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1. Introduction

The removal of the mRNA cap by the process of decapping is a critical step during the
degradation of eukaryotic MRNAs. Concurrent with transcription, eukaryotic mMRNAs are
capped on the 5" end with a 7-methyl-guanosine (m’G) cap. The m’G cap promotes post-
transcriptional gene expression at multiple levels [1]. In the nucleus, the m’G cap associates
co-transcriptionally with the nuclear cap-binding complex (CBC), which stimulates pre-
mRNA splicing and mRNA export [2]. After nuclear export, the CBC is exchanged for
translation initiation factor 4F (elF4F), which plays a critical role in translation initiation of
most mRNAs [3]. In addition to serving as a ligand for the cap binding proteins, the m’G
cap protects mRNAs from nuclear and cytoplasmic 5’-to-3” exoribonucleases [4]. Thus
decapping of mMRNA exposes the mRNA to degradation from the 5" end and, in the
cytoplasm, simultaneously shuts down translation initiation. Depending on the specific
pathway, decapping can be the first, an intermediary, or the last step in mRNA decay [5,6,7].
Multiple decapping enzymes have been characterized which differ in their cellular
localization and substrate specificities. In this review we will discuss current structural and
functional insights into the mechanism and control of one of the key complexes in mMRNA
decapping, the highly conserved Dcp2 decapping machinery.

2. The Dcp1-Dcp2 decapping complex

The most well-characterized and widely conserved eukaryotic decapping enzyme is Dcp2.
Dcp2 was originally identified as a decapping cofactor in the budding yeast Saccharomyces
cerevisiae [8]. In subsequent biochemical studies, Dcp2 from human, budding yeast, the
nematode Caenorhabditis elegans and the plant Arabidopsis thaliana was shown to have
intrinsic decapping activity, releasing m’GDP from m’G-capped RNAs [9,10,11,12].
Consistent with its role in the 5'-to-3” mRNA decay pathway, purified recombinant Dcp2 is
unable to effectively hydrolyze unmethylated cap or free GTP, and shows poor activity on
short m’G-capped oligonucleotides [13]. Dcp2 contains a Nudix domain (originally termed
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MutT) [8,9], which is found in enzymes that hydrolyze nucleoside diphosphates linked to
other moieties [14], and is responsible for the catalytic activity of Dcp2 [15,16].

An essential cofactor for Dcp2 /in vivo in budding yeast is Dcpl. Dcpl was originally
described as the catalytic decapping protein, and S. cerevisiae strains defective for Dcpl are
highly deficient in decapping [13]. Dcp2 directly interacts with Dcpl [17,18] and, while
recombinant yeast Dcp2 has intrinsic decapping activity /n vitro, it is greatly stimulated by
Dcpl [10]. Though the Dcpl-Dcp2 complex is conserved among eukaryotes, metazoans
may require additional factors to stimulate Dcpl-Dcp?2 interaction [17,18].

2.1 Structural insights into the Dcp1-Dcp2 decapping complex

Dcp2 catalyzes cap hydrolysis in the 5" to 3" mRNA decay pathway in a divalent metal ion
dependent reaction [19]. Sequence alignment reveals that the N-terminal region of Dcp2 is
conserved while its C-terminal region is divergent containing anywhere from ~175 amino
acids in human to nearly 700 amino acids in budding yeast [9]. The conserved N-terminal
region of Dcp2 is featured by the presence of the Nudix fold which is flanked on both sides
by two additional conserved regions known as Box A and Box B [9] (Figure 1A). Box A has
been implicated in facilitating the interaction of Dcp2 with Dcpl while Box B has been
shown to be important in RNA binding [20,21]. This has recently been confirmed by NMR
chemical shift perturbation experiments in which residues important for RNA binding have
been mapped to Box B in the Nudix domain of S. cerevisiae Dcp2 [15].

Crystallographic analyses revealed that the conserved N-terminal region of Dcp2 from the
fission yeast Schizosaccharomyces pombe forms a bilobed architecture with an N-terminal
regulatory domain (NTD) preceding a classic Nudix domain [21] (Figure 1B). Box A lies in
the NTD while the Nudix fold together with Box B constitute the Nudix domain
characterized by the canonical a/p/a sandwich structure [21]. The Nudix motif forms the
catalytic center of Dcp2 by acting through conserved glutamate residues within this motif.
These glutamate residues are required for coordination of the divalent Mn2* orMg2* ion
during the catalytic reaction [10,20]. The NTD alone has no detectable decapping activity /n
vitro but can affect the decapping efficiency of Dcp2 and is indispensable for decapping /n
vivo[21]. Moreover, the NTD mediates the binding of Dcp2 to Depl and is required for
Dcpl to stimulate Dcp2 activity.

Dcp2 is an RNA binding protein and prefers longer RNA substrates for efficient decapping
[10,16,20]. Structural analysis of the Dcpl-Dcp2 complex reveals that the RNA substrate is
bound in a channel on the surface of Dcp2 with the cap structure in the active site and the
body of the RNA wrapping across the Nudix domain and a channel along the Box B. The
minimum length of the RNA substrate was predicted to be 12 nucleotides for efficient
binding to Dcp2 [17]. The requirement for a longer RNA in addition to the cap structure for
substrate recognition by Dcpl-Dcp2 has been suggested to prevent accidental decapping of
translating mMRNASs on which translation initiation complexes are assembled [19].

Dcpl is a small protein containing an EVH1 domain [22], which generally serves as a
protein-protein interaction module [23]. Three conserved patches have been identified on the
crystal structure of yeast Dcpl with patch 1 structurally corresponding to the PRS
recognition site of EVVH1 domains in other proteins [24,25,26,27] (Figure 1C). Mutations of
the conserved residues in patch 1 do not affect either the physical interaction of Dcpl with
Dcp2 or the decapping activity of the Dcpl-Dep2 complex /n vitro [22]. Instead, patch 1
serves as a binding site for a subset of enhancers of decapping (see below). In addition to the
well-conserved EVH1 domain, Dcpl contains a C-terminal trimerization domain which is
conserved in metazoans but absent in fungi (Figure 1A). Crystal structures of the Dcpl-
trimerization domain from human and Drosophila melanogaster reveal an antiparallel
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assembly comprised of three kinked alpha-helices [28]. Mutations that disrupt trimerization
prevent Dcpl from being incorporated into active decapping complexes and impairs mMRNA
decapping /n vivo [28]. This finding reveals an unexpected connection and complexity of
the mRNA decapping network in metazoans.

The cocrystal structure of the S. pombe Dcpl-Dep2 complex (Figures 1E and 1F) shows that
Dcp2 binds to Dcpl through the Dep2 NTD and that the three conserved patches in Dcpl
are not involved in Dcp2 binding [17]. Instead, Dcpl uses the N-terminal helix a1 and the
loop between B5-p6 that are only conserved in yeast species to recognize Dcp2. Consistent
with this observation, mutations in S. cerevisiae Dcpl that affect decapping /n vivo are
mapped to the N-terminal helix of Dcpl [29] and yeast two-hybrid assays revealed that
mutations in the N-terminus of the yeast Dcpl disrupt its interaction with Dcp2 and hence
decapping [17]. These results explain why stable, direct interactions between Dcpl and
Dcp2 in human or nematode are not observed [12,18] and why additional factors such as
Edc4 (also called Hedls or Ge-1, or VARICOSE in Arabidopsis) stimulate the interaction
between Dcpl and Dcp?2 in higher eukaryotes [30,31].

The S. pombe Dcpl-Dep2 complex was shown to exist in open and closed conformations
(Figures 1E and 1F) within the crystal, both of which were confirmed to be functionally
relevant states as their existence in solution was verified by small angle X-ray scattering
(SAXS) [17]. In the open or extended conformation, Dcp2 in the complex resembles the
structure of the apo-Dcp2 [21] and adopts a dumbbell conformation. In contrast, in the
closed complex Dcpl and the Dcp2 NTD were shown to be in close proximity to the Nudix
domain to form a compact structure. Structural and biochemical data indicated that the
closed complex is, or closely resembles, the catalytically more active form of the enzyme
[17]. Most recently, NMR spectroscopy [32] showed that Dcp2 exists in a conformational
equilibrium in solution between the open and closed states in the absence of ligand, and the
open-to-closed conformational switch is mediated by a gatekeeper tryptophan (Trp43).
Further enzyme kinetics and NMR experiments [33] revealed that Trp43 promotes formation
of the composite active site (see below) and allows Dcpl and bound coactivators to enhance
the catalytic step.

Several lines of evidence suggest that the conformational switch between open and closed
states is required for efficient decapping. First, Dcpl and the NTD of Dcp?2 are essential for
decapping in budding yeast [21,34]. Second, mutations in prolines of the interdomain linker
block closure, hinder decapping /n vitro, and cause an accumulation of Dcp2 in P bodies
(see section 5) [21]. Third, the NTD of Dcp2 and Dcpl together contribute a factor of 1,000
to the catalytic step [15,20] but are distinctly located from the active site in the open state of
the Dcpl-Dcp2 complex [17]. Kinetic analyses indicate that Dcpl affects the chemistry of
the decapping reaction but not substrate binding [15]. Structural analysis suggests that Dcpl
activates Dcp2 by promoting and/or stabilizing the formation of the closed complex.
Mutation of residues that block the formation of the closed complex result in the loss of
decapping activity and the inability of Dcpl to stimulate Dcp2 [17], thus confirming that
efficient activation of Dcp2 by Dcpl requires formation of the closed complex. However,
how closure of the Dcp1-Dcp2 complex is linked to efficient cap hydrolysis remains elusive.
Recently, Gross and colleagues [33] showed that cap recognition involves both the NTD and
Nudix domains of Dcp2. Mutations in the cap-binding site on the NTD block closure and
retard the catalytic step by two orders of magnitude whereas Dcpl enhances the catalytic
step by a factor of 10 and promotes closure, likely by stabilizing the closed conformation.
These findings suggest that the conversion to the active form of Dcp2 is driven through
specific cap recognition by the NTD. The resultant active form of Dcp2 harbors a composite
active site with both domains sandwiching the cap.
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3. Catalytic enhancers of decapping

The Dcpl-Dcp2 decapping complex is stimulated by multiple enhancers of decapping. The
first enhancers of decapping to be described were the S. cerevisiae proteins Enhancer of
decapping (Edc) 1 and Edc2, which were identified as high copy suppressors of Dcpl and
Dcp2 mutants, though deletion of Edcl or Edc2 did not impair /n vivo mRNA decay rates of
tested reporter mMRNAS [35]. Subsequent studies showed that Edcl and Edc2 bind directly to
RNA and can stimulate decapping /n vitro [36].

No homologs of Edcl and Edc2 have been identified in eukaryotes outside of budding yeast.
By contrast, another enhancer of decapping, Edc3, is highly conserved amongst eukaryotes.
Edc3 directly interacts with the Dcpl-Dcp2 complex [37]. Yeast Edc3 stimulates the
decapping reaction /n vitro[38,39] and yeast strains deleted for the £dc3 gene have
decreased decapping rates [40]. Another enhancer of decapping, Edc4, appears to be
restricted to metazoans [30,41]. The specific mechanism by which Edc4 stimulates
decapping is unknown, but human and Arabidopsis Edc4 promotes the association between
Dcpl and Dcp2, and stimulates decapping by Dcp2 /in vitro [30,31].

Another enhancer of decapping, Patl, was initially identified in a yeast mutational screen as
a protein that stimulates mMRNA decapping [42], and later found to interact directly with
Dcpl and stimulate decapping by recombinant Dcpl-Dcep2 in vitro [39,43]. Patl, and its
orthologs in human and Drosophila, has been found in association with multiple decapping
factors [43,44,45]. One of these is another enhancer of decapping, the Lsm1-7 complex [39].
In S. cerevisiae, Lsm1-7 associates with mRNAs that have undergone deadenylation [46],
which is generally associated with activation of decapping [47]. Consistent with a role in
deadenylation-mediated decapping, /smIA and patIA S. cerevisiae strains show an
accumulation of deadenylated mRNA [43]. The purified Lsm1-7-Patl complex has intrinsic
affinity for the 3 end of oligoadenylated mRNAs over polyadenylated mRNAs and binds
preferentially to deadenylated mRNAs carrying a U-tract at their 3" terminus over those that
do not [48]. Another enhancer of decapping, the DEAD box superfamily 2 helicase Dhh1
(called DDX6 or Rck/p54 in human and Me31B in Drosophila) was first identified as a
decapping activator in S. cerevisiae as its depletion leads to the accumulation of capped
reporter mRNA decay intermediates [49,50,51]. Dhh1, and its orthologs in other eukaryotes,
has been identified in complex with multiple decapping factors, including Dcp2, Edc3 and
Patl [39,44,45].

An important unresolved question is whether enhancers of decapping are globally involved
in cellular decapping, or whether they act in mRNA-specific manners. Microarray studies
analyzing mRNA expression in Drosophila S2 cells depleted for Dcpl, Edc3, or Edc4
indicated that Edc4 and Dcpl generally regulate the same mRNAs, whereas only a subset of
those mRNAs were regulated by Edc3 [52]. Thus, some enhancers of decapping might be
specific for a subset of decapping substrates, whereas others may act more generally.

3.1 Structural insights into enhancers of decapping

Multiple structural studies have provided insights into the mechanisms by which enhancers
of decapping stimulate the Dcpl-Dcp2 complex. The budding yeast decapping coactivators
Edc1 and Edc2 were shown to enhance decapping activity of the Dcpl-Dcp2 complex by a
1,000-fold through interaction with the EVH1 domain of Dcpl [53]. These findings suggest
that a crucial function of Dcpl is to couple the binding of coactivators to substrate
recognition and activation of Dcp2. Consistent with this notion, crystal structure of human
Dcpla in complex with proline-rich nuclear receptor coactivator 2 (PNRC2), a protein that
stimulates decapping in the nonsense-mediated decay (NMD) pathway, shows that the
proline-rich region of PNRC2 is bound to the EVH1 domain of Dcpla with patch 1
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mediating their interaction [54] (Figure 1D). Structural and biochemical analyses of the
human Dcpla-PNRC2 complex [54] showed that both PNRC2 and Dcpla in isolation
stimulate decapping, and that PNRC2 works in synergy with Dcpla to promote the
decapping activity of Dcp2. In contrast to the mode of action of Edcl and Edc2 [53], which
stimulate decapping through Dcpl-mediated recruitment to Dcp2, PNRC2 stimulates
decapping through direct binding to Dcp2. These results indicate that PNRC2 is a bona fide
decapping coactivator in addition to its adaptor role in NMD.

The conserved enhancer of decapping Edc3 consists of an N-terminal divergent Lsm
domain, a central FDF domain and a C-terminal YjeF-N domain [55,56] (Figure 2A). The
N-terminal Lsm domain of Edc3 adopts a noncanonical Sm fold, which lacks the
characteristic N-terminal a helix and remains monomeric in solution [57]. The crystal
structure of human Edc3 revealed that the FDF domain is unstructured and the YjeF-N
domain adopts a divergent Rossmann fold that forms a dimer [58] (Figure 2B). Residues
involved in Edc3 dimerization are highly conserved in eukaryotes. Structure-based
mutagenesis demonstrates that Edc3 dimerization is of functional importance for RNA
binding, P-body formation and possibly degradation of Rps28b mRNA, a specific substrate
of Edc3 [58].

S. cerevisiae Scd6 (Lsm13), vertebrate RAPS5 (Lsm14), D. melanogaster Trailer Hitch
(Lsm15 or Tral), and C. elegans CAR-1 belong to the Scd6 family of proteins and share a
number of sequence and functional features with Edc3 [55,56,57,59,60]. However, in
contrast to Edc3, Scd6 shows only mild stimulation of the Dcpl-Dcp2 complex in vitro
[37,61]. More recently, the structure of yeast Edc3 Lsm domain in complex with a short
helical leucine-rich motif (HLM) from Dcp2 was determined [37] (Figure 2C). The HLM
motif is located close to the C-terminal end of the Nudix domain and identification of its
interaction with Edc3 highlights the regulatory role of Edc3 in decapping. Structure based
sequence analysis of the C-terminal unstructured extension of S. cerevisiae Dcp2 reveals
additional HLMs, which can also interact with Edc3 and are essential for the localization of
the Dcpl-Dcp2 complex to P-bodies [37]. Not surprisingly, the Scd6é Lsm domain competes
with Edc3 for the interaction with these HLMSs [37]. Unexpectedly, in contrast to yeast, the
HLM that mediates Edc3 binding is present in metazoan Dcpl but absent from Dcp2 [37].

Crystal structure of S. cerevisiae Dhhl (Figure 2D) shows that it consists of two RecA-like
a/p domains with a unique arrangement in such a way that the two domains are linked
through the interactions of the canonical helicase motifs [62]. Electrostatic potential
mapping combined with mutagenesis revealed that motifs I, V, and VI are involved in RNA
binding. Limited proteolysis of Dhh1 suggested that ATP binding enhances an RNA-
induced conformational change. However, how the conformational change of Dhh1 upon
ATP and RNA binding affects the decapping activity of the Dcpl-Dcp2 complex remains
elusive. One possibility is that Dhh1 utilizes the energy of ATP hydrolysis to unwind RNA
with secondary structures and/or to displace bound translation factors, thereby facilitating
access of the Dcpl-Dcp2 complex to the cap structure of the mRNA substrate.

A previous study showed that fragments of Edc3 and Tral proteins covering the FDF motifs
can coimmunoprecipitate with the C-terminal RecA-like domain of Me31B, the Drosophila
ortholog of S. cerevisiae Dhh1 [60]. The crystal structure of the C-terminal RecA-like
domain of DDX6 (Figure 2E), the human ortholog of Dhh1, in complex with the FDF motif
of Edc3 [59] shows that the FDF motif adopts an a-helical conformation upon binding to
DDX®, occupying a shallow groove opposite to the DDX6 surface involved in RNA binding
and ATP hydrolysis. The interaction of DDX6 with the Edc3 FDF motif is required for its P
body localization and its role in translation repression [59] (see below). Similarly, Tral also
employs its FDF motif to interact with Me31B, thus competing the interaction of Edc3 with
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Me31B in a mutually exclusive manner [59]. The biological significance of this competitive
interaction remains to be characterized. Conceivably, the competition between Tral and
Edc3 to associate with DDX6/Me31B may facilitate the formation of distinct decapping
complexes that have different functions and/or target distinct sets of mMRNAs.

The Lsm1-7-Patl complex plays important roles in mRNA decapping. Recently, a crystal
structure of the C-terminal domain of human Patl (Pat1-C), which is the only structured
domain of Patl, was determined. Pat1-C folds into an a-a superhelix [63] (Figure 2F).
Structure-based mutagenesis shows that a conserved and basic surface patch of Pat1-C is
required for its binding to RNA, Dcp2, Edc4 and Lsm1-7 [63]. While the Lsm1-7 complex
is predicted to form a heteroheptameric ring [43,64,65,66,67], its subunits may form various
subcomplexes. A crystal structure of Lsm3 from S. cerevisiae shows that it forms an
octameric ring structure [68]. Recent crystallographic analysis combined with analytical
ultracentrifugation of Lsm3, Lsm4 and a Lsm5/6/7 subcomplex from S. pombe indicate that
these exist in solution as a heptamer, a monomer and a hexamer, respectively [69,70].
Moreover, like Lsm3 alone, the S. pombe Lsm2/3 subcomplex is also in a heptameric state
in solution. Given that subcomplexes or individual subunits of Lsm1-7 proteins have a
propensity to form oligomers [68,69,70], it is unclear how the seven Lsm proteins assemble
into the ring structure and whether subcomplexes exist /n vivo as functional units. In
addition, how Patl interacts with the Lsm1-7 complex and how this hetero-octameric
complex modulates decapping remains to be understood.

3.3 Stimulation of MRNA decapping through mRNP remodeling leading to repression of
translation initiation

The mRNA m’G cap is generally not free, but bound in the nucleus by the CBC and in the
cytoplasm by the elF4F complex. The elFAE cap-binding subunit of elF4F can inhibit
decapping by yeast Dcp2 in vitro[71,72], and elF4G, which stimulates elF4E binding to the
cap, can further decrease the /n vitro decapping rate [73]. This suggests that the translation
initiation machinery can protect mMRNA from decapping and that a competition between the
translation initiation complex and decapping exists. Evidence supporting this can be seen /n
vivo with yeast strains harboring defective translation initiation factors. Expression of
mutant translation initiation factors, including elF4E and elF4G, which slow the rate of
translation, generally increase the rate of MRNA decay [74]. Thus, an important mechanism
for enhancing decapping likely involves remodeling of the translation initiation complex
associated with the mRNA 5 end to allow access for Dcp2 to the m’G cap. Indeed, a subset
of enhancers of decapping also act as repressors of translation.

One such decapping factor that functions as a translational repressor is Pat1. Budding yeast
strains lacking Patl are unable to effectively inhibit translation in response to glucose
deprivation, and overexpression of Patl leads to general translation repression [75]. These
observations suggest that in addition to playing a possible role in directly recruiting or
activating the decapping complex, Patl may promote decapping by stimulating remodeling
or release of translation initiation components. Interestingly, in budding yeast Patl shows
RNA-dependent association with the translation initiation factors elFAE and elF4G, as well
as with the poly(A)-binding protein Pabl [46]. By contrast, the Lsm1-7 complex fails to
associate with elF4E and elF4G, even in strains lacking Dcpl, Dcp2, or Patl [46]. This is
consistent with the idea that the association of the Lsm1-7 complex with mRNPs is
accompanied by an elF4F release step distinct from the catalytic activity of Dcp2. Recent
observations that the human [45,76] and Drosophila [44] homologs of Patl also exists in
complex with decapping factors, including Dcp2 and the Lsm1-7 complex, and stimulate
decay of a tethered reporter mMRNA, shows that some of these functions have been conserved
throughout evolution. Human and Drosophila Patl, unlike the budding yeast homolog, also
interact with deadenylation factors in an RNA-independent manner, suggesting a function in
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both deadenylation and decapping [44,45]. Collectively, these observations suggest a
possible role of the Pat1-Lsm1-7 complex in the release of translation initiation factors in
preparation for decapping. However, given their link to deadenylation, an alternative
possibility is that the release of elF4F occurs as a secondary consequence of removal of the
poly(A)-binding protein, which is known to stimulate cap-binding by the elF4F complex
[77].

Another enhancer of decapping, the DEAD box helicase Dhh1, may play an important role
in mRNP remodeling. Dhh1 deletion and overexpression in budding yeast has similar
effectsas those observed for Pat1, namely decreased and increased translational repression,
respectively [75], and Dhh1 inhibits translation /n vitro [75]. The exact mechanism by which
Dhh1 represses translation and how this relates to enhancement of decapping is not fully
understood. In yeast, the effect of Dhh1 on translation may be to inhibit formation of a
stable 48S translation preinitiation complex [75], or it may function to slow the movement
of ribosomes along the mRNA [78]. Surprisingly, tethered Dhh1 is able to repress
translation and stimulate decay in yeast even when its ATPase activity is abolished,
suggesting a conformational change may not be necessary for these activities [79]. /n vitro
studies have shown that mutant DDX6, the human ortholog of Dhh1, deficient in ATP
hydrolysis can relax structured RNA in the presence of ATP but not ADP, suggesting that
ATP hydrolysis may trigger a switch from an active to an inactive state [80]. DDX6 function
may also depend on its ability to oligomerize on mRNA, which has been observed in cells
from both human and the frog Xenogpus laevis [80,81]. In yeast, decapping of long non-
coding (Inc) RNAs, which are capped and polyadenylated, is mediated by Dcp2 but
unaffected by deletion of Dhh1 or Lsm1 suggesting these cofactors are not needed for
decapping of these non-translated RNA species [82].

A number of decapping enhancers can also be found in complexes that appear to promote
translation repression in the absence of decapping. For example, in D. melanogaster, C.
elegans, and X. laevisthe Dhh1 orthologs Me31B, CGH-1, and Xp54, respectively, play
important roles in translational repression and storage of mMRNAs during development of the
oocyte [81,83,84]. In D. melanogasterthis involves a complex that also contains the elF4E-
binding protein CUP [83], and competitive binding of Me31B by either Trailer Hitch (Tral)
or Edc3 may determine if an mRNA is translationally repressed or decapped [60].
Contrasting the activity of Dhh1 in yeast, Xp54 ATPase mutants stimulate the translation of
a tethered reporter in X. /aevis oocytes [85]. Homologs of these proteins have also been
characterized in complex with decapping factors in other eukaryotes (see section 3.1), but
what dictates which complexes form on mRNPs under different conditions remains unclear.

Thus, multiple lines of evidence support that decapping complexes interfere with translation
initiation. However, while decapping is generally in competition with translation initiation,
evidence suggests that decapping can occur while mRNAs are still engaged with elongating
ribosomes [86,87]. The specific mechanism by which decapping factors promote remodeling
of translation initiation complexes, and what dictates whether complexes containing
decapping factors repress translation only, or also activate decapping, remains to be
answered.

4. Cis-elements and trans-factors that promote mRNA-specific decapping

by Dcp2

Though decapping factors can stimulate the function of Dcp2 to initiate decapping and
eventual 5”-to-3” decay of mMRNA substrates, regulation of Dcp2 is important to control
which transcripts are decapped and degraded. One mechanism by which decapping by Dcp2
is thought to be regulated is through substrate-dependent recruitment. Several ways by
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which Dcp2 can be enlisted to decap specific substrates have been uncovered, including
direct recruitment of Dcp2 to mRNA cis-elements, and recruitment via RNA binding
proteins that interact with Dcp2 or other members of the decapping complex (Figure 3).

The observation that Dcp2 has a preference for capped RNA substrates over free cap raised
the possibility that Dcp2 has a preference for specific RNA sequences [20]. Consistent with
this, the mRNA encoding the human exosome component Rrp41 was found to contain an
element in the 5"UTR which stimulates Dcp2 binding and rapid decapping when in close
proximity to the mRNA cap [5]. This region was predicted to have a stem-loop structure and
compensatory mutational analysis suggested that the secondary structure is important for
Dcp?2 recruitment and activation [88]. An interesting question is if this direct recruitment of
Dcp2 to an mRNA is a widespread mechanism of mRNA decay regulation. A genome-wide
analysis predicted hundreds of human mRNAs that could harbor similar stem loop structure
in their 5"UTRs, and several of these showed enhanced decapping /n vitro by Dcp2 [88].
Contrasting this, in C. elegans 70% of mRNA transcripts contain a 22-nucleotide splice
leader sequence, which reduces their /n vitro decapping rate compared to transcripts without
the splice leader [12]. The sequence is not predicted to have a strong secondary structure and
the mechanism by which decapping is inhibited is unknown. This is independent of the non-
canonical trimethylated m22.7G cap found on trans-spliced C. efegans mRNAs, which is
effectively hydrolyzed by budding yeast, human, and nematode Dcp2 [12].

In addition to direct RNA recruitment, the decapping machinery can be recruited to target
mRNAs through RNA binding proteins. For example, as discussed in section 3.1, evidence
suggests that the Lsm1-7-Patl complex serves a general role in recruiting the decapping
complex to deadenylated mMRNAs, in what is thought to be a major pathway of mMRNA decay
in eukaryotes [47]. More recent studies have also presented evidence that the Lsm1-7
complex serves to recruit decapping factors to RNAs, including histone mMRNAs, that have
undergone tailing by unconventional terminal ribonucleotidyltransferases [89,90].

Additionally, multiple examples exist for mRNA-specific RNA binding proteins that
activate the decapping complex. For example, in S. cerevisiae, ribosomal protein (rp) S28b
autoregulates its own mRNA by binding to the 3" UTR and activating decapping
independently of deadenylation, through interaction of rpS28b with Edc3 and Dcpl [91].
Another example in budding yeast is the Puf5 protein, a member of the PUF family of
proteins that generally target substrate mRNAs for translational repression and/or mMRNA
decay [92,93]. Puf5 associates with the deadenylase Caf1/Pop2 and the decapping factor
Dcpl [94], and stimulates the deadenylation and decapping of target mMRNAs [95].

In mammalian cells, multiple trans-factors are involved in degrading mRNAS containing
destabilizing 3" UTR AU-rich elements (AREs) [96]. One such protein is tristetraprolin
(TTP), which interacts with multiple mRNA decay factors [97,98,99], including Edc3 and
Dcp2 components of the decapping complex, and stimulates the decapping activity of Dcp2
in vitro on ARE-containing RNA [30]. There is also evidence to suggest that decapping
plays a role in mRNA silencing by micro (mi)RNAS. Experiments in Drosophila S2 cells
indicated that depletion of Dcp2 resulted in an increase in both steady state miRNA-target
reporter MRNA levels and translation [100,101]. In murine embryonic fibroblast cells
hypomorphic for Dcp2, no distinguishable defect in silencing of a miRNA reporter mRNA
was observed, unless the cells were also depleted for another cytoplasmic decapping
enzyme, Nudt16 [102]. In human cells, DDX6 interacts with the miRNA effectors Agol and
Ago2 in an RNA independent manner, and depletion of DDX6 diminishes repression of a
miRNA target reporter [103]. Decapping is also activated in the nonsense mediated decay
(NMD) pathway. The central factor in NMD, Upf1, interacts with Dcp2 and activates
decapping [18,104]. In yeast, depletion of the decapping factor Dcpl leads to a major defect
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in NMD [105,106]. In human cells, the interaction of Upfl with Dcp2 is bridged by the
protein PNRC2 [107], and appears to serve as one of many mechanisms by which Upfl can
initiate MRNA degradation, which also includes endonucleolytic cleavage and
deadenylation [108,109].

While a number of examples of recruitment of the decapping machinery by trans-factors
have been documented, in most cases it remains to be established how the trans-factors
communicate with decapping complexes (Figure 3). Do they all communicate with a
common decapping holoenzyme complex, or are there multiple inroads into the decapping
machinery, for example through alternative decapping sub-complexes all leading to
decapping by Dcp2? Moreover, in most cases, how critical decapping is as compared to the
two other mechanisms of initiation of mMRNA decay, deadenylation and endonucleolytic
cleavage, remains poorly understood. Finally, could mechanisms other than mRNA-specific
recruitment contribute to substrate specificity by the decapping complex, such as mRNP
remodeling events that expose the mRNA cap?

5. mMRNA Decapping and P Bodies

Dcp2 and many of its enhancers and cofactors can be seen to accumulate in discrete foci in
the cytoplasm termed P bodies [110], which are conserved across eukaryotes [111,112].
Accumulating evidence suggests that P bodies are self-assembling RNA granules that
primarily assemble from RNA decay intermediates that accumulate with decapping factors
[111] (Figure 4). Consistent with this, the depletion of factors that activate mMRNA decay
prior to the decapping step, such as deadenylases, reduces the number of visible P bodies in
cells, while depleting cells of factors, such as Dcpl or Xrnl, that enhance decapping or the
subsequent 5”-to-3” decay step generally increases the size or number of detectable P bodies
[75,110,113]. Moreover, mRNA decay intermediates have been localized to P bodies, and
RNase treatment disrupts P bodies, suggesting that RNA is a necessary component for P
body integrity [113,114,115,116]. In budding yeast, the decapping stimulator Edc3 and the
Lsm4 subunit of the Lsm1-7 complex play critical roles in assembling mRNPs into P bodies,
likely by promoting intermolecular contacts between mRNPs assembled with decapping
complexes [49,117]. Ribosomal proteins, poly(A)-binding protein, and translation initiation
factors, with the exception of elF4E, are absent from P bodies [118,119], and translation
elongation inhibitors generally rapidly disassemble P bodies [120], suggesting that mMRNPs
that assemble into P bodies need to be free of ribosomes. While P bodies may primarily
consist of intermediates of mMRNA decay, pulse transcribed reporter mMRNAS that accumulate
in P bodies during glucose starvation in budding yeast have been observed to reenter
translation after glucose restoration, suggesting that decay is not the only fate for mRNAs
that accumulate in P bodies [118]. Despite ongoing interest and research on P bodies, and
despite their conservation in all tested eukaryotes, their function remains unclear, and there
is currently little evidence that the assembly of RNA decay intermediates into P bodies plays
a rate-limiting role in mMRNA degradation.

6. Additional decapping enzymes

In addition to Dcp2, there are other eukaryotic proteins capable of hydrolyzing the mRNA
cap. While Dcp2 was believed to be the only factor that catalyzed decapping in the 5”-to-3’
mRNA decay pathway, a hypomorphic Dcp2 mouse showed no reduction in mMRNA decay
rates in cells where Dcp2 was no longer detectable [121]. By testing the ability of other
mammalian Nudix domain-containing proteins to hydrolyze capped RNA, Nudt16 was
discovered to have decapping activity similar to Dcp2 [121]. Nudt16 is the mammalian
ortholog of the X. /aevis protein X29, which was initially described to hydrolyze the m’G
cap of the U8 snoRNA and may function in the turnover of other nuclear capped RNAs
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[122]. Interestingly, unlike its Xenopus homolog, mammalian Nudt16 appears to be
primarily cytoplasmic [121]. Further studies in mammalian cells suggest that Nudt16 and
Dcp2 may be responsible for regulating distinct subsets of mMRNAs with some shared targets
[102].

In human cell lysates, a decapping activity was found to cosediment with the 3’-to-5’
degradation machinery, the exosome. This activity, termed DcpS (Dcp Scavenger), is able to
hydrolyze free m’GpppG cap, which is the product of a complete MRNA degradation
reaction by the exosome [123]. By contrast, DcpS shows no activity towards unmethylated
GpppG. Contrasting with the Dcp2 reaction, which has a preference for long capped
substrates and releases m’GDP, the product of the scavenger decapping reaction is m’GMP
and DcpS is most effective in hydrolyzing free cap, though it shows some decapping activity
on substrates of up to ten nucleotides [7].

Further decapping enzymes exist that may perform specialized functions rather than act as
part of general MRNA decay pathways. The yeast factor Rail, which exists in complex with
the nuclear 5”-to-3” exonuclease Rat1 [124], is able to remove unmethylated GpppG from
RNA substrates /n vitro, and RailA strains accumulate aberrantly capped mRNA substrates
under certain stress conditions [125], suggesting that Rail has a role in a nuclear capping
quality control mechanism. Recently, a yeast homolog of Rail has been identified that
appears to have both decapping and exonucleolytic activity and was named Dxol [126].
RailAlDxolA double deletion mutants show an increase in endogenous aberrantly capped
mMRNA, but normal levels of properly capped mRNA, suggesting that like Rail, Dxol might
function in capping quality control [126]. Recent work in humans has provided evidence
that also Dcp2 has a role in nuclear decapping, in which it in complex with Xrn2, the human
ortholog of Rat1, promotes premature transcription termination by activating 5’-to-3
degradation of nascent transcripts [127].

7. Looking forward at decapping

Biochemical, cellular, and structural analyses have led to the identification and
characterization of many of the central components involved in mMRNA decapping allowing
for the understanding of the basic principles of cytoplasmic decapping. While a lot has been
learned in recent years about the mechanisms and regulation of these factors, there are many
interesting open questions that need to be addressed. For example, although the structures of
S. pombe Dcp2 in the apo form and in complex with Dcpl have been determined, how the
5" cap of the mRNA substrate is recognized and cleaved by Dcp2 still remains unclear.
Because cap recognition occurs during the catalytic step and requires the presence of the
RNA body, a high resolution crystal structure of Dcp2, or the Dcpl-Dcp2 complex, with a
bound capped RNA would be required to elucidate the mechanism of cap recognition. In
addition, what are the mechanisms by which the enhancers of decapping stimulate the
decapping activity of Dcp2? Since the assembly of the decapping complex is a dynamic and
complex process and decapping enhancers may use different mechanisms to bind Dcp2 and
activate decapping, an important area of future study will be directed towards understanding
the interactions of various decapping enhancers with Dcp2 and their functional significance
for regulating mMRNA decapping. In addition to these structural questions, there are a number
of important functional questions for future study. For example, studies in D. melanogaster,
C. elegans, and X. laevis have identified mRNPs containing decapping factors that appear to
repress translation and store mRNA, rather than targeting them for decay. What dictates
whether an mRNA is stored or degraded and how are decapping factors involved in both of
these seemingly contrasting functions? There is substantial evidence that suggests
translation initiation and decapping are in competition. How is the mRNP remodeled to
allow for translational repression and access to the 5" cap by Dcp2? While decapping was
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long thought to be an irreversible process that triggered the rapid decay of mRNA, the recent
identification of a cytoplasmic capping complex has challenged this view [128,129].
Howwidespread is cytoplasmic capping and is cap homeostasis an important mechanism for
translation regulation? P bodies are conserved cytoplasmic foci containing many
components of the decapping machinery as well as mRNA in various states of decay. What
role do P bodies play in translational repression, MRNA decapping and decay, and what
determines their composition and formation? Nudt16 has been identified as a nuclear and
cytoplasmic factor capable of decapping and its function appears to at least partially overlap
with Dcp2. What role does Nudt16 play in mRNA decapping and what factors regulate its
function? Insights into these and other questions regarding decapping will allow us to better
understand this important mechanism of eukaryotic post-transcriptional gene regulation.
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Figure 1. Thecrystal structures of Dcpl and Dcp2 proteins

(A) Schematic diagrams of the domain organization of Dcpl and Dcp2 proteins. (B) The
crystal structure of the S. pombe Dcp2 (residues 1-266) in the apo form. (C) Crystal
structure of S. cerevisiae Dcpl (green) with the patch 1 region marked. (D) Crystal structure
of the EVH1 domain of human Dcpla (green) in complex with the PNRC2 peptide (pink).
(E) and (F) The open and closed conformations of the Dcpl-Dcp2 complex with Depl in
green, Dcp2 NTD in orange, Nudix domain in cyan and Nudix motif in red.
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Figure 2. The structures of the enhancers of decapping Edc3, Dhh1 and Pat1

(A) Schematic diagrams showing the domain organization of Edc3, Dhh1 and Pat. (B) The
crystal structure of YjeF-N dimerization domain from human Edc3 with each subunit
colored in pink and deep olive, respectively. (C) The solution structure of the Lsm domain
of Edc3 (gray) in complex with the helical leucine-rich motif (HLM) of Dcp2 (cyan). (D)
The crystal structure of yeast Dhh1 showing two Rec-A like domains with the N-terminal
domain in brown and the C-terminal domain in light blue. (E) The crystal structure of DDX6
C-terminal Rec-A like domain (the ortholog of yeast Dhh1, shown in light blue) in complex
with the FDF motif of Edc3 (magenta). (F) The crystal structure of human Pat1 C-terminal
a-a superhelical domain.
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Figure 3. General principles of decapping complex recruitment

RNA cis-elements, such as the hairpin structure in Rrp41 mRNA, can recruit Dcp2 directly.
RNA binding proteins (RNA-BPs) can stimulate decapping by recruiting the Dcpl-Dcp2
complex directly or through decapping enhancers.
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Figure 4. P body dynamics

P bodies assemble from translationally repressed, ribosome-free, mMRNPs associated with
decapping factors. mMRNPs assembled into P bodies are either targets of mMRNA decay, or
can return to translation.
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