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The control of mRNA degradation is an important component
of the regulation of gene expression since the steady-state concen-
tration of mRNA is determined both by the rates of synthesis and of
decay. Two general pathways of mRNA decay have been described
in eukaryotes. Both pathways share the exonucleolytic removal of
the poly(A) tail (deadenylation) as the first step. In one pathway,
deadenylation is followed by the hydrolysis of the cap and proces-
sive degradation of the mRNA body by a 5' exonuclease. In the
second pathway, the mRNA body is degraded by a complex of 3
exonucleases before the remaining cap structure is hydrolyzed. This
review discusses the proteins involved in the catalysis and control
of both decay pathways.

Keywords mRNA decay, cap, poly(A) tail, regulation of gene
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INTRODUCTION

A high rate of turnover is one of the distinguishing proper-
ties of messenger RNA. Rapid synthesis and equally rapid
destruction were postulated early on as key features of a
“structural messenger” carrying information from genes
to ribosomes, based on the observation that both gene in-
duction and repression happened within minutes. These
kinetic considerations were a principal argument to sug-
gest that an experimentally observed small fraction of cel-
Iular RNA showing rapid turnover was in fact “messenger
RNA” (Jacob & Monod, 1961). The argument leading to
the discovery of mRNA also highlights the biological sig-
nificance of the molecule’s instability: It is this feature of
mRNA that permits a cell to adapt its pattern of protein syn-
thesis continuously to changing physiological needs. The
approach to a new steady state upon both up- and down-
regulation of the transcription of any gene is faster if the

Address correspondence to E. Wahle, Institut fiir Biochemie,
Martin-Luther-Universitit Halle-Wittenberg, Kurt-Mothes-Str. 3,
06120 Halle, Germany. E-mail: ewahle @biochemtech.uni-halle.de

corresponding mRNA is unstable (Ross, 1995). If mRNA
were a stable molecule, it could only be diluted out by cell
growth once the gene has been turned off; a doubling of
cell mass would be required to reduce the relative rate of
synthesis of the encoded protein to one half.

In any given cell, half-lives of mRNAs differ: In E. coli,
typical mRNAs have half-lives of 1-2 min, whereas the
most stable RNAs have half-lives of about 15 min (Coburn
& Mackie, 1999). In yeast, the most unstable RNAs have
half-lives of approximately 2—3 min, and stable RNAs have
half-lives of 90 min or more (Herrick et al., 1990; Wang
et al., 2002a). In mammalian cells, the unstable c-fos mes-
sage decays with a half-life of about 15 min; the half-life
of the stable B8-globin mRNA exceeds 24 h (Shyu e al.,
1989). In other words, the half-lives of stable RNAs ap-
proach or even exceed the doubling times of the cells in
which they are made; if the production of such an RNA
ceases, dilution by cell growth can contribute as much to
the decreasing mRNA concentration as mRNA decay. In
contrast, unstable mRNAs have twentyfold shorter half-
lives, and cell growth contributes little to changes in their
concentration. (Note that half-life is not really an appro-
priate parameter to describe mRNA stability, as its decay
is not a stochastic process. Consequently, half-life mea-
surements by decay from steady state underestimate the
true average life span of an RNA (Cao & Parker, 2001).)
Not surprisingly, short-lived mRNAs usually encode pro-
teins of regulatory significance or, for example, enzymes
necessary or dispensable, depending on the carbon source
of the cell or similar parameters that may change rapidly.
The stabilities of individual mRNAs can be regulated by
specific signals; stabilization contributes to gene induction
and destabilization to gene repression.

This review will focus on the two general pathways of
mRNA decay known and the proteins that act in them. We
will treat mRNA-specific regulatory proteins only briefly,
and we will not discuss additional regulatory aspects. Re-
lated reviews have been published recently (Parker &
Song, 2004; Wilusz et al., 2001).
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PATHWAYS OF mRNA DECAY

RNA is usually considered an unstable molecule: RNases
are ubiquitous and notoriously difficult to inactivate, and
RNA is also chemically more labile than DNA. Thus, it
is perhaps surprising that the “default state” of an mRNA
in a eukaryotic cell is one of relative stability; specific
signals are required to accelerate the decay of individual
mRNAs. The main reason appears to be that mRNA decay
is catalyzed almost exclusively by exonucleases, and the
ends of eukaryotic mRNAs are protected against these en-
zymes by specific terminal structures and their associated
proteins: a m’GpppN cap at the 5’ end and a poly(A) tail
at the 3’ end. Removal of these two terminal modifications
is thus considered rate limiting for mRNA decay.

mRNA half-lives and degradation pathways are often
investigated by an inhibition of transcription and subse-
quent analysis of the decaying RNA population by North-
ern blotting or other methods. In mammalian cells, tran-
scription can be inhibited by actinomycin. In yeast,
thiolutin or a temperature-sensitive mutation in the largest
subunit of RNA polymerase Il (rpbI-1), which permits
mRNA production to be shut off by a shift to the nonper-
missive temperature, can be used. In addition to concerns
about nonspecific effects of inhibitors, one disadvantage
of this type of experiment is the steady-state population of
RNA present at the beginning of the time course of degra-
dation, a heterogeneous mixture of “old” and “young”
molecules. More clear-cut results are obtained with tran-
scriptional pulse—chase experiments, in which a promoter
is activated briefly and then turned off so that the decay of a
relatively homogeneous population of mRNA molecules
can be observed. In yeast, this is usually done with the
help of the GAL1 promoter, which is induced by the addi-
tion of galactose and repressed by the addition of glucose.
A combination of glucose repression with a temperature
shift of a rpbl-1 mutant allows particularly tight control
of transcription (Decker & Parker, 1993). In mammalian
cells, the c-fos promoter, which is activated by the addition
of serum to serum-starved cells and turned off after a short
while, or an artificial tetracyclin-regulated system have
been used for pulse—chase protocols (Shyu et al., 1989; Xu
etal., 1998). In Drosophila cells, the same can be achieved
through the use of the heat-regulated HSP70 promoter
(Dellavalle et al., 1994; Temme et al., 2004). Such ex-
periments have almost invariably shown that mRNAs first
lose their poly(A) tails by a process of more or less con-
tinuous shortening from the 3’ end; only after the poly(A)
tail has been degraded below a certain limit does the to-
tal amount of mRNA begin to decrease (Decker & Parker,
1993; Shyu et al., 1991; Wilson & Treisman, 1988). In
yeast, the poly(A) tail has to be shortened to about 10 nu-
cleotides (Decker & Parker, 1993), and in mammalian cells
to 30-60 nucleotides (Chen et al., 1994), before the RNA

begins to disappear. Although RNAs with poly(A) tails
of this length sometimes accumulate, suggesting that the
second step of decay can also be slow, the product of this
second and any subsequent steps is not detectable under
normal conditions, so that the pathway of decay following
deadenylation cannot be deduced. In yeast, further analy-
sis has been possible by two methods: First, mutant strains
blocked at certain steps in the decay pathway accumulate
the corresponding intermediates, which can then be exam-
ined (Hsu & Stevens, 1993; Muhlrad et al., 1994). Second,
the incorporation of short oligo(G) tracts at internal posi-
tions of an mRNA blocks the activity of exonucleases; the
structure of the accumulating intermediates demonstrates
that exonuclease digestion is responsible for mnRNA decay
and reveals the enzymes’ directionality (Decker & Parker,
1993; Vreken & Raué, 1992).

These experiments have shown that, in the major mRNA
decay pathway of S. cerevisiae, the step following dead-
enylation is hydrolysis of the 5’ cap to m’GDP and an
mRNA with a 5" monophospate. Cap hydrolysis depends
on almost complete deadenylation, and thus this pathway
is called the deadenylation-dependent decapping pathway.
The RNA product of the decapping step is then degraded
by a 5’ exonuclease (Hsu & Stevens, 1993; Muhlrad et al.,
1994). Mutational inactivation of this pathway revealed a
second pathway in which, after deadenylation, the RNA
is degraded from the 3’ end (Jacobs Anderson & Parker,
1998). The remaining cap structure is then hydrolyzed
to m’GMP (Liu et al., 2002; Wang & Kiledjian, 2001).
Significant quantities of oligo(G)-stabilized intermediates
reflecting a 3’ exonucleolytic decay of mRNA are seen
only when 5" decay is blocked (Jacobs Anderson & Parker,
1998; Muhlrad et al., 1995). Also, mutations affecting 3’
decay do not increase the half-lives of most mRNAs when
the strain is wildtype with respect to 5’ decay. Both ob-
servations suggest that 3’ decay is of secondary impor-
tance for the turnover of the mRNAs examined (Jacobs
Anderson & Parker, 1998). However, a genome-wide sur-
vey of mRNA abundance showed that mutations affecting
the 5’ pathway changed the abundance of less than 20%
of all yeast mRNAs, indicating that the 3" pathway might
actually be more important (He et al., 2003). The recipro-
cal experiment of examining mRNA abundance in mutants
defective in the 3’ decay pathway has not been reported,
though. In mammalian cells, 3’ decay has been argued to
be the predominant pathway, based mostly on in vitro ev-
idence (Chen et al., 2001a; Mukherjee et al., 2002; Wang
& Kiledjian, 2001).

Simultaneous inactivation of both decay pathways in
S. cerevisiae is lethal and, in conditional mutants, leads
to almost complete stability of mRNAs under nonpermis-
sive conditions, indicating that no other pathway of gen-
eral importance exists (Jacobs Anderson & Parker, 1998).
A mathematical model for cytoplasmic mRNA turnover
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has been developed, based on the two pathways described
above and experimentally determined rate constants (Cao
& Parker, 2001). This model reproduces experimental ob-
servations. It shows, for example, that the rate of dead-
enylation has the greatest influence on the overall rate of
mRNA decay, in agreement with the experimental
observation that this is the main regulated step (see
below).

In mammalian cells, inactivation of decay enzymes has
barely been used so far for the analysis of decay path-
ways, and accumulation of stable intermediates due to
oligo(G) tracts inserted into mRNAs has been reported
only in vitro (Wang & Kiledjian, 2001). The conviction
that the two pathways described above also exist in mam-
malian cells rests on four types of data. First, deadenylation
can be directly observed as the first step in mRNA decay

in vivo (Chen & Shyu, 1995; Shyu et al., 1991; Wilson
& Treisman, 1988). Second, homologs for all enzymes
catalyzing the two yeast pathways exist in higher eukary-
otes, and their catalytic activities have been confirmed (see
below). Third, the 5'-monophosphorylated RNA product
of the decapping reaction has been detected by an indi-
rect method relying on mRNA circularization and reverse
transcription polymerase chain reaction (RT-PCR) analy-
sis (Couttet et al., 1997). These experiments also provided
evidence for a dependence of decapping on prior deadeny-
lation. Finally, deadenylation and 3" decay followed by cap
hydrolysis has been observed in cell-free extracts from
mammalian cells (Chen et al., 2001a; Mukherjee et al.,
2002; Rodgers et al., 2002b; Wang & Kiledjian, 2001).

The two general pathways of mRNA decay and the pro-
teins that act in them are summarized in Figure 1.
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FIG. 1.

A summary of the two general pathways of eukaryotic mRNA decay and the participating proteins. Both inhibitory and

stimulatory molecules are listed under the heading “effectors.” See text for details.
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Whereas the majority of mRNAs are degraded by one or
both of the two general pathways described above, the de-
cay of some mRNAs is initiated by endonucleases (Binder
et al., 1994; Chernokalskaya et al., 1998; Gallouzi et al.,
1998; loannidis et al., 1996; Rodgers et al., 2002a; van
Dijk et al., 2001). The 5" cleavage fragment produced
by endonucleolytic scission is likely to be equivalent to
a deadenylated RNA and may thus be degraded by the
3’ decay pathway. Similarly, the 3’ cleavage fragment,
which lacks a cap, is probably a substrate for the 5" de-
cay pathway. As both cap and poly(A) tail are required
for the initiation of translation (Sachs, 2000), none of the
intermediates of any of the pathways of mRNA decay is
likely to be translated at a significant rate (see, however,
Thoma et al., 2001). This is important to prevent the syn-
thesis of truncated proteins, which might be harmful for the
cell. Removal of decay intermediates from the translatable
RNA pool should be most efficient for the deadenylation-
dependent decapping pathway since the mRNA is deprived
of both cap and poly(A) tail before the coding sequence is
attacked.

All cells have quality control pathways for the rapid
and specific elimination of aberrant mRNAs. These
pathways include nuclear or cytoplasmic degradation
of mRNA precursors that failed to be properly processed
(Hilleren & Parker, 2003; Moore, 2002); nonsense-
mediated decay (NMD), which eliminates mRNAs carry-
ing a premature stop codon (Maquat, 2004); and nonstop
decay, a degradation pathway for mRNAs lacking a stop
codon (Frischmeyer et al., 2002; van Hoof et al., 2002).
These pathways use the same enzymes responsible for gen-
eral mRNA decay but, at least in the cases of nonsense-
mediated decay and nonstop decay, involve mechanisms
for specific targeting of these enzymes to aberrant mR-
NAs. These specialized pathways will not be discussed
here.

ENZYMES AND PROTEINS OF THE
DEADENYLATION-DEPENDENT
DECAPPING PATHWAY

Deadenylating Enzymes

The first poly(A) degrading 3’ exoribonuclease to be de-
scribed was the poly(A) nuclease (PAN) of S. cerevisiae,
which consists of the Pan2p and Pan3p subunits (Boeck
et al., 1996; Brown et al., 1996). PAN has also been char-
acterized in human cells and appears to be conserved in
all metazoans (Uchida et al., 2004). Pan2 is the catalytic
subunit of the heterodimer; it is a Mg?*-dependent en-
zyme liberating 5'-AMP from the 3’ end (Lowell et al.,
1992; Uchida et al., 2004). Pan2 is a member of a fam-
ily of 3’ exoribonucleases, which was originally described
as the RNase D family (Moser et al., 1997) and later re-

named DEDD superfamily, with RNase D-like enzymes
forming a subfamily (Zuo & Deutscher, 2001). These en-
zymes, which are related to the 3’ exonuclease domain of
E. coli DNase I, contain four conserved acidic residues
in three exonuclease motifs, which bind the two divalent
metal ions involved in catalysis. A characteristic feature
of PAN is the dependence of its activity on coating of the
poly(A) substrate by the cytoplasmic poly(A) binding pro-
tein (PABPC; Pablp in yeast) (Sachs & Deardorff, 1992;
Uchida et al., 2004). The PAN3 subunit binds directly to
PABPC (Uchida et al., 2004). In the absence of PABPC,
PAN can also be activated by rather high salt concentra-
tions or by spermidine. The enzyme still prefers poly(A) as
a substrate under these conditions, i.e., its substrate speci-
ficity is not determined solely by PABPC (Lowell et al.,
1992; Uchida et al., 2004).

Deletions of PAN2 or PAN3, singly or in combina-
tion, do not affect the viability of yeast. Steady-state bulk
poly(A) is approximately 20 nucleotides longer in such
strains, confirming a role of the enzyme in poly(A) tail
metabolism in vivo (Boeck et al., 1996; Brown et al.,
1996). However, PAN is clearly not the main deadenylat-
ing enzyme in yeast; its main role is thought to be an initial
shortening of poly(A) tails (Brown & Sachs, 1998). Even
though this reaction occurs very rapidly, very soon after
poly(A) tail synthesis, PAN is localized in the cytoplasm
both in yeast (Huh et al., 2003) and in human cells (Uchida
et al., 2004). Thus, PAN-catalyzed shortening may occur
after nuclear export of the RNA. The fact that residual
deadenylation upon knockout of the main deadenylase is
abolished if PAN2 is also deleted (Tucker er al., 2001)
argues for a cytoplasmic role of PAN as well.

The major deadenylase of yeast is the CCR4-NOT com-
plex (Daugeron et al., 2001; Tucker et al., 2001), and this
complex is conserved in mammals (Albert ef al., 2000)
and in Drosophila (Temme et al., 2004). The experiments
through which the yeast complex was initially identified as
a potential regulator of transcription have been reviewed
recently (Collart, 2003; Denis & Chen, 2003). The Ccrdp
subunit of the complex has sequence similarity to a fam-
ily of Mg?*-dependent nucleases related to E. coli ex-
onuclease III. Deletion of the CCR4 gene causes a de-
crease in the rate of deadenylation and a stabilization of
mRNAs (Tucker et al., 2001). Point mutations affecting
the predicted active site of Ccrdp cause a similar dead-
enylation defect, demonstrating that the catalytic activity
of the protein is required for deadenylation (Chen et al.,
2002; Tucker et al., 2002). Drosophila ccr4 mutants also
have a deadenylation defect (Temme et al., 2004). Both
yeast Ccrdp and its mammalian homolog are active as
poly(A)-specific 3’ exoribonucleases in vitro in the ab-
sence of the other subunits of the CCR4-NOT complex
(Chen et al., 2002; Viswanathan et al., 2003). The ac-
tivity of an immunoaffinity-purified CCR4-NOT complex
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is inhibited by Pablp (Tucker et al., 2002). The reaction
product of this complex is 5° AMP (Tucker et al., 2001).
In addition to its C-terminal nuclease domain, Ccrdp con-
tains a conserved leucine-rich repeat that is essential for
binding the Pop2p/Caflp subunit of the complex and also
affects exonuclease activity (Clark et al., 2004).

The Pop2p/Caflp subunit of the CCR4-NOT complex
is a member of the RNase D (or DEDD) family of exonu-
cleases (Daugeron et al., 2001; Moser et al., 1997). While
the predicted catalytic site of yeast Pop2p is not very well
conserved, the isolated polypeptide is active as a 3’ exonu-
clease with some preference for poly(A) in vitro, but the
activity is very much weaker than that of Ccr4p (Daugeron
etal.,2001; Thore et al., 2003; Viswanathan et al., 2004).
The active sites of Pop2/Cafl orthologs in other organ-
isms are better conserved, and therefore these proteins
might have a more robust activity. Crystallographic anal-
ysis revealed a structure of yeast Pop2p/Caflp closely re-
sembling that of the DnaQ proofreading exonuclease, thus
confirming the protein’s membership in the DEDD fam-
ily (Thore et al., 2003). Deletion of yeast POP2/CAF1
leads to a similar deadenylation defect as a ccr4A mu-
tation (Daugeron et al., 2001; Tucker et al., 2001). Simi-
larly, inactivation of Drosophila CAF1 causes an increased
steady-state length of bulk poly(A) and a decrease in the
rate of HSP70 mRINA deadenylation (Temme et al., 2004).
However, in yeast the catalytic activity of Pop2p/Caflp
appears to be irrelevant under normal conditions, as point
mutations in the active site do not generate a deadeny-
lation phenotype and do not affect the catalytic activity
of the CCR4-NOT complex in vitro (Chen et al., 2002;
Tucker et al., 2002; Viswanathan et al., 2004; C. Temme
and E. Wahle, unpublished data). The phenotype of the
pop2 A/cafl A mutant may be explained by the fact that
Pop2p/Caflp links Ccrdp to the remainder of the CCR4-
NOT complex (Chen et al., 2001b).

The yeast Ccr4 and Pop2/Cafl proteins have been pu-
rified as part of a complex that also contained the Not1-5
proteins, Caf40p and Caf130p, and all these polypeptides
were also associated in immunoprecipitations (Chen
et al., 2001b). An even larger complex containing addi-
tional proteins has also been described (Denis & Chen,
2003). In contrast, TAP-tag purifications using different
“entry points” consistently resulted in copurification of
Ccrdp, Pop2p/Caflp, Caf40p, Caf130p, and Notlp, but
not of Notp2p—5p (Gavin, 2002). In agreement with ear-
lier data (Bai et al., 1999; Chen et al., 2001b) this sug-
gests that the CCR4-NOT complex may be composed of
two physically and functionally distinct units, one contain-
ing the two catalytic polypeptides as well as Caf40p and
Caf130p, the other comprised of Not2p—5p. Both appear
to be linked primarily via Notlp (Chen et al., 2001b). Nev-
ertheless, not2 A, not5A, and possibly not3A and not4 A
mutants have a deadenylation phenotype (Tucker et al.,

2002), and the Drosophila Not proteins are also important
for deadenylation (Temme et al., 2004). These data argue
that the entire CCR4-NOT complex functions in deadeny-
lation. In agreement with this, all components of the com-
plex that have been examined are localized mainly in the
cytoplasm (Cougot et al., 2004a; Huh et al., 2003; Temme
et al., 2004; Tucker & Parker, 2000; Tucker et al., 2002).
In yeast, all subunits examined are also present in roughly
similar amounts with the exception of Caf40p, which is
more abundant (Huh et al., 2003). Beyond their appar-
ent involvement together with Ccrdp and Pop2p/Caflp in
mRNA deadenylation, not much is known about the func-
tions of the additional subunits of the complex except that
the human Not4 protein functions as a ubiquitin—protein
ligase (Albert et al., 2002).

The Pop2p/Caf1p subunit of the yeast CCR4-NOT com-
plex is phosphorylated by the Yak1p kinase upon glucose
depletion. A pop2/caf] mutant that cannot be phosphory-
lated causes a defect in cell cycle control upon glucose
depletion (Moriya et al., 2001). The CCR4-NOT complex
is also associated with the cell-cycle-regulated protein ki-
nase Dbf2p, and dbf2 mutants share several phenotypes
with mutations in subunits of the CCR4-NOT complex
(Liu et al., 1997). Modification and subsequent degrada-
tion of the Not3p and NotSp subunits upon stress has also
been reported (Lenssen et al., 2002).

Many eukaryotes contain not only orthologs of yeast
CCR4, identified by the presence of both the nuclease do-
main and the leucine-rich repeat, but also paralogs that lack
the latter. Most of these paralogs can be grouped into three
families (Dupressoir et al., 2001). Xenopus nocturnin, a
representative of one of these families, which has been
implicated in the generation of a circadian rhythm and
is itself expressed in a 24 h rhythm, has poly(A)-specific
3’ exonuclease activity in vitro (Baggs & Green, 2003).
The two other families of Ccr4-related proteins have not
been examined for catalytic activity. The human genome
also contains two different Pop2/Caf1 homologs (Albert
etal.,2000). These data suggest that there may be different
versions of the CCR4-NOT complex that catalyze mRNA
deadenylation.

Although the CCR4-NOT complex is inhibited by
Pablp, pabl mutants have a defect in deadenylation
(Caponigro & Parker, 1995; Sachs & Davis, 1989). One
aspect of this defect is an extended lag phase before the on-
set of deadenylation. This might reflect a defect in the ini-
tial poly(A) tail shortening catalyzed by PAN—recall that
this enzyme is Pablp-dependent (Chekanova et al., 2001;
Kiihn & Wahle, 2004). Unexpectedly, pab! strains display
not only the lag phase but also lower rates of deadenyla-
tion. This is currently unexplained but might be caused
by other proteins taking the place normally occupied by
Pablp and acting as a stronger barrier to the deadenylase
(Caponigro & Parker, 1995).
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Most eukaryotes contain, in addition to the CCR4-NOT
complex and PAN, a third poly(A)-degrading enzyme,
the poly(A)-specific ribonuclease (PARN; initially called
DAN; Korner & Wahle, 1997; Korner et al., 1998). PARN,
amember of the DEDD nuclease family (Zuo & Deutscher,
2001), is a poly(A)-specific 3’ exoribonuclease, releases
5'-AMP in a Mg?*-dependent manner and is inhibited by
PABPC (Korner & Wahle, 1997; Ren et al., 2002). The
enzyme consists of a single polypeptide of 74 kDa but
functions as a homooligomer (Martinez et al., 2000). Un-
expectedly, a5’ cap stimulates PARN activity by increasing
the processivity of degradation (Dehlin et al., 2000; Gao
et al., 2000; Martinez et al., 2001). An analysis of the in
vivo function of PARN has been hampered by the fact that
neither S. cerevisiae nor Drosophila contain such an en-
zyme. The so-called default deadenylation during Xeno-
pus oocyte maturation, a general, sequence-independent
poly(A) degradation reaction that serves in translational
regulation and does not lead to mRNA degradation, is cat-
alyzed by PARN (K&rner et al., 1998). So far, there is little
direct evidence that PARN participates in regular mRNA
turnover in somatic cells. The enzyme has been reported
to be associated with RHAU, a protein thought to promote
the decay of urokinase plasminogen activator mRNA, but
the role of PARN in its deadenylation was not examined
(Tran et al., 2004). In vitro evidence for ARE-dependent
deadenylation catalyzed by PARN and regulated by the
RNA-binding protein tristetraprolin has been published
(Lai et al., 2003; see below). Reduction of PARN abun-
dance by RNA interference has been found to increase the
abundance of mRNAs that are subject to NMD; however,
the rate of deadenylation was not measured (Lejeune et al.,
2003). Arabidopsis contains a single PARN-like gene that
is ubiquitously expressed and essential for plant develop-
ment (Chiba et al., 2004). A role in mRNA decay has not
yet been tested.

The Decapping Enzyme and Associated Proteins

Deadenylation prepares the mRNA for cap hydrolysis.
This process has been reviewed very recently (Cougot
etal.,2004b). Cap cleavage is catalyzed by the yeast Dcp2
protein or its mammalian homolog (Lykke-Andersen,
2002; van Dijk et al., 2002; Wang et al., 2002b). Earlier re-
ports attributing the activity to Dcp1p are no longer consid-
ered correct (Parker & Song, 2004; van Dijk et al., 2002).
Dcp2p is a member of the Nudix family of pyrophos-
phatases, enzymes that hydrolyse nucleoside diphosphates
linked to some other moiety, X (Bessman et al., 1996). The
recombinant Dcp2 protein is active in vitro and releases
m’GDP from a capped RNA, leaving a 5 monophosphate
on the RNA. The enzyme requires a divalent cation for
catalysis and is specific for cap methylated on N7. It also
prefers capped RNA as a substrate; the rate of hydrolysis

of free m’GpppN is very low. The activity increases sig-
nificantly when the length of the RNA is increased from
around 20-50 to ~100 nucleotides (Steiger ef al., 2003;
Stevens, 1988; van Dijk et al., 2002), suggesting the ex-
istence of an RNA-binding site on Dcp2p that is distinct
from the active site. Deletion analysis has identified such a
site on the C-terminal side of the Nudix domain (Piccirillo
etal.,2003). dcp2 A mutants have a defectin mRNA decay,
accumulating oligoadenylated, capped mRNA degrada-
tion intermediates (Dunckley & Parker, 1999). The Dcp2
protein is associated with the Dcpl protein (Dunckley &
Parker, 1999; Gavin, 2002; Lykke-Andersen, 2002; Steiger
etal.,2003). Dcplpisrequired for decapping in vivo (Beel-
man et al., 1996; Hatfield et al., 1996) and stimulates the
activity of Dcp2p in vitro (Steiger et al., 2003). The struc-
ture of yeast Dcplp has been solved by X-ray crystal-
lography, and point mutations have been identified that
affect cap hydrolysis without interfering with the bind-
ing of Dcplp to the catalytic subunit, Dcp2p (She et al.,
2004). The mechanism by which Dcplp stimulates cap hy-
drolysis remains to be investigated. Human cells contain
two different Dcpl homologs, Dcpla and Deplb (Lykke-
Andersen, 2002). A stimulatory effect of these proteins on
the activity of Dcp2 has not been found so far.

Genetic evidence first indicated that decapping in yeast
was stimulated by the Edc1 and Edc2 proteins, two small
basic proteins that have sequence similarity to each other.
Edc1p associates with the Dcp1/Dcp2 complex (Dunckley
et al., 2001). Both Edclp and Edc2p bind RNA and are
able to stimulate the in vitro decapping reaction individu-
ally and quite dramatically (Schwartz et al., 2003; Steiger
et al., 2003). Nevertheless, edcI A and edc2 A mutations
do not affect decapping under normal conditions in vivo
(Dunckley et al., 2001), indicating that the catalytic activ-
ity is normally not rate-limiting for cap hydrolysis in vivo
(Schwartz et al., 2003). Interestingly, Edclp is involved
in changes in gene expression upon a shift from glucose
to glycerol as a carbon source (Schwartz et al., 2003).
The product of the S. cerevisiae EDC3 gene also enhances
mRNA decapping in vivo, presumably by directly affect-
ing the Dcplp/Dep2p decapping enzyme (Kshirsagar &
Parker, 2004). Homologs of the Edc proteins in higher
eukaryotes have not been characterized.

Mutations in the PAT1 (=MRT1) gene reduce the rate
of decapping in vivo but have no effect on cap hydroly-
sis in extracts; thus, they probably do not affect the cat-
alytic step (Bonnerot et al., 2000; Bouveret et al., 2000;
Hatfield et al., 1996). Patlp also appears to be involved
in the initiation of translation (Wyers et al., 2000). It is
unknown if and how this function is connected to the pro-
tein’s role in mRNA decay. Patlp, which has been de-
scribed only in yeast so far, is associated with the cy-
toplasmic Lsm complex (Bouveret et al., 2000; Tharun
et al., 2000). The Lsm proteins, which are conserved in
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evolution, are related to the Sm proteins, which form the
core of the spliceosomal snRNPs: Both types of proteins
contain the so-called Sm domain, and both form seven-
membered, doughnut-shaped rings (Achsel et al., 1999;
Salgado-Garrido et al., 1999). Whereas a nuclear Lsm
complex, containing Lsm2p-8p, associates with the U6
spliceosomal snRNA and thus participates in splicing,
the cytoplasmic version, containing the Lsm1-7 proteins,
is involved in mRNA decapping (Boeck et al., 1998;
Bouveret et al., 2000; He & Parker, 2000; Tharun et al.,
2000). Surprisingly for a factor promoting decapping, the
Lsm complex probably binds the 3’ end of the mRNA (He
& Parker, 2001). It has been proposed that the Lsm—Pat1p
complex facilitates cap hydrolysis either by promoting re-
arrangements in the mRNP complex that favor access to
the cap (see below) or by directly recruiting the decapping
enzyme (He & Parker, 2000). Another protein associated
with the cytoplasmic Lsm complex is the DEAD box pro-
tein Dhhlp, predicted to be a RNA-dependent NTPase
and possibly a RNA helicase. The homolog of Dhhlp in
higher eukaryotes is the rck/p54 protein, which has been
demonstrated to have ATP- or GTP-dependent RNA heli-
case activity (Cougot et al., 2004a; Ladomery et al., 1997;
Minshall et al., 2001). dhh1 A mutants display increases in
mRNA half-life due to a defect in cap hydrolysis (Coller
et al., 2001; Fischer & Weis, 2002). Why cap hydrolysis
should depend on a helicase is unclear. Like Pat1p, Dhh1p
appears to have a second function, possibly in translation
(Coller et al., 2001). Surprisingly, Dhhlp is also associ-
ated with the CCR4-NOT complex (Coller et al., 2001;
Hata et al., 1998). However, the rate of deadenylation is
not affected by a dhhl mutation (Coller et al., 2001).

In NMD, decapping is also catalyzed by the Dcplp/
Dcp2p complex but is independent of deadenylation
(Beelman et al., 1996; Dunckley & Parker, 1999). In con-
trast to the decapping enzyme itself, Pat1p (Hatfield et al.,
1996), Dhhl1p (Coller et al., 2001; Fischer & Weis, 2002),
and the Lsm complex (Boeck et al., 1998) are dispensable
for NMD and required only for deadenylation-dependent
decapping in the decay of regular mRNAs. This implies
that they are not involved in the catalytic step itself but in
the control of decapping, presumably recognition of the
deadenylated substrate RNA. The dependence of decap-
ping upon prior deadenylation is mediated by the cytoplas-
mic poly(A)-binding protein, Pab1p, acting as an inhibitor
of decapping; shortening of the poly(A) tail to a length
insufficient for binding of Pablp prevents the inhibition,
and artificial tethering of Pablp to the RNA makes the
protein a poly(A)-independent inhibitor of cap hydrolysis
(Caponigro & Parker, 1995; Coller et al., 1998).

Deadenylation may favor decapping in three ways.
First, deadenylation may lead to the dissociation of trans-
lation initiation factors and thus to exposure of the cap:
Pablp interacts with eIF4G and thus, indirectly, with the

cap-binding protein elF4E, stabilizing their interaction
with polyadenylated RNA (Tarun & Sachs, 1996; reviewed
by Kiihn & Wahle, 2004; Sachs, 2000). The dissociation
of Pab1p should therefore deprive the cap of initiation fac-
tors, baring it for hydrolysis. In fact, it has been shown
experimentally that the loss of Pablp from the RNA is
accompanied by the loss of translation initiation factors
and the association of the Lsm complex and the decap-
ping enzyme (Tharun & Parker, 2001). A competition be-
tween cap-binding translation factors and decapping has
been confirmed by biochemical and genetic experiments
(Schwartz & Parker, 1999, 2000a, 2000b). However, there
are reasons to believe that stabilization of the cap-elFAE
interaction is not the only way for PABPC to prevent de-
capping (Kiihn & Wabhle, 2004). Second, it has been re-
ported that human PABPC can associate directly with the
cap, protecting it from hydrolysis independently of eIF4E.
Since cap binding was favored by a poly(A) tail on the
same RNA molecule, loss of the poly(A) tail would again
be expected to favor cap cleavage (Khanna & Kiledjian,
2004). However, as direct binding to cap was not found
for yeast Pablp, this cannot be a general mechanism to
explain the deadenylation-dependence of decapping. As
a third way for deadenylation to promote decapping, the
loss of Pablp may make the RNA’s 3" end available for as-
sociation with the Lsm complex. This, in turn, is thought
to recruit the Dcplp/Dcp2p complex.

The 5/ Exonuclease XRN1

After cap hydrolysis, the mRNA is rapidly degraded by
Xrnlp, a divalent cation-dependent processive 5 exonu-
clease. Capped RNA is resistant to Xrnlp, and RNA
carrying a 5" monophosphate is strongly preferred over
RNA with a 5" hydroxyl end. The products are 5'-NMPs
(Stevens, 1980). The enzyme was first characterized
in yeast, but homologous proteins exist in mammals
(Bashkirov et al., 1997), flies (Till et al., 1998) and worms
(Newbury & Woollard, 2004). Yeast xrn/ mutants accu-
mulate full-length mRNAs lacking a cap structure (Hsu
& Stevens, 1993; Muhlrad et al., 1994). Xrnlp activity
is inhibited by the accumulation of adenosine 3’5" bis-
phosphate upon amino acid starvation in yeast so that the
relative importance of the alternative 3’ decay pathway
increases under these conditions (Benard, 2004).

Localization of the Deadenylation-Dependent
Decapping Pathway

The mammalian Xrnl nuclease was initially found to be
concentrated in a number of cytoplasmic foci (Bashkirov
et al., 1997), and similar observations were made for
the Xp54 helicase, the likely Xenopus orthologue of the
Dhhl protein (Ladomery et al., 1997). Later, additional
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components of the 5'-3’ decay pathway were also de-
tected in cytoplasmic foci in mammalian cells: The hu-
man Lsm1-7 proteins colocalize with each other as well
as with Xrnl, rck/p54, and the Dcpl-Dcp2 decapping en-
zyme (Cougot et al.,2004a; Ingelfinger et al., 2002; Lykke-
Andersen, 2002; van Dijk et al., 2002). An additional com-
ponent of these fociis GW182, a 182 kD protein that con-
tains an RNA recognition motif (RRM) (Eystathioy et al.,
2003). Fluorescence energy transfer measurements and
other experiments indicate that polypeptides in these foci
associate with each other in the anticipated combinations
(Cougot et al., 2004a; Ingelfinger et al., 2002). Similar
foci (P bodies) containing the Lsm proteins Dcplp, Dep2p,
Patlp, Xrnlp, and Dhh1p have been found in yeast (Sheth
& Parker, 2003). Manipulations that change the flow of
RNA through the 5" decay pathway cause changes in the
number or size of both yeast and mammalian foci. For
example, inhibiting 5" decay by mutation leads to an ac-
cumulation of the corresponding decay intermediates and
increases the abundance and size of cytoplasmic foci in
yeast (Sheth & Parker, 2003). Similar experiments using
RNA interference in mammalian cells cause an accumu-
lation of RNA in the foci (Cougot et al., 2004a). Most
importantly, a specific trapped mRNA decay intermediate
has been localized to the foci in yeast (Sheth & Parker,
2003). These data strongly suggest that the foci are sites
where cytoplasmic mRNA decay takes place. However,
even in those cases where the localization of endogenous
mRNA decay factors was examined, as opposed to prod-
ucts of transfected genes with their unknown and uncon-
trolled expression levels, widespread cytoplasmic staining
was usually seen in addition to the foci, suggesting that
mRNA decay may not be limited to the foci.

The Ccr4 subunit of the mammalian CCR4-NOT dead-
enylase has been found in the same cytoplasmic foci that
contain the polypeptides contributing to decapping and 5’
decay (Cougot et al., 2004a). The Drosophila Ccrd and
Cafl proteins also accumulate in cytoplasmic dots, al-
though in this case no colocalization experiments have
been performed (Temme et al., 2004). The intracellular
distribution of yeast Ccrd4p was more uniform, and a colo-
calization with cytoplasmic decay foci was uncertain
(Sheth & Parker, 2003). However, the Puf proteins, which
are likely to induce Ccrdp-catalyzed mRNA deadenylation
via binding to the mRNA 3’ UTR (see below) are present
in cytoplasmic foci in yeast (Gerber et al., 2004). A colo-
calization of Puf proteins with other components of the
mRNA decay machinery has not been tested.

Decapping and 5’ decay are usually rapid once dead-
enylation is complete. Also, the completion of deadeny-
lation apparently leads to a stop of translation initiation
and association of the mRNA with a new set of proteins
promoting decay (Tharun & Parker, 2001). Thus, it would
not seem unreasonable that decapping and 5" decay should

be restricted to specific locations in the cell. Localization
of the degradation enzymes may contribute to the protec-
tion of active mRNAs from accidental destruction. The
localization of the deadenylase in specific structures is
more surprising: The shortening of the poly(A) tail is a
slow and continuous process proceeding throughout the
lifetime of the mRNA, presumably while the RNA is be-
ing translated. Thus, localized deadenylation would im-
ply localized translation. Since the Puf proteins each bind
a distinct set of mRINAs, encoding proteins with related
functions (see below), it has been hypothesized that their
concentration in cytoplasmic foci may reflect a colocal-
ization of such sets of mRNAs serving to coordinate not
only their decay but also their regulation and the fates of
the encoded proteins (Gerber et al., 2004). However, it has
not been examined whether the different Puf proteins are
present in distinct foci.

ENZYMES OF THE 3’/ DECAY PATHWAY
The Exosome

The exosome is a complex of 3’ exonucleases and asso-
ciated polypeptides that was discovered through its role
in 5.8S rRNA processing in the cell nucleus (Mitchell
et al., 1997). The exosome exists both in the nucleus and
in the cytoplasm; the complexes located in the two differ-
ent compartments are distinguished by specific subunits
and associated proteins. The nuclear exosome is involved
not only in 5.8S rRNA synthesis but also in additional
steps in TRNA processing, in snRNA and snoRNA process-
ing, and in turnover of incompletely processed mRNAs or
mRNA precursors (Butler, 2002). The cytoplasmic ver-
sion plays a role in nonstop decay (van Hoof et al., 2002)
and in cytoplasmic disposal of trapped splicing intermedi-
ates (Hilleren & Parker, 2003). We will confine ourselves
to summarizing the role of the exosome in cytoplasmic
decay of “regular” mRNAs.

The cytoplasmic exosome can degrade the mRNA body,
following deadenylation, in a 3'-5’ direction (Jacobs An-
derson & Parker, 1998). Since deadenylation is the first and
rate-limiting step in both 5" and 3’ decay, and exosome mu-
tations do not affect mRNA half-life in an otherwise wild-
type yeast background, the exosome does not contribute
significantly to deadenylation (Jacobs Anderson & Parker,
1998). This is confirmed by the fact that an exosome mu-
tation does not cause any additional deadenylation defect
in a ccr4 A mutant, whereas a pan2 A mutation does abol-
ish residual deadenylation activity in a ccr4 Abackground
(Tucker et al., 2001). Immunodepletion experiments in
mammalian cell extract also showed that the exosome does
not contribute to deadenylation (Chen et al., 2001a). Nev-
ertheless, there are indications that under some circum-
stances or in some organisms the cytoplasmic exosome
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can contribute to deadenylation: In yeast, an exosome mu-
tation prevents nonstop decay and leads to the stabilization
of a fully polyadenylated RNA (van Hoof ef al., 2002). In
contrast, a ccr4 mutation has no effect (Frischmeyer et al.,
2002). Thus, in this case the exosome degrades not only the
RNA body but also the poly(A) tail. A poly(A) tail makes
RNA susceptible to in vitro digestion by a processive sub-
unit of the Arabidopsis exosome (Chekanova et al., 2000).
This is reminiscent of poly(A) tails in bacteria serving
as unstructured entry points for processive 3’ exonucle-
ases (Coburn & Mackie, 1999; Dreyfus & Régnier, 2002;
Steege, 2000). Knockdown of exosome subunits by RNA
interference in trypanosomes retards the onset of mRNA
decay, suggesting the possibility that deadenylation is im-
paired (Haile er al., 2003).

The nuclear and the cytoplasmic exosome from yeast
share a set of ten subunits. Nine of these form a very sta-
ble core, whereas Rrp44p is somewhat more loosely at-
tached (Allmang et al., 1999; Mitchell & Tollervey, 2000).
Rrp44p homologs, although they exist, are also not part of
highly purified exosomes from human cells (Chen et al.,
2001a) and from trypanosomes (Estévez et al.,2001,2003).
Both types of exosomes have a composition very sim-
ilar to the yeast complex. Six subunits, Rrp41p/Ski6p,
Rrp42p, Rrp43p, Rrp45p, Rrpd6p, and Mtr3p, have se-
quence similarity to E. coli polynucleotide phosphory-
lase (PNPase) and RNase PH, suggesting that like these
two enzymes they catalyze the 3'-5" degradation of RNA
by phosphorolytic attack, releasing nucleoside 5" diphos-
phates (Allmang et al., 1999; Mitchell et al., 1997). In-
deed, recombinant yeast Rrp41p has been shown to have
such an activity (Mitchell et al., 1997), and so has the ho-
mologous protein from Arabidopsis thaliana (Chekanova
et al., 2000). Two additional subunits of the yeast exo-
some, Rrp4p and Rrp44p, have hydrolytic 3’ exonucle-
ase activities (Mitchell et al., 1997). This type of activity
has been confirmed for the Rrp4p homologs from 7ry-
panosoma brucei (Estévez et al., 2001) and Arabidopsis
(Chekanova et al., 2002). The Rrp40p subunit may also
be a hydrolytic enzyme, based on its sequence similar-
ity to Rrp4p. No catalytic activity has been predicted for
the Csl4p/Skidp subunit. While the exosome contains one
proven and five potential phosphorolytic subunits, the puri-
fied complexes from yeast, HeLa cells, and trypanosomes
exhibit only hydrolytic activity. Therefore, the activities of
some or many subunits are repressed in the complex and
may need to be activated by a cofactor (Brouwer et al.,
2001; Estévez et al., 2001; Mitchell et al., 1997). Possi-
ble models for this type of regulation have been discussed
(Mitchell & Tollervey, 2000; van Hoof & Parker, 1999). It
is also interesting that, in spite of the multiplicity of cat-
alytic subunits, the mutation of any single subunit leads to
essentially the same defects in 5.8S rRNA processing and
cytoplasmic mRNA turnover (Allmang et al., 1999; Jacobs

Anderson & Parker, 1998; Mitchell et al., 1997). Presum-
ably individual subunits do not function on their own but
only as parts of an intact complex, and the absence of any
single subunit prevents complex assembly.

Prokaryotic PNPase has been crystallized as a homo-
trimeric complex with a central channel. As each monomer
is composed of two domains of almost identical fold, the
structure can be considered a hexamer. Only one of the two
domains in each monomer is thought to be catalytically
active (Symmons et al., 2000). The fact that the exosome
contains six different subunits, which each resemble one
domain of PNPase, has led to the suggestion that a PNPase-
like hexamer formed from these six subunits lies at the
core of the exosome (Symmons et al., 2002). High res-
olution electron microscopy and protein interaction data
support this hypothesis, although various proposals dif-
fer in the exact arrangement of the six phosphorolytic
subunits. The location of the remaining four subunits is
also uncertain (Aloy et al., 2002; Estévez et al., 2003;
Rajmakers et al., 2002). As further support of a hexameric
structure, RNase PH, another bacterial phosphorolytic 3’
exonuclease, which, in its monomeric form, resembles a
single domain of PNPase, forms a trimer of dimers closely
corresponding to the structure of PNPase (Harlow et al.,
2004; Ishii et al., 2003). The active sites of PNPase and
RNase PH have been located in the central channel, close
to its “lower” end (Harlow et al., 2004; Ishii et al., 2003;
Symmons et al., 2002), and entrapment of substrate RNA
in this channel may contribute to the processive mode of
action of PNPase (Symmons et al., 2002). PNPase also
carries accessory RNA-binding domains of the KH- and
S1-type at its “upper” end (Symmons et al., 2002), and
these probably also contribute to processivity. In the exo-
some, the central channel appears conserved (Aloy et al.,
2002), and the nonphosphorolytic subunits Rrp4p, Rrp40p,
and Csl4p are predicted to possess S1-type RNA-binding
domains (Allmang et al., 1999). Therefore, the exosome
is likely to degrade RNA in a processive manner. Surpris-
ingly, even several isolated exosome subunits have been
reported to be processive (Chekanova et al., 2000; Mitchell
etal., 1997).

Four additional polypeptides are not stably associated
with the exosome but contribute to exosomal mRNA deg-
radation in the cytoplasm: Ski2p, Ski3p, Ski7p, and Ski8p.
These proteins are not involved in nuclear functions of
the exosome (Jacobs Anderson & Parker, 1998; van Hoof
et al., 2000). Ski2p, Ski3p, and Ski8p form a complex
(Ski complex; Brown et al., 2000). Ski2p is a predicted
RNA helicase. Association with a RNA helicase is a recur-
ring theme in 3’ exonuclease complexes. The nuclear exo-
some is associated with a different helicase, Dob1p/Mtrdp
(Butler, 2002). A mitochondrial 3’ exoribonuclease com-
plex also contains a RNA helicase, and nuclease activity
depends on this enzyme and a ribonucleoside triphosphate
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(Margossian et al., 1996). In the E. coli “degradosome” a
RNA helicase is associated with the endonuclease RNaseE
and PNPase. The enzyme helps PNPase digest structured
RNAs in an ATP hydrolysis-dependent manner (Py et al.,
1996). Ski2p may likewise facilitate exonuclease activity
by removing RNA secondary structure. In addition, pro-
tein complexes tightly bound to RNA, which might also
obstruct the exonuclease, can be removed by RNA heli-
cases (Fairman et al., 2004; Jankowsky et al., 2001). The
Ski complex might also be involved in targeting the exo-
some to specific substrates. Ski7p is not a stable component
of the Ski complex, but it can associate both with this com-
plex and with the exosome (Araki ef al., 2001; van Hoof
etal.,2002). Ski7p has a C-terminal domain that resembles
the GTPase domains of translation elongation factor EF 1«
and termination factor eRF3. While Ski7p is required for
cytoplasmic mRNA decay, the GTPase domain is dispens-
able (Araki et al., 2001). However, this domain is required
for nonstop decay and thus may mediate the recognition
of mRNAs lacking a stop codon, possibly by binding to
an empty A site on the ribosome (van Hoof et al., 2002).

Not unexpectedly, all ribonucleases involved in mRNA
turnover are Mg? " -dependent enzymes that liberate nucle-
oside 5" monophosphates or diphosphates, which can be
converted into new precursors for RNA synthesis by one
or two kinase reactions. In contrast, simpler ribonucleases
of the RNase A type, whose robust nature makes an RNA
biochemist’s life difficult, catalyze a Me?*-independent
intramolecular attack of the 2" hydroxyl on the phospho-
diester bond, generating a 2’-3" cyclic phosphodiester as
an intermediate and a nucleoside 3’ monophosphate as a
product (Saenger, 1991). Conversion of such products into
RNA precursors would require two additional enzymatic
steps.

The Scavenger Decapping Enzyme

Complete degradation of the mRNA from the 3’ end gen-
erates the free cap dinucleotide, m’GpppN, as a product.
This is then attacked by a m’G-specific pyrophosphatase
distinct from the Dcp1/Dcp2 decapping enzyme described
above. This “scavenger” decapping enzyme, DcpS in
mammalian cells or Dcs1p in yeast (Kumagai et al., 1992;
Liu et al., 2002; Nuss & Furuichi, 1977; Nuss et al., 1975;
Wang & Kiledjian, 2001) differs in two functional aspects
from the Dcp2 enzyme: DcpS prefers the free cap dinu-
cleotide or capped oligonucleotides as substrates as op-
posed to capped long RNA molecules, and the cleavage
products are m’GMP and the corresponding nucleoside
diphosphate or oligonucleotide with a 5’ diphosphate. With
respect to catalytic mechanism, DcpS, unlike Dcp2, is not
a member of the Nudix family but of the HIT family of
pyrophosphatases (Liu et al., 2002). These enzymes are
characterized by a histidine triad (HXHXH) and catalyze

the metal-independent cleavage of pyrophosphate bonds
through transient formation of a covalent intermediate, in
which the product (m’GMP in the case of DcpS) is cova-
lently attached to a histidine side chain before it is released
by hydrolysis (Lima et al., 1997). A DcpS variant inacti-
vated by a point mutation substituting the active site histi-
dine with alanine has been crystallized in a complex with
substrate (Gu et al., 2004). The crystal shows a homod-
imer with a two-domain structure in each monomer. The
homodimer is distinctly asymmetric: The two domains of
one subunit are in close contact (closed conformation),
while those of the other subunit are separated by a wide
gap (open conformation). In each subunit, the substrate is
bound to the C-terminal domain containing the HIT mo-
tif such that it is sandwiched between the two domains
in the closed conformation, which is considered to be the
catalytically active one. It has been speculated that the
conformational change required to generate this structure
may be involved in preventing precocious cap hydrolysis
on complete mRNAs.

The S. cerevisiae genome contains another gene, DCS2,
which is closely related to DCS1. No catalytic activity
has yet been found for Dcs2p, and its biological function
is unknown (Liu et al., 2002; van Dijk et al., 2002). A
DcpS-like protein, Nhml, has also been characterized in
S. pombe. In contrast to the proteins from mammals and
S. cerevisiae, this enzyme has been reported to hydrolyze
the cap attached to a long RNA (Salehi et al., 2002).

What becomes of the m’G nucleotides produced by
mRNA turnover? At least two considerations suggest they
may have to be disposed of. First, they might compete with
capped RNA for cap-binding proteins. Second, they would
likely find their way into nucleic acids: The product of
Dcp2-catalyzed cap cleavage, m’ GDP, would be expected
to be converted to deoxy-m’GDP by ribonucleotide reduc-
tase, as this enzyme has no base specificity, acting on all
ribonucleoside diphosphates. Moreover, m’GDP is con-
verted to m’GTP by nucleoside diphosphate kinase (van
Dijk et al., 2002; Wang & Kiledjian, 2001), and deoxy-
m’GDP would also be expected to be a substrate for this
enzyme: NDP kinase has neither base specificity nor does
it distinguish between ribose and deoxyribose (Kornberg
& Baker, 1992). m’GTP and deoxy—m7GTP should then
be used as precursors for RNA and DNA synthesis. The ex-
tent to which the methyl group, after incorporation of m’G,
would interfere with the function of RNA is hard to predict,
but N7 can take part in non-Watson-Crick hydrogen bond-
ing, for example in the guanosine base quadruple (Burkard
et al., 1999; Saenger, 1984). Thus, N7 methylation can be
expected to interfere with RNA interactions. While the N7
guanosine methylation in DNA is not considered a particu-
larly harmful modification, the methylated purine ring may
open spontaneously, and cells possess enzymatic activities
able to remove either the open purine ring or N7-methyl
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guanosine itself from DNA (Asaeda et al., 2000; Begley
et al., 1999; Boiteux et al., 1990; Chetsanga & Lindahl,
1979). Thus it seems logical that there should be a pathway
to discard the products of the decapping reaction before
their incorporation into nucleic acids. Indeed, the DcpS
enzyme acts not only on m’GpppN but also accepts the
Dcp2 reaction product m’ GDP as a substrate, hydrolysing
it to m’GMP and thereby preventing its conversion into
either the triphosphate or the deoxyribonucleotide. In this
sense, DcpS acts both in the 3’ and the 5’ decay pathway.
In extracts from various organisms, m’ GMP can be further
converted into an unidentified phosphorylated compound
or lose its phosphate through the activities of unknown
enzymes (van Dijk et al., 2003).

While decay of active mRNA produces the two iden-
tified substrates for DcpS, m’GpppN and m’GDP, in the
cytoplasm, the mammalian enzyme is localized primar-
ily in the nucleus (Cougot et al., 2004a), and this has
also been reported for the S. pombe Nhm1 protein (Salehi
et al., 2002). Thus, the possibility should be considered
that m’ GTP and deoxy-m’GTP are additional in vivo sub-
strates for DcpS. In other words, DcpS might act as a
“sanitizing agent” not only by preventing the conversion of
m’GDP into ribo- and deoxyribonucleoside triphosphates
but also by degrading the triphosphates themselves in the
location in which they would otherwise be used as precur-
sors for nucleic acid synthesis. In a similar manner, mem-
bers of the Nudix family of enzymes have been shown
to degrade mutagenic derivatives of deoxyribonucleoside
triphosphates in E. coli (Bessman et al., 1996). It should
be informative to compare the various known or suspected
substrates of DcpS in a quantitative manner.

DCSI1 is not an essential gene in yeast, but dcs/ mu-
tants have a slow growth phenotype (Liu et al., 2002).
Levels of m’G in RNA or DNA in a dcs! mutant strain
and phenotypic consequences have not been tested to our
knowledge. In a growing yeast culture, continuous de novo
synthesis of guanosine nucleotides would be expected to
limit the proportion of m’G to a relatively low steady-state
level even in the absence of DcpS activity. In contrast, in
terminally differentiated nondividing cells in multicellu-
lar organisms, ongoing synthesis and turnover of mRNA
in combination with a constant nucleotide pool might lead
to a gradual accumulation of m’G nucleotides if these are
not removed.

REGULATION OF mRNA DECAY BY
RNA-BINDING PROTEINS

Differences in the rates of mRNA decay are determined
by sequence elements in the RNAs themselves. Many of
these, including the well-studied AU-rich elements (AREs)
(Chen & Shyu, 1995), are located in the 3" UTR, but
others are found in the coding sequence or the 5 UTR

(Guhaniyogi & Brewer, 2001). Although a stabilizing ele-
ment has been characterized in the 3’ UTR of the «-globin
mRNA (Waggoner & Liebhaber, 2003; Weis & Liebhaber,
1995), RNA sequences affecting turnover of eukaryotic
mRNAs typically act to promote decay, and they usually
do so by accelerating deadenylation (Chen & Shyu, 1995).
It is generally believed that destabilizing sequences func-
tion through specific binding proteins, although alternative
mechanisms can be envisioned. We will discuss a few pro-
teins that bind destabilizing elements and have been shown
to affect mRINA turnover.

The yeast Puf3p belongs to the family of Puf proteins,
members of which function as posttranscriptional regu-
lators in metazoan development (Wickens er al., 2002).
Deadenylation and degradation of COX17 mRNA are re-
tarded in puf3 A mutants. Puf3p binds the COX17 3’ UTR
(Olivas & Parker, 2000). Rapid deadenylation of the
COX17 mRNA depends on the CCR4-NOT complex
(Tucker et al., 2002). Thus, this deadenylase is probably
regulated by Puf3p. There is some reason to believe that
Puf3p may also accelerate decapping (Olivas & Parker,
2000). Another yeast Puf protein, Mpt5p (= Puf5p; Olivas
& Parker, 2000), inhibits the expression of the HO gene by
promoting the decay of the HO message through binding
its 3’ UTR (Tadauchi et al., 2001). Whether Mpt5p induces
deadenylation has not been investigated, but the fact that
the MPT5 gene was discovered as a multicopy suppressor
of a pop2 mutation (Hata et al., 1998) suggests that this
may be the case. A systematic identification of mRNAs as-
sociated with each of the five yeast Puf proteins led to the
conclusion that every member of this protein family binds
a relatively large and distinct set of mRNAs. A fraction of
these mRNAs (around 700 total) is bound by more than one
Puf protein. Comparison of the target mRNAs suggested
specific sequences recognized by Puf3p, Puf4p, and Puf5p
(Gerber et al., 2004). As mentioned above, the mRNAs
bound by a single type of Puf protein encode proteins that
share functional characteristics. This is in agreement with
the previous observation that mRNAs encoding proteins
with related functions have similar half-lives (Wang et al.,
2002a). Unexpectedly, the mRNAs bound by a specific Puf
protein very often encode proteins that share a common
cellular localization. For example, the Puf3p-associated
mRNAs encode proteins with mitochondrial functions (at
least 162 out of 220 total; Gerber et al., 2004).

One of the founding members of the Puf family, the
Drosophila Pumilio protein, acts together with a second
protein, Nanos, to promote the deadenylation of hunch-
back mRNA at the posterior end of the Drosophila embryo,
as shown by RNA injection experiments (Wreden et al.,
1997). Pumilio binds Nanos response elements (NREs)
in the hunchback 3’ UTR and recruits Nanos protein as
well as another protein, Brain Tumor (Sonoda & Wharton,
1999,2001; Wickens et al.,2002). The bicoid message also
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contains a NRE and is deadenylated in a Nanos-dependent
manner if exposed to Nanos protein in vivo (Wharton &
Struhl, 1991; Wreden et al., 1997). In normal embryos,
however, Nanos protein at the posterior pole of the em-
bryo and bicoid mRNA at the anterior pole do not overlap.
Therefore, Pumilio is thought to cooperate with a different
partner for bicoid mRNA deadenylation (Gamberi et al.,
2002).

The nanos mRNA itself is translationally regulated with
the help of the protein Smaug, which binds to Smaug re-
sponse elements (SREs) in the nanos 3’ UTR (Dahanukar
et al., 1999; Smibert et al., 1996, 1999). Studies of the
SRE and the RNA binding domain of Smaug have led to
the identification of a Smaug homolog in S. cerevisiae,
Vtslp. This protein also bound to SRE RNAs in vitro.
Expression of a reporter RNA carrying three SREs in its
3’ UTR was inhibited by Vtslp in vivo. As Vtslp desta-
bilized this reporter RNA in a Ccrd4p-dependent manner,
the protein may facilitate deadenylation catalyzed by the
CCR4-NOT complex (Aviv et al., 2003). The biological
function of Vts1p and natural target RNAs are not known.
It is also unknown whether the regulation of Drosophila
nanos mRNA by Smaug involves deadenylation.

Mammalian AUF1 (= hnRNP D) was first identified by
its ability both to bind specifically to AREs and to desta-
bilize the c-myc mRNA in an in vitro system (Brewer,
1991). However, the purified protein retained only its spe-
cific binding capacity, not the ability to induce mRNA
degradation (Zhang et al., 1993). There is a fairly large
body of correlative evidence for an involvement of AUF1
in mRNA decay (De Maria & Brewer, 1996; Wilson et al.,
2003, and references cited therein). AUF1 overexpression
in various cell lines has been found to accelerate ARE-
dependent mRNA decay in two studies (Loflin et al., 1999;
Sarkar et al., 2003), but a stabilizing effect was reported in
a different study (Xu et al., 2001). Results of RNA inter-
ference experiments were also equivocal: While a uniform
knockdown of all four isoforms of AUF1 had no effect on
the decay of an unstable mRNA, a selective knockdown
of the p40 and p45 isoforms stabilized the same reporter
mRNA (Raineri et al., 2004).

Another protein binding specifically to AREs is Hu-R,
a member of the ELAV family of RNA-binding proteins
(Myer et al., 1997). However, overexpression of HuR in-
hibited ARE-dependent rapid mRNA decay (Fan & Steitz,
1998; Peng et al., 1998), and a stabilizing role of HuR has
been confirmed by RNA interference experiments (Raineri
et al., 2004). The stabilizing effect of HuR is probably due
to competition with destabilizing proteins for binding to
the same RNA sequences.

Mice deficient in tristetraprolin (TTP), a zinc finger
protein, suffer from a complex inflammatory syndrome
caused by overexpression of tumor necrosis factor alpha
(TNF-a). Overexpression of TNF-« is due to a stabiliza-

tion of its mRNA in the TTP-deficient mice (Carballo ez al.,
1998). The role of TTP in ARE-dependent decay has been
confirmed by other studies and extended to GM-CSF and
interleukin-2, -3, and -6 mRNAs (Carballo et al., 2000;
Stoecklin et al., 2000, 2001, 2003). In contrast, the stabil-
ity of the c-fos mRNA was not affected by TTP (Carballo
et al., 2000), suggesting that the protein is specific for the
so-called class II AREs (Chen & Shyu, 1995). TTP binds
to AREs in the 3’ UTR of the TNF-o message (Carballo
etal., 1998; Lai et al., 1999), and promotes deadenylation
in vivo (Carballo et al., 2000) and also in a cell-free system
(Lai et al., 2003). In the in vitro system, PARN appears
to be the enzyme responsible for TTP-dependent dead-
enylation. Transfection studies showed that TTP can also
destabilize mRNAs that do not carry a poly(A) tail (Lai
& Blackshear, 2001). BRF1, a protein related to TTP, has
been identified as a mRNA destabilizing, ARE-binding
protein by a genetic selection scheme (Stoecklin et al.,
2002). Which step of mRNA decay is promoted by BRF1
has not been reported.

Analysis of an in vitro system that recapitulated ARE-
dependent mRNA decay led to the conclusion that the
AREs promote decay of the mRNA body catalyzed by
the exosome (Chen et al., 2001a; Mukherjee et al., 2002).
A highly purified exosome preparation was active in ARE-
dependent decay (Chen et al., 2001a). Three ARE-binding
proteins, KSRP, TTP, and AUF1, were found to be asso-
ciated with the exosome in substoichiometric amounts.
The addition of either KSRP or TTP, but not AUFI1, to
depleted extracts or purified exosomes stimulated ARE-
dependent decay. In the same in vitro system, and in con-
trast to mRNA body decay, the rate of deadenylation was
not affected by the presence or absence of an ARE in
the substrate RNA. Acceleration of mRNA body decay
by AREs is consistent with the observation that TTP can
destabilize nonpolyadenylated mRNAs (see above), with
in vivo results showing that AREs can facilitate both dead-
enylation and subsequent decay (Chen et al., 1994; Shyu
etal.,1991) and also with ARE-dependent destabilization
of snRNAs that do not carry a poly(A) tail (Fan et al.,
1997). More generally, deadenylated RNAs sometimes
accumulate transiently (Carballo et al., 2000; Dellavalle
et al., 1994; Stoeckle & Guan, 1993), indicating that the
step after deadenylation can also be slow and is, therefore,
a potential target for regulation. How does an ARE accel-
erate two distinct phases of mRNA decay, deadenylation
and decay of the RNA body, which are catalyzed by two
different enzymes? One possibility is that proteins bound
to the ARE might influence a third process (e.g., transla-
tion) that then affects both deadenylation and subsequent
decay. However, as the ARE effect on exosome-catalyzed
decay of the RNA body has been seen in a reconstituted
system (Chen et al., 2001a), the involvement of additional
factors, in particular of translation, is unlikely. Similar
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arguments apply to deadenylation (Lai et al., 2003). A
common regulation of deadenylation and mRNA body de-
cay via translation is also unlikely because in vivo AREs
destabilize snRNAs that are not translated (Fan er al.,
1997). A second possibility is that a single protein or com-
plex of proteins bound to the ARE might directly affect two
different enzymes sequentially, first the deadenylase and
then the exosome. As a third possibility, two different pro-
teins or protein complexes or two different components
of a protein complex bound to an ARE might each affect
a distinct decay enzyme. The fact that some ARE muta-
tions can separate the ARE function in deadenylation from
its function in RNA body decay (Chen et al., 1994; Shyu
etal., 1991) favors the latter model. However, as explained
above, TTP appears to be able to stimulate both deadeny-
lation and mRNA body decay.

It has also been reported that AREs stimulate cap hy-
drolysis to m’GDP in vitro (Gao et al., 2001). However,
as the TLC system used did not reliably separate all pri-
mary and secondary products of the Dcp2 and the DcpS
reactions (Bergman et al., 2002; van Dijk et al., 2003),
and the products of both reactions are further metabolized
in extract (see above), it is possible that the primary ARE
effect in this system was really on exosomal decay and a
higher rate of DcpS-catalyzed cap hydrolysis was only the
secondary consequence.

In contrast to exosomal degradation of the mRNA body,
sequence-dependent deadenylation has been difficult to
recapitulate in vitro (but see Lai et al., 2003). Although
ARE-dependent deadenylation in a mammalian cell ex-
tract has been reported (Ford et al., 1999), such a reaction
has not been observed by others (Chen et al., 2001a), and
it appears that the main effect of AREs in this system is on
exosome activity as discussed above. A very convincing
ARE-dependent deadenylation reaction has been seen in
Xenopus egg extracts (Voeltz et al., 2001). However, this
system has not been used so far to identify the enzyme in-
volved and the mechanism of its stimulation. Xenopus egg
and embryo extracts also perform a rapid deadenylation
reaction dependent on a 3’ UTR sequence (EDEN) that di-
rects deadenylation during early development (Legagneux
etal., 1995). Like the PARN-catalyzed default deadenyla-
tion mentioned above, the EDEN-dependent reaction does
not lead to mRNA decay. A protein binding to EDEN,
EDEN-BP, has been identified, and the in vitro system has
been used to provide evidence for an involvement of this
protein in the deadenylation reaction (Paillard et al., 1998,
2003). Again, the enzyme responsible and the mechanism
of its regulation are both unknown.

mRNA DECAY AND TRANSLATION

The poly(A) tail is the first target of attack in both path-
ways of mRNA decay, and the cap is the second in one

major pathway. As both structures are bound by proteins
involved in translation initiation, translation is predicted to
interfere with mRNA decay. As outlined above, the expec-
tation that binding of the translation initiation complex to
the cap competes with cap hydrolysis has been experimen-
tally confirmed, and this competition can, to a large extent,
explain the deadenylation dependence of cap hydrolysis.
However, similar reasoning also applies to deadenylation:
Formation of the cap-elF4E-elF4G-PABPC-poly(A) com-
plex should strengthen the association of PABPC with the
poly(A) tail, and this has been verified (Le et al., 1997).
To the extent that PABPC is an inhibitor of deadenylation,
formation of the translation initiation complex should thus
interfere with poly(A) tail removal. If PARN is involved,
competition of the translation initiation complex for cap
binding would also be inhibitory. There are several reasons
to believe that the effect of translation on deadenylation
may be more interesting than on decapping: First, dead-
enylation is essential in both pathways of mRNA decay,
not just one, and it appears to be the main rate-limiting
and regulated step. Second, mRNAs are efficiently trans-
lated while they are being deadenylated, but current views
on translation initiation predict that translation should ef-
fectively cease once deadenylation is complete. Thus, it
may not matter much for the mRNA’s functional half-life
whether cap hydrolysis occurs more or less rapidly. Third,
whereas cap hydrolysis is obviously an all-or-none deci-
sion for an individual RNA molecule, deadenylation, con-
sisting of the hydrolysis of many phosphodiester bonds,
can vary in rate for an individual mRNA molecule. There-
fore, the rate of translation initiation might regulate the
rate of deadenylation.

Several experiments in yeast support a competition be-
tween translation initiation and deadenylation: inhibition
of the translation of the PGK1 mRNA by insertion of sec-
ondary structures in the 5" UTR accelerated deadenylation
and decay (Muhlrad et al., 1995). Similarly, changes in the
sequences surrounding the PGK1 initiation codon showed
a correlation between poor translation and rapid deadeny-
lation (LaGrandeur & Parker, 1999). Deadenylation was
also favored by mutations in translation initiation factors
(Schwartz & Parker, 1999). In mammalian cells, inhibition
of translation by a protein bound to the 5" UTR induced
poly(A) shortening (Muckenthaler et al., 1997). However,
the situation is far from clear, as many contradictory results
have been reported. For example, in one study the insertion
of secondary structure into the 5" UTR of yeast mRNAs
had stabilizing, destabilizing, or no effects, depending on
the gene used (Linz et al., 1997). A mammalian mRNA
destabilized by the GM-CSF ARE was stabilized by the
introduction of a stem-loop into the 5 UTR, and instability
was restored by introduction of an internal ribosome entry
site downstream of the stem loop (Aharon & Schneider,
1993). While this appears to prove that rapid degradation
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in fact depends on translation—quite the opposite of the
expectation formulated above—secondary structures 3’ to
the coding region could also stabilize the RNA as long as
they were upstream of the ARE (Curatola et al., 1995), and
so their mechanism of action remains unclear. Blocks to
translation elongation also stabilize mRNAs (Schwartz &
Parker, 2000a). In most studies of the relationship between
mRNA decay and translation, only overall stability of the
RNA was examined, not individual steps. Most of these
studies are also hard to interpret because the processes of
deadenylation and decapping should not be inhibited by
translation per se but by the binding of translation factors
to the cap, and it is unknown how cap occupancy is affected
by secondary structures in the 5" UTR.

If translation indeed competes with mRNA decay,
destabilizing elements might function indirectly by in-
hibiting translation. In fact, AREs have been reported to
have such an activity (Kruys & Huez, 1994; Kruys et al.,
1989). However, inhibition of translation and destabiliza-
tion of mRNA appear to be two separate functions of the
ARE mediated by different proteins (Zhang et al., 2002).
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