages from two independent qRT-PCR analyses. The same RNA was
used for the microarray analysis presented in Figure 1A.
doi:10.1371/journal.pgen.1000555.g005
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Figure 6. Trf4p participates in antisense RNA–mediated regulation of genes of the phosphate metabolism. (A) Relative expression
levels of PHO3, PHO5, PHO11, PHO12, and PHO89 in the trf4D, trf5D and trf4D/TRF4-DADA (DADA) mutants. Microarrays are the same as those shown
in Figure 1A. (B) Strand specific qRT-PCR analysis examining relative changes of expression of PHO11 and anti-PHO11 in RNA surveillance mutants
(trf4D, trf4D/TRF4-DADA, trf5D, and rrp6D). Schema above the bar diagram represents the PHO11 gene locus: The grey arrow (UP) indicates the
position of the UP-aPHO11 primer used for strand specific synthesis of anti-PHO11 cDNA; convergent solid arrows (aF and aR) indicate the primer
pairs anti-pho11-Fw and anti-pho11-Rv used for the quantification of the anti-PHO11 cDNA; and convergent grey arrowheads (F and R) show the
location of pho11-Fw and pho11-Rv primers used for the quantification of the PHO11 cDNA. Data was normalized to ACT1 mRNA. Bars indicate
relative changes of transcript levels (log2 normalized ratios) in mutants compared to WT strains and are averages from two independent analyses. The
same RNA was used for the microarray analysis shown in Figure 1.
doi:10.1371/journal.pgen.1000555.g006

least 2-fold changed, were selectively increased in either the trf4D
or the trf5D mutants. This finding is in agreement with known
functions of these proteins in RNA degradation and their
depletion is therefore expected to lead to the accumulation of
RNA targets [1,5–7,20]. However, in contrast to the proposed
functional redundancy of Trf4p and Trf5p, we found that trf4 and
trf5 deletion affected barely overlapping sets of transcripts
(Figure 1A). Such heterogeneity of the genes with altered
expression was previously reported for different mutants of the
exosome complex, possibly reflecting differential target specificities
by the different subunits of the complex [16].
Interestingly, the trf4D and the trf5D mutants differed in the
number of ncRNAs that accumulated in the cell. NcRNAs
represented 17% and 4% of the transcripts that were selectively
increased (.2-fold, FDR,5%) in trf4D and trf5D mutants,
respectively. However, our microarrays cover only a fraction of
the experimentally defined CUTs derived from intergenic regions
(IGRs) [18,19]. Moreover, functional antisense RNAs are also not

may also participate with Trf4p and the exosome in fine tuning the
expression of the PHO genes.

Discussion
Identification of RNAs Regulated by Trf4p and Trf5p
Trf4p and Trf5p are non-canonical poly(A) polymerases that
activate RNA turnover and quality control pathways by targeting
aberrant and short-lived RNA substrates to the nuclear exosome
for degradation [1,4–7,15,20]. Trf4 and trf5 are synthetically lethal
and depletion of Trf5p strengthens the defects in RNA maturation
of trf4D mutants, suggesting that Trf4p and Trf5p have partially
overlapping functions in vivo [6,7,20]. To globally investigate the
extent of functional redundancy and to systematically identify
Trf4p- and Trf5p-specific RNA targets, we used microarrays to
compare RNA expression profiles of S. cerevisiae mutant strains
lacking Trf4p or Trf5p with that of WT cells (Figure 1, Table S1).
We found that almost all (.90%) of the 715 features that were at
PLoS Genetics | www.plosgenetics.org
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model could explain some of the observed effects in our system
(Figure 2D), it cannot account for the observation that Trf4pDADA rescues the lethality of trf4 trf5 double mutants [7].

detected with our oligo arrays including the antisense RNAs
spanning the promoter region of different PHO genes (Figure 6,
Figure S5) [29,45]. Nevertheless, application of qRT-PCR with
antisense-RNA specific primers suggests that both TRAMP4 and
TRAMP5 complexes as well as the exosome participate in RNAmediated regulatory mechanisms to modulate the expression of
several PHO genes [29] but that only TRAMP4 triggers the
exosome-mediated degradation of regulatory antisense PHO
RNAs in vivo.
In conclusion and consistent with previous reports [6,7,14–16],
our experiments support a major role for Trf4p in the exosomemediated degradation of ncRNAs and suggest that TRAMP4 and
TRAMP5 may function on specific subsets of RNAs in vivo.
However, it remains to be further investigated how the TRAMP4
and the TRAMP5 complexes achieve specificity for their selective
targets. TRAMP4 and TRAMP5 consist of structurally similar
protein complexes [1,5,7], therefore specificity could be conferred
by protein-protein interactions that are engaged by Trf4p or Trf5p
and by the Air1p or Air2p subunits [5–8,20]. Misfolding of the
RNPs or the association of proteins with aberrant RNAs may act
as selectivity factors that eventually favor the recruitment of either
TRAMP4 or TRAMP5 to the RNP target.

Trf4p and Trf5p Stimulate the Degradation of Introns
Whereas the mechanism of splicing has been extensively
investigated, very little is known about the degradation of
spliced-out introns [38,39,47]. In this work, we showed by
combined crosslinking-RNA-immunopurification experiments
that TRAMP4 likely interacts directly with introns in vivo
(Figure 3). We also provide experimental evidence supporting a
role for TRAMP4 in the degradation of spliced-out introns, which
is largely independent of the polyadenylation activity of Trf4p
(Figure 2, Figure S4). However, we could not find a simple
correlation between the introns that were highly associated with
TRAMP4, and the relative changes of expression in single trf4D or
trf5D mutants. Moreover, because the expression levels of some
introns became exclusively affected in trf4 trf5 double mutants,
Trf5p may promote the breakdown of introns in the absence of
Trf4p suggesting functional redundancy between Trf4p and Trf5p
in intron decay. Further experiments are required to unravel the
contributions of different TRAMP complexes in intron decay and
to delineate the exact extent of functional redundancy.
We envisage that after splicing, intron lariats are rapidly
converted into linear forms by the debranching enzyme Dbr1p.
Subsets of specific linear introns are then captured by TRAMP
complexes to be eventually degraded by the nuclear exosome.
Additional pathways may also exist, which involve the 59 to 39
exoribonuclease Rat1 and the endonuclease RNaseIII. In fact,
lariats that contain RNaseIII binding sites can also undergo
internal cleavage by RNaseIII irrespective of the Dbr1-mediated
debranching, generating cleavage products that are eventually
degraded by exoribonucleases [38].

The Polyadenylation Activity of Trf4p Promotes
Degradation of a Subset of RNAs
Several groups have previously demonstrated that the polyadenylation activity of Trf4p stimulates the exosome-mediated
degradation of different RNA species in vivo and in vitro [4–6].
Consistently, rRNA processing intermediates, snRNAs, snoRNAs,
and a few CUTs accumulate as non-polyadenylated molecules in
the trf4D or the trf5D mutant strains [6,7,14,15,20]. Intriguingly,
even though polyadenylation activity is required for the degradation
of highly structured RNAs in vitro, it was reported that a
polyadenylation-defective form of Trf4p (Trf4p-DADA) can also
activate degradation of RNAs by the exosome [9,30]. Moreover, a
polyadenylation-defective trf4 mutation can rescue the lethality of
trf4 and trf5 double mutants [7]. These findings lead to a model,
which proposes that the polyadenylation activity of Trf4p may not
generally be necessary to guide RNA to the exosome for
degradation. However, the universality of this model and whether
there might be sets of RNAs that differentially depend on
polyadenylation activity has not been addressed so far. Surprisingly,
we found that Trf4p-DADA almost fully suppressed the altered
gene expression profile of the trf4D mutant upon overexpression
(Figure 1, Table S1). This finding generally supports and extends the
model introduced above: Since Trf4p-DADA only partially rescues
the accumulation of selected RNAs in the trf4D mutant, we suggest
that the polyadenylation activity of Trf4p enhances the degradation
of most target RNAs by the exosome, but this function is not
essential. Polyadenylation in combination with the helicase activity
of Mtr4p, which has a marked preference for binding to poly(A)
RNAs [46], may be required for digestion of highly structured
RNAs. This may be exemplified by the higher fraction of noncoding RNAs among the RNAs that remained accumulated in trf4D
mutants overexpressing TRF4-DADA (Figure S1).
However, additional mechanisms may account for the suppression of the trf4 mutation by Trf4p-DADA. For instance, since the
TRAMP complexes share common subunits, an intriguing
speculation is that Trf4p-DADA, in the context of TRAMP4,
recruits Trf5p to target RNAs. Trf5p then adds poly(A) tails to
facilitate exosome-mediated degradation. In agreement with this
idea is the finding that deletion of trf5 in the polyadenylationdefective trf4-236 mutant enhanced the defect in the degradation
of CUTs compared to either single mutant [6]. Although this
PLoS Genetics | www.plosgenetics.org

Trf4p Functions in Subtelomeric RNA Silencing and
Telomere Maintenance
Transcription at heterochromatin regions was recently reported
to occur in S. cerevisiae and S. pombe cells that lack Trf4p or Rrp6p
[30,48]. Consistent with these reports, we detected the accumulation of a number of RNAs originating from silent mating type
cassettes and subtelomeric transcripts in the trf4D and rrp6D
mutants, and to a lower extent in trf5D cells (Figure 5, Figure S5).
This activity is partially dependent on the polyadenylation activity
of Trf4p and on a functional exosome (Figure 4B). Although
further experiments are needed to elucidate how Trf4p and the
exosome contribute to the silencing of heterochromatin domains,
we hypothesize that during degradation of subtelomeric RNAs,
TRAMP4, and the exosome modulate the interaction or the
accessibility of chromatin remodeling factors such as Sir2 and Set1
[49,50] within sites of heterochromatin formation [49,50]. There
is a growing body of evidence that suggests interactions of Trf4p
and chromatin remodeling factors (reviewed in [23]).
Transcription of heterochromatin regions can regulate important physiological pathways. In S. cerevisiae and S. pombe strains with
mutations in TRAMP or exosome components, accumulation of
heterochromatic CUTs has been linked to changes in rDNA copy
numbers [30,31]. Likewise, high levels of telomeric repeatcontaining RNAs (TERRA) were shown to act in telomere
maintenance in mammalian cells [51] and yeast [41]. In addition
to alteration in the rDNA copy number [30], we discovered that
the trf4D mutant of S. cerevisiae exhibits a severe shortening of
telomeres and that telomeres were only mildly reduced in the
rrp6D mutant (Figure 5A). Similarly to what was reported for the
regulation of the rDNA repeats [30], telomere maintenance was
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peptone, 2% glucose), YPGal (1% yeast extract, 2% peptone, 2%
galactose), or in synthetic minimal medium (0.67% Bacto-yeast
nitrogen base without amino acid, 2% glucose, and amino acid
supplements as required) at 30uC. Temperature shifts to 37uC
were done in a shaking water bath. Yeast strains are described in
Table S5. The trf5D and rrp6D mutant strains were purchased
from Open Biosystems. Replacement of the trf5 and the rrp6 genes
with the kanMX6 cassette was confirmed by PCR following the
manufacturer’s instructions. The strain with C-terminal TAPfusion of FPR1 (YNL135C) was purchased from BioCat (Heidelberg, Germany). The correct integration of the TAP-tag was
verified by PCR. The trf4D strain is a derivative of BY4741 in
which the trf4 gene was replaced with the natMX4 marker by
homologous recombination as previously reported [52]; primer
sequences can be provided upon request.
To complement trf4D with the wild type allele of trf4 the coding
region of trf4 was PCR amplified from S. cerevisiae BY4741 genomic
DNA with primers XmaI-trf4-Fw (59-GTCCCGGGAAATATGGGGGCAAAGAGTGTAAC-39) and trf4-Rev-SalI (59ACGTCGACTTATTAAAGGGTATAAGGATTATAT-39) (restriction sites are underlined). The insert was cloned in pGEMTeasy vector (Promega), digested with XmaI and SalI restriction
enzymes and ligated into the same sites on the pNOPPATA1L
vector to generate pNOPPATA1L(pNOP1::TRF4). Trf4D cells
were transformed with pNOPPATA1L(pNOP1::TRF4) and transformants were selected for leucine prototrophy in synthetic
medium at 30uC. The correct integration of the fragment was
verified by sequencing. Control trf4D/pNOPPAT1L and
BY4741/ pNOPPATA1L strains were selected for leucine
prototrophy onto synthetic medium after transformation of trf4D
and BY4741 cells with the pNOPPAT1L plasmid.
To express trf4 or trf5 from an inducible pGAL1 promoter the
coding regions of trf4 and trf5 were PCR amplified from S. cerevisiae
BY4741 genomic DNA with primers SacI-trf4-Fw (59GTGAGCTCAAATATGGGGGCAAAGAGTGTAAC-39) and
trf4-Rev-XhoI
(59ACCTCGAGTTATTAAAGGGTATAAGGATTATAT-39) or BamHI-trf5-Fw (59-AAGGATCCCATAATGACAAGGCTCAAAGCAAAATA-39) and trf5-Rev-XhoI (59AGCTCGAGTTATTAAAGAGCCTGGCCTTTAGAG-39).
The fragments were cloned into pGEMT-easy vector, digested
with SacI-XhoI or with BamHI-XhoI and ligated into the same sites
of pYC6/CT (Invitrogen) to generate pSAL1 (pGAL1::TRF4) or
pSAL2 (pGAL1::TRF5), respectively. trf4D trf5D mutant cells
complemented with wild type TRF4 by the pRS416-TRF4 plasmid
were successively transformed with either pSAL1 or pSAL2.
Transformants were selected onto YPD supplemented with
blasticidin (InvivoGen) 150 mg/ml at 30uC. To induce the loss
of the pRS416-TRF4 plasmid, blasticidin resistant colonies were
inoculated three times on synthetic medium supplemented with
2% galactose, blasticidin (15 mg/ml) and 5-fluoro-orotic acid
(1 mg/ml; Zymo Research) at 30uC. Transformation with pSAL1
or pSAL2 and loss of pRS416-TRF4 was confirmed by restriction
digestion with SacI-XhoI or with BamHI-XhoI of plasmid DNA
preparations purified from clones that were uracil auxotrophic,
blasticidin resistant, and glucose sensitive.

not strictly dependent on the polyadenylation activity of Trf4
(Figure 5B). Although accumulation of subtelomeric RNAs may
perturb the chromatin integrity at the telomeres and negatively
affect the telomerase activity, additional mechanisms probably
account for the severe shortening of chromosome ends in the trf4D
mutant. In fact, our results do not provide any straight evidence of
a direct link between the extent of subtelomeric RNA accumulation and the severity of telomere shortening. Rather it emerged
that the telomeric phenotype of the trf4D mutant can in part reflect
imbalances in the expression level between the protein subunits
Est1p, Est2p, Est3p, and the RNA component TLC1 of the
telomerase. We propose that Trf4p stimulates the exosomemediated degradation of TLC1 through a polyadenylationindependent mechanism. However, in contrast to what happens
in cells defective in rrp6, trf4 deletion causes only high levels of
TLC1, whereas the expression of EST1, EST2, and EST3 remains
unchanged. It was previously demonstrated that recruitment of the
telomerase holoenzyme is mediated by the heterodimeric Ku70/
80 complex, which binds the chromosome ends and interacts with
the telomerase via a small stem loop region of TLC1 [42]. Thus,
the excess of TLC1 in the trf4D mutant could interfere with the
recruitment of the telomerase at the chromosome ends and
ultimately lead to telomere shortening.
To conclude, in this work we provide experimental evidence
demonstrating that in addition to RNA surveillance, Trf4p and
Trf5p participate in post-transcriptional regulatory networks that
connect RNA degradation with DNA metabolism and gene
regulation (Figure 7). Although the polyadenylation activity of
Trf4p clearly enhances the efficiency of degradation of a broad
variety of RNAs via the TRAMP4/exosome complex, expression
of the Trf4 protein rather than its polyadenylation activity
emerged to be essential for the maintenance of effective posttranscriptional regulatory pathways in the cell.

Materials and Methods
Yeast Strains and Plasmid Construction
Manipulations of S. cerevisiae strains were performed by standard
procedures. Cells were grown in YPD (1% yeast extract, 2%

RNA Purification
Total RNA was extracted with the hot phenol extraction
method. Single yeast colonies were inoculated in 5 ml YPD or
YPGal medium supplemented with the appropriate amount of
selective drug (G418, 200 mg/ml; clonNat, 100 mg/ml) and
incubated overnight at 30uC (pre-cultures). Pre-cultures were
diluted to an OD600 of 0.1 in 50 ml of fresh YPD or YPGal
medium without drugs and grown at 30uC to an OD600 of 0.7.

Figure 7. Combined view on the current knowledge of the
different roles of the TRAMP4 complex. PHO; mRNAs encoding
proteins involved in phosphate metabolism.
doi:10.1371/journal.pgen.1000555.g007
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Cells were collected by centrifugation for 5 min at 3,000 g and
resuspended in AE buffer (50 mM Na-acetate, 10 mM EDTA,
pH 5.3) with 1% SDS. After adding one volume of phenol
(pH 5.3), the suspension was vigorously shaken for 1 min and
incubated at 65uC for 4 min in a heating block (Thermomixer
comfort, Eppendorf). The aqueous phase was separated from the
phenol phase by centrifugation at 20,000 g and extracted again
with phenol (pH 5.3) and then with chloroform. Total RNA was
precipitated from the aqueous phase by the addition of 2.6
volumes of ice-cold ethanol and of 1/10 volume of 1 M Na-acetate
(pH 5.3) for 20 min on ice. The precipitated RNA was recovered
by centrifugation at 20,000 g for 30 min at 4uC, the pellet was
washed with 70% ethanol and resuspended in DEPC-treated
water.
To remove contaminating DNA, RNA preparations were
treated with DNA-freeTM (Ambion) according to the manufacturer’s instructions. The integrity of RNA samples was routinely
checked by gel electrophoresis (1.2% agarose - 6% formaldehyde)
in 16 HEPES buffer (50 mM HEPES [pH 7.8], 10 mM EDTA)
and RNA was quantified by UV-spectrophotometry (A260) with a
Nanodrop device (Witeg AG).

RNA was hydrolyzed with 0.1 M NaOH and 0.1 M EDTA at
65uC for 15 min, and samples were neutralized with 0.35 M
HEPES (pH 8.0). Clean up of the reaction mix was performed in
Microcon-YM30 (Millipore) filled with distilled water. Amino-allyl
containing cDNA was eluted with 100 mM NaHCO3 (pH 9.0)
and covalently linked to either fluorescent Cy3 or Cy5 NHSmonoester (GE Healthcare). Thereby, cDNAs derived from wildtype control cells were labeled with Cy3, the ones derived from
mutant cells with Cy5. Unincorporated dyes were removed with
the QIAquick PCR Purification Kit (Qiagen). The samples were
mixed in standard formamide based hybridization buffer (Ocimum Biosolution Hybridzation Solution, Cat. No. 1180-000010)
supplemented with 1 mg/ml poly(A) in a final volume of 20 ml,
and competitively hybridized to yeast oligo arrays in a sealed
hybridization chamber (Corning) at 42uC for 12–16 h. Arrays
were successively washed in three buffer chambers filled with 26
SSC (300 mM NaCl, 30 mM Na-citrate, pH 7.0), 0.2% SDS; 26
SSC; and 0.26 SSC. The first wash was performed at 42uC for
12 min, the subsequent washes at RT for 12 min. After briefly
rinsing in ethanol, microarrays were scanned with an Axon
Instruments Scanner 4200A (Molecular Devices). Scanning
parameters were adjusted to give similar fluorescent intensities in
both channels. Data were collected with GenePix Pro 5.1
(Molecular Devices) and spots with abnormal morphology were
excluded from further analysis. Array data were exported to
Acuity 4.0 (Molecular Devices) and normalized to the mean of
ratio of medians = 1 excluding the signals from control features.
We collected three biological replicates each for determining the
relative changes of transcript levels in the trf4D, trf5D and trf4D/
TRF4-DADA mutant cells compared to the respective wild-type
cells (total of 9 arrays). Data were filtered in Acuity for regression
correlation (Rgn2.0.5), signal to noise ratio .2.5 in both
channels, and only features that met these criteria in .60% of
arrays were considered for further analysis (total 7481 features;
Dataset S1). Data were exported into Microsoft Excel to determine
percentile ranks and to perform SAM (version 3.0 [28]). We used
the web interface for Cyber-T (http://cybert.microarray.ics.uci.
edu/) to employ statistical analyses based on regularized t-tests that
use a Bayesian estimate of the variance among gene measurements
within an experiment [34].
The 715 unique features (9.5% of all analyzed features) that
were on average at least 2-fold changed with an FDR,5% in
either the trf4D, trf5D, or trf4D/TRF4-DADA replicates were
compiled (Table S1). The genes and arrays were hierarchically
clustered based on Pearson correlations with Cluster 3.0 [53] and
the result was visualized as a heatmap with Java TreeView 1.0.
[54] (Figure 1A). Commonly enriched GO terms among list of
genes were retrieved with GO Term Finder that uses a
hypergeometric distribution with Multiple Hypothesis Correction
(i.e., Bonferroni Correction) to calculate p-values (SGD; www.
yeastgenome.org).

In Vivo Depletion of Trf4 or Trf5 Proteins
Single colonies of the trf4D trf5D/pSAL1 or of the trf4D trf5D/
pSAL2 mutant strains were inoculated in YPGal liquid medium
supplemented with blasticidin (150 mg/ml; InvivoGen) at 30uC
and grown overnight. The following day, cultures were diluted to
an OD600 of 0.1 in 300 ml of fresh YPGal medium and grown at
30uC to an OD600 of 0.7. Cultures were equally split into three
tubes and cells were collected by centrifugation at RT for 5 min at
3,000 g. After centrifugation, one-third of the culture was rapidly
frozen in liquid nitrogen and stored at 270uC (t0 time point); onethird was resuspended in YPGal and incubated at 30uC for 1 h (t1
Gal time point), while the rest of the culture was inoculated in
YPD at 30uC for 1 h (t1 Glc time point). Cells were collected by
centrifugation and stored at 270uC. Total RNA was purified from
the cell pellet as described above.

Microarray Analysis
DNA microarrays contained 10,944 oligo probes (70-mers) from
the Array-Ready Oligo Set Version 1.1 representing 6,388 S.
cerevisiae ORFs, and the Yeast Brown Lab Oligo Extension Version
(YBOX vers. 1.0) with 3,456 probes to detect ncRNAs, rRNA
precursors, introns, exon-intron and exon-exon junctions, other
sequences predicted to be expressed, additional probes for genes
with high cross-hybridization potential and controls for array
quality measurements and normalization. Details of oligonucleotide selection and probe sequences are available from the Operon
website (www.operon.com). All microarray data are available at
the Stanford Microarray Database (SMD) or at the Gene
Expression Omnibus (GEO) with accession number GSE16107.
The probes were printed on epoxy coated glass slides (Nexterion
slide E) at the Center for Integrative Genomics, University of
Lausanne, Switzerland. Oligo arrays were blocked in 56 SSC,
0.1 mg/ ml BSA, 0.1% SDS for 1 h at 42uC, and subsequently
washed three times in 0.16 SSC for 5 min at RT, rinsed in water
for 30 s, and dried by centrifugation (500 g for 2 min). The slides
were used the same day.
Microarray analysis was performed by competitive hybridization of Cy3 and Cy5 fluorescently labeled cDNA. Total RNA
(25 mg) was reverse transcribed with SuperScript RT II (Invitrogen) in the presence of 2.5 mM aminoallyl-dUTP (Sigma) and
dNTPs, with a 1:1 mixture of dT20V and random nonamer (N9)
primers (5 mg of each, Sigma). After first strand cDNA synthesis,
PLoS Genetics | www.plosgenetics.org

Quantitative Real-Time PCR
qRT-PCR was performed with an ABI Prism 7000 Sequence
Detection System (ABI Prism) and the Power SYBR Green PCR
Master Mix (Applied Biosystems) according to the manufacturer’s
instructions. The first strand cDNA was synthesized with 5 mg of
total RNA, 50 mM oligo(dT)20, 0.1 mM random hexamers and
SuperScript RT III (Invitrogen). RNA was subsequently hydrolyzed with 125 mM NaOH and 10 mM EDTA at 65uC for
15 min. The mix was neutralized with 400 mM Tris-HCl (pH 8.0)
and loaded onto a Microcon-YM30 (Millipore) concentrator
column filled with 10 mM Tris-HCl (pH 8.0). After centrifugation
for 8 min at 13,500 g the microcon was filled again with 10 mM
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control (BY4741 strain) sample. Array data were filtered in Acuity
for signal to noise ratio .3 for the channel with the input RNA
(Cy3), and percentile ranks for filtered data were calculated based
upon the log2 of the Cy5/Cy3 ratio in each experiment with Excel
(Dataset S2).

Tris-HCl (pH 8.0). This step was repeated twice. After elution, the
cDNA was used as template for PCR with the following
conditions: 95uC for 10 min; 40 cycles at 95uC for 15 s, and
60uC for 1 min. Transcript abundance was calculated as log2 of
normalized ratios with the Pfaffel method of relative quantification
[55]. Data were normalized to actin mRNA levels. (All primers
used for quantitative real time PCR analysis and for strand specific
reverse transcription are listed in Table S6.) Primer sequences for
the strand specific synthesis of the antisense-Ty1 (RTL) cDNA and
of the antisense-PHO5, -PHO11, and -PHO89 cDNAs can be
provided upon request.

Northern Blot Analysis
Northern blotting experiments were performed as previously
described [56,57]. Briefly, 35 mg of total RNA in RNA loading
buffer (50% formamide, 6% formaldehyde, 50 mM HEPES
[pH 7.8], 0.25% xylene cyanol, 0.25% bromophenol blue, 10%
glycerol) was loaded on a 1.5% agarose-6% formaldehyde gel and
fractionated in 16 HEPES buffer (50 mM HEPES [pH 7.8];
10 mM EDTA) at 50–60 Volts for 15 h. After washing of the gel
in distilled water for 15 min, the RNA was partially cleaved with
75 mM NaOH for 15 min. The gel was neutralized in a solution
comprised of 5 M Tris-HCl (pH 7.0) and 1.5 M NaCl for 15 min,
and equilibrated in 106 SSC for 20 min. Capillary transfer of the
RNA to Hybond-N+ membranes (Amersham) was performed in
106 SSC over night. RNA was UV-crosslinked to the membrane
in a UV Stratalinker 1800 (Stratagene) with 1200 mJ.
DNA probes for hybridization were prepared by random
incorporation of a-[32P] dATP with the Random Prime DNA
Labeling Kit (Roche). Unincorporated a-[32P] dATP was removed
by MicroSpinTM G-25 Columns (GE Healthcare). DNA
templates for the preparation of the randomly labeled probes
were produced by PCR amplification with primer pairs rps24Aint-Fw (59-AGAAATGGTATGTTAAAAAGTGCTCAGATG39) and rps24A-int-Rev (59-CAGCGTCAGACTGAGAAAAAAC-39) or rpl2B-int-Fw (59-CGCATAATTATGGCAAATGTTATGAAGG-39) and rpl2B-int-Rev (59-CGAATAACTCTACCTGTTTAAATGAGG-39) to detect the RPS24A and RPL2B introns,
and primer pairs rps24A-ex-Fw (59-TCTGACGCTGTTACTATCCGTACTA-39) and rps24A-ex-Rev (59-AATCGGCGTTACGACGAGCAACCT-39) or rpl2B-ex-Fw (59-CACACCAGATTAAGACAAGGTGCT-39) and rpl2B-ex-Rev (59-GAACCACGTAGTAAACCGGTTCTTCT-39) to detect the RPS24A
or RPL2B mRNAs. The DNA template for the preparation of the
randomly labeled PGK1 probe was previously described [56].
Hybridization was carried out in rolling tubes in hybridization
buffer containing 50% formamide, 56 SSPE (750 mM NaCl,
50 mM NaH2PO4, 5 mM EDTA, pH 7.4), 56 Denhardts
solution, 1% SDS, and 200 mg/ml salmon sperm DNA according
to standard procedures. The result of the hybridization was
visualized with a Phosphor Imager.

In Vivo Cross-Linking and RibonucleoproteinImmunopurification-Chip Analysis (X-RIP-Chip)
1 L of fresh YPD medium was inoculated with an overnight
pre-culture of yeast cells (OD600 = 0.1) that were further cultured
at 30uC to an OD600 = 0.7. RNAs and proteins were cross-linked
with 1% formaldehyde that was added directly to the culture for
7 min at RT. The cross-linking reaction was subsequently
quenched by the addition of 125 mM glycine (pH 7.0) for 5 min
at RT. During cross-linking and quenching reactions the cultures
were maintained under constant shaking at 100 rpm. Cells were
harvested by centrifugation (1,500 g) at 4uC, washed twice with
50 ml of ice-cold PBS, and lysed in 5 ml of ice-cold lysis buffer
(20 mM Tris-HCl [pH 7.5], 140 mM KCl, 1.8 mM MgCl2, 0.1%
NP-40, 0.1 mM DTT, 10% glycerol, 0.2 mg/ml heparin, 0.5 mg/
ml Leupeptin, 0.8 mg/ml Pepstatin, 50 U/ml SUPERaseIn
[Amersham]) by grinding in mortar filled with liquid nitrogen.
Contaminating DNA was digested with 20 U/ml RNAse-free
DNase I (Promega). The WCE was centrifuged twice at 13,000 g
for 10 min at 4uC to remove cell debris. The protein concentration of the extract was determined with the Bradford method (BioRad Protein Assay, BioRad). To purify total RNA from extracts
for microarray analysis (input RNA sample), 100 ml of WCE was
digested with Proteinase K (0.4 mg/ml) for 30 min at 37uC,
heated up to 70uC for 45 min to reverse the formaldehyde crosslinking, and proteins were extracted with phenol-chloroformisoamyl alcohol (PCI, 25:24:1). RNA was precipitated with 1.5 M
LiCl at 220uC overnight and collected by 30 min centrifugation
(14,000 g) at 4uC. The RNA pellet was washed twice with 70%
ethanol and resuspended in DEPC-treated water.
Cross-linked TAP-tagged proteins were captured from the
WCE as follows: 300 ml rabbit IgG-coupled agarose beads (Sigma)
were equilibrated at 4uC in lysis buffer supplemented with 5%
BSA. WCE was added to the blocked IgG beads and mixed on a
rotator overnight at 4uC. TAP-tagged proteins were then
recovered by spinning down the IgG beads at 72 g for 2 min at
4uC. Beads were thoroughly washed three times with ice-cold lysis
buffer supplemented with increasing concentrations of NaCl
(100 mM, 200 mM, and 350 mM). RNP complexes were digested
in 1 ml of elution buffer (50 mM Tris-HCl [pH 7.0], 1% SDS,
5 mM EDTA, 10 mM DTT, 140 mM KCl, 5% glycerol, 0.01%
NP-40) with 100 ml Proteinase K (4 mg/ml) for 20 min at 37uC.
Formaldehyde cross-linking was reversed by incubation of the
eluate at 70uC for 45 min in a gently shaken heating block.
Immunopurified RNA (IP-RNA) was isolated by extraction with
PCI and isopropanol precipitation. The RNA pellet was washed
twice with 70% ethanol and resuspended in DEPC-water.
For the microarray analysis of the IP-RNA, 5 mg of total RNA
(input RNA) and 500 ng of IP-RNA were converted into Cy3 and
Cy5 fluorescently labeled cDNA, respectively, and samples were
competitively hybridized on yeast oligo arrays as described above.
We collected data from three biological replicates with Trf4-TAP,
from two replicates with Fpr1-TAP and from one untagged
PLoS Genetics | www.plosgenetics.org

Western and Dot Blot Analysis of Immunopurified Protein
Complexes
Two ml of protein samples were directly spotted onto the
nitrocellulose membrane (Whatman) for dot blot analysis. For
Western blots, proteins were separated on 12% polyacrylamide
gels, transferred to nitrocellulose membranes, and incubated with
antibodies indicated in the figure legends. The anti-TAP
antibodies were previously described [5]. To generate anti-Air2
antibodies a C-terminal fragment of Air2p (comprising amino
acids 210–344 of Air2p) was cloned in pET22b (Novagen) and
expressed in the Escherichia coli strain BL21. The resulting Cterminal Air2p fragment contained a [His]6 tag fusion on its Cterminus. The protein was expressed in LB medium according to
the manufacturer (Novagen) and affinity purified on Ni2+-NTA
agarose (Sigma) under denaturing conditions as described [5].
After further purification on reverse phase chromatography (GE
Healthcare) in FPLC, approximately 100 mg of the purified
protein was used for three injections into a rabbit (Eurogentec).
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TRF4-DADA, trf5D, and rrp6D). The scheme above the bar
diagram represents the Ty1 retrotransposon locus: grey arrow
(UP) indicates the position of the UP-aTy1 primer used for strand
specific synthesis of anti-sense-Ty1 (RTL) cDNA; convergent solid
arrows (aTyF and aTyR) indicate the primer pairs anti-Ty-Fw
and anti-Ty-Rv used for the quantification of the RTL cDNA;
convergent grey arrowheads (TyF and TyR) show the location of
Ty-Fw and Ty-Rv primers used for the quantification of the TyA/
B cDNA. Consistent with the microarray analysis the expression of
Ty1 retrotransposon is restored to WT levels by the overexpression of Trf4p-DADA in trf4D mutant cells. RNA amounts were
normalized to ACT1 mRNA and are compared to the isogenic
WT strain. Relative changes of transcript abundances (log2 ratio
scale) represent averages from two independent qRT-PCR
analyses. The RNA was also used for the microarray analysis
presented in Figure 1A.
Found at: doi:10.1371/journal.pgen.1000555.s003 (1.39 MB TIF)

Peroxidase-conjugated swine anti-rabbit antibodies (DAKO)
served as secondary antibodies for detection of the primary
antibodies with the ECL Plus Western blotting detection system
(Amersham).

Telomere Length Analysis
Telomere length measurement was carried out as previously
described [44]. Genomic DNA was prepared from yeast cells
grown in YPD and according to standard procedures. DNA from
each strain was digested overnight with the restriction enzyme
XhoI and fractionated by 1% agarose gel electrophoresis in 16
TBE buffer (90 mM Tris-borate, 2 mM EDTA) at 40 Volts for
15 h. DNA was transferred to a Hybond-N+ membrane
(Amersham) and Southern blot was performed by hybridization
with a telomeric probe (26G; 59-TGTGGGTGTGGTGTGTGGGTGTGGTG-39) that was end-labeled with c-[32P] ATP and
T4 polynucleotide kinase (Biolabs). All hybridizations were done in
200 mM Na2HPO4, 1 mM EDTA, 2% SDS, 1% BSA and
50 mg/ml salmon sperm DNA. The average telomeric length for
each lane was estimated by a 1 kb DNA ladder (peqLab) that was
run in a lane next to the XhoI digested genomic DNA. The ladder
was probed with the same DNA ladder after c-32P end-labeling.

Figure S4 Intron expression profiles in RNA surveillance

mutants. Bar diagrams show the results of qRT-PCR analysis
for a group of introns (RPS9A-INT; RPL16A-INT, RPL7B-INT1,
GCR1-INT, and RPL40A-INT) in RNA surveillance mutants (trf4D,
trf4D/TRF4-DADA, trf5D, and rrp6D). qRT-PCR analysis was
performed with intron-specific primers. Overexpression of Trf4pDADA in trf4D mutant cells abolished the accumulation of the first
intron of RPL7B (RPL7B-INT1) and of GCR1 (GCR1-INT) and
reduced by 3.6-fold (log2) the abundance of the intron of RPS9A
(RPS9A-INT). RNA amounts were normalized to ACT1 mRNA
and are compared relative to the isogenic wild-type strain. Relative
changes of transcript abundances (log2 ratio scale) represent
averages from two independent qRT-PCR analyses. The RNA
was also used for the microarray analysis presented in Figure 1A.
Found at: doi:10.1371/journal.pgen.1000555.s004 (0.76 MB TIF)

Supporting Information
Figure S1 Classes of RNAs that accumulate in trf4D, trf5D, and

trf4D/TRF4-DADA mutants. Pie chart classifying the transcripts
with more than 2-fold (FDRs,5%) increased expression in in the
trf4D (A), the trf5D (B), and the trf4D/TRF4-DADA (C) mutant
strains as determined by microarray analysis. Microarrays
contained 10,944 oligo probes (70-mers) representing 6,388 S.
cerevisiae ORFs and 3,456 probes to detect ncRNAs (e.g. snRNAs/
snoRNAs), rRNA precursors, INTs, Ty1 retrotransposon elements, exon-intron and exon-exon junctions, and 242 IGRs/
CUTs. We infer that the fraction of CUTs and ncRNAs in the
three mutants is underestimated as our microarrays do not fully
cover all the genome’s intergenic regions (including both strands)
as well as antisense RNAs.
Found at: doi:10.1371/journal.pgen.1000555.s001 (2.19 MB TIF)

Figure S5 Expression profiles of transcripts derived from the
silenced HML/HMR cassettes and of genes involved in chromatin
silencing. (A) Bar diagram representing the results of the qRT–
PCR analysis for HMLa1 and ARS318 in RNA surveillance
mutants (trf4D, trf4D/TRF4-DADA, trf5D, and rrp6D). Whereas
overexpression of Trf4p-DADA restored the abundance of
HMLa1 to WT levels, ARS318 transcripts still exhibited a 2-fold
increase in trf4D/TRF4-DADA mutant cells. Both HMLa1 and
ARS318 RNAs strongly accumulated in the rrp6D mutant strain.
RNA levels were normalized to ACT1 mRNA and compared to
the relative expression in isogenic wild-type strain. Relative
changes of transcript levels (log2 ratio scale) correspond to the
average from two independent experiments. The RNA was also
used for the microarray analysis presented in Figure 1A. (B) Bar
diagram representing the levels of SIR2, SIR3, SIR4, SAS5, and
MCM10 mRNAs in the trf4D and the trf5D mutant strains
quantified qRT-PCR. RNA amounts were normalized to ACT1
mRNA and are compared relative to the isogenic WT strain.
Relative changes of transcript abundances (log2 ratio scale)
represent averages from two independent qRT–PCR analyses.
The same RNA was used for the microarray analysis shown in
Figure 1A.
Found at: doi:10.1371/journal.pgen.1000555.s005 (1.14 MB TIF)

Expression profiles of SnoRNAs and IGRs (CUTs) in
RNA surveillance mutants. Microarray analysis of trf4D, trf5D, and
trf4D/TRF4-DADA (DADA) mutants showing relative changes for a
sample of snoRNAs (14 out of 27; SNR) and IGRs/CUTs the
steady-state levels of which were .2-fold increased (FDRs,5%) in
trf4D mutant cells. snoRNAs and IGRs/CUTs strongly accumulated in the trf4D mutant, but not in the trf5D mutant. In addition,
most of the snoRNAs (SNR10, SNR11, SNR65, SNR3, SNR72,
SNR45, SNR48, and SNR49) and some IGRs (IGR67, IGR130) still
showed an increase of more than 1.5-fold relative to WT cells
upon overexpression of Trf4-DADA in trf4D mutant cells.
Microarrays are the same as shown in Figure 1.
Found at: doi:10.1371/journal.pgen.1000555.s002 (1.66 MB TIF)

Figure S2

Figure S3 Retrotransposon Ty1 elements accumulate in the

trf4D Mutant and are restored to wt levels by Trf4p-DADA
overexpression. (A) Bar diagram representing relative changes of
Ty1 retrotransposon RNAs as found by microarray analysis of the
trf4D, the trf5D and the trf4D/TRF4-DADA (DADA) mutants. The
values are averages of the levels of Ty1 retrotransposon transcripts
as displayed by 68 out of 96 Ty1 retrotransposon probes showing
more than 2-fold increase (FDR,5%) in the trf4D mutant.
Microarrays are the same as shown in Figure 1. (B) Bar diagrams
show the results of the qRT-PCR analysis for the Ty1 retrotransposon elements in RNA surveillance mutants (trf4D, trf4D/
PLoS Genetics | www.plosgenetics.org

Expression profiles of PHO5, PHO89, anti-PHO5, and
anti-PHO89 RNAs in RNA surveillance mutants. Strand-specific
qRT–PCR analysis examining the steady-state levels of PHO5,
anti-PHO5 (A), PHO89, and anti-PHO89 (B) RNAs in RNA
surveillance mutants (trf4D, trf4D/TRF4-DADA, trf5D, and rrp6D).
RNA amounts were normalized to ACT1 mRNA and compared
relative to the isogenic wild-type strain. Relative changes of
transcript abundances (log2 ratio scale) represent averages from
Figure S6
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Oligonucleotide name; target RNA; oligonucleotide sequence in
the 59 to 39 direction.
Found at: doi:10.1371/journal.pgen.1000555.s012 (0.03 MB
XLS)

two independent qRT–PCR analyses. The RNA was also used for
the microarray analysis presented in Figure 1A.
Found at: doi:10.1371/journal.pgen.1000555.s006 (1.15 MB TIF)
Table S1 List of genes with 2-fold altered expression (FDR,5%)

Dataset S1 Normalized data from DNA microarray experiments with trf4D, trf5D, and trf4D/TRF4-DADA mutants. Columns
indicate the following (from left to right): Oligo ID (Operon); gene
name; systematic name; yeast ORF (compatible with SGD); GO
annotations for process, function, and cellular compartment;
Operon description of the gene product; log2 ratio trf4D mutants
(triplicates); average log2 ratio trf4D mutants; log2 ratio trf4D/
TRF4-DADA mutants (triplicates); average log2 ratio trf4D/TRF4DADA mutants; log2 ratio trf5D mutants (triplicates), average log2
ratio trf5D mutants; FDRs trf4D microarrays; p-values trf4D
microarrays; FDRs trf4D/TRF4-DADA microarrays; p-values
trf4D/TRF4-DADA microarrays; FDRs of trf5D microarrays; pvalues trf5D microarrays; p-values trf4D vs. trf4D/TRF4-DADA
microarrays; p-values trf4D vs. trf5D microarrays; FDRs trf4D vs.
trf4D/TRF4-DADA microarrays; FDRs trf4D vs. trf5D microarrays.
An annotation key to the oligos and a comparison of IGRs to
recently mapped CUTs [18,19] is given in separate worksheets.
Found at: doi:10.1371/journal.pgen.1000555.s013 (4.36 MB
XLS)

by deletion of either trf4 or trf5 or by overexpression of Trf4pDADA in the trf4D mutant strain. Columns indicate the following
(from left to right): Clone ID; gene name; systematic name; Probe
sequence on the array (70-mer); GO annotations for biological
process, function, and cellular compartment; Operon description
of gene product; average log2 ratio in trf4D mutants; average log2
ratios in trf4D/TRF4-DADA mutants; average log2 ratio in trf5D
mutants; FDRs trf4D; p-value trf4D; FDR trf4D/TRF4-DADA; pvalue trf4D/TRF4-DADA microarrays; FDR trf5D; p-value trf5D; pvalue trf4D vs. trf4D/TRF4-DADA; cyberT test of trf4D vs. trf5D
microarrays; FDR trf4D vs. trf4D/TRF4-DADA; FDR trf4D vs.
trf5D microarrays.
Found at: doi:10.1371/journal.pgen.1000555.s007 (5.12 MB
XLS)
Table S2 Statistics of the 2-fold changed features. Columns
indicate the following (from left to right): mutant strain; number of
features exhibiting 2-fold up- or downregulation; number of
features exhibiting 2-fold up- or downregulation after CyberT test
(p,0.05); number of features exhibiting 2-fold up- or downregulation after SAM analysis (FDR,0.05%).
Found at: doi:10.1371/journal.pgen.1000555.s008 (0.02 MB
XLS)

Percentile ranks from X-RIP-Chip data. Columns
indicate the following (from left to right): Oligo ID (Operon); gene
name; yeast ORF (compatible with SGD); GO annotations for
process, function, and cellular compartment; Operon description
of the gene product; percentile rank in Trf4 affinity isolations (3
biological replicates); average percentile rank of Trf4 affinity
isolations; percentile rank of Fpr1 control affinity isolations (2
biological replicates); percentile rank of WT mock control
isolations (BY4741); average percentile rank of control isolates
(Fpr1, BY4741).
Found at: doi:10.1371/journal.pgen.1000555.s014 (1.99 MB
XLS)

Dataset S2

Table S3 Significantly enriched GO terms among transcripts
that are significantly increased in the trf4D and the trf5D mutants.
Columns indicate the following (from left to right): Mutant strain;
category; gene ontology (GO) term; number of genes with
annotations; number of genes in the genome with annotation; pvalue.
Found at: doi:10.1371/journal.pgen.1000555.s009 (0.02 MB
XLS)

Percentile ranks of introns from X-RIP-Chip data.
Columns are the same as for Dataset S2. Changes of relative
expression (average log2 ratios) in trf4D and trf5D mutants are
shown in separate columns (values are taken from Dataset S1).
Found at: doi:10.1371/journal.pgen.1000555.s010 (2.57 MB
XLS)

Table S4
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