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The Dcp1:Dcp2 decapping complex catalyses the removal

of the mRNA 50 cap structure. Activator proteins, including

Edc3 (enhancer of decapping 3), modulate its activity.

Here, we solved the structure of the yeast Edc3 LSm

domain in complex with a short helical leucine-rich

motif (HLM) from Dcp2. The motif interacts with the

monomeric Edc3 LSm domain in an unprecedented man-

ner and recognizes a noncanonical binding surface. Based

on the structure, we identified additional HLMs in the

disordered C-terminal extension of Dcp2 that can interact

with Edc3. Moreover, the LSm domain of the Edc3-related

protein Scd6 competes with Edc3 for the interaction with

these HLMs. We show that both Edc3 and Scd6 stimulate

decapping in vitro, presumably by preventing the

Dcp1:Dcp2 complex from adopting an inactive conforma-

tion. In addition, we show that the C-terminal HLMs in

Dcp2 are necessary for the localization of the Dcp1:Dcp2

decapping complex to P-bodies in vivo. Unexpectedly, in

contrast to yeast, in metazoans the HLM is found in Dcp1,

suggesting that details underlying the regulation of mRNA

decapping changed throughout evolution.
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Introduction

The cleavage of the mRNA 50 cap structure (decapping) is an

important step in gene expression, as it removes a transcript

from the translational pool. Therefore, it is essential to tightly

regulate the activity of the enzymes that perform the decap-

ping reaction as premature or incomplete decapping could

interfere with cellular homeostasis. The mRNA decapping

reaction is catalysed by the Dcp2 enzyme (van Dijk et al,

2002; Wang et al, 2002), which works in concert with its

prime activator Dcp1. Dcp1:Dcp2 activity is regulated in vivo

and in vitro by several proteins, including the enhancers of

decapping 1–4 (Edc1–4), Pat1 and the LSm1–7 complex

(Boeck et al, 1998; Bonnerot et al, 2000; Bouveret et al,

2000; Kshirsagar and Parker, 2004; Fenger-Gron et al, 2005;

Haas et al, 2010; Borja et al, 2011).

Initial insights into the mechanism and regulation of the

decapping complex have been provided by a number of high-

resolution crystal structures. Dcp1 (She et al, 2004) folds into

an EVH1 domain (Callebaut, 2002) and interacts tightly with

Dcp2 (She et al, 2006, 2008) via an N-terminal helical exten-

sion that is unique to Dcp1. The structure of Dcp2 displays

two folded domains, an N-terminal a-helical regulatory do-

main followed by a catalytic or Nudix domain (She et al,

2006) (Figure 1A). Interestingly, the three different crystal

structures of Dcp2 (She et al, 2006, 2008) (Supplementary

Figure S1) show that the Dcp2 catalytic domain can adopt

multiple, significantly different orientations with respect to

the Dcp2 regulatory domain. In general, the available

Dcp1:Dcp2 structures can be divided into open and closed

forms. In solution, it has been shown that different structural

states are sampled during the enzymatic cycle, and the

compactness of the decapping complex increases when nu-

cleotides are added (She et al, 2008). These observations

suggest that the active state is more closed, whereas the

inactive state is in a more open conformation. More recently,

however, it was noted that the residues involved in substrate

binding are not clustered in any of the known structures

(Floor et al, 2010). This suggests that the closed structure,

as observed in the high-resolution crystal structure, does not

represent the catalytically active form of the decapping com-

plex (Floor et al, 2010) and that additional structural states of

the enzyme must exist.

The Dcp2 residues C-terminal to the structured catalytic

domain are rich in proline residues (Gaudon et al, 1999),

harbour low overall sequence conservation, and are predicted

to be largely intrinsically disordered (Figure 1A). No func-

tional data are available for this Dcp2 region, apart from a 50

amino acid long sequence close to the C-terminal part of the

catalytic domain that has been reported to interact with Edc3

in yeast (Harigaya et al, 2010).

In a cellular context, the Dcp1:Dcp2 decapping enzyme is

part of an RNP (ribonucleo protein) complex that can vary in

composition (Franks and Lykke-Andersen, 2008). Under cer-

tain conditions, it has been observed that these decapping

complexes can cluster into large assemblies called mRNA

processing bodies or P-bodies, which can be visualized using

fluorescence microscopy (Sheth and Parker, 2003; Franks and

Lykke-Andersen, 2008). How the clustering of the mRNA

degradation machinery influences cellular function is un-

clear, but most of the proteins found in P-bodies are involved

in translational repression and mRNA degradation (Eulalio

et al, 2007). However, the molecular details of the inter-
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molecular interactions within these large protein–RNA

complexes are poorly understood. One of the proteins that

influences P-body formation is the enhancer of decapping 3

(Edc3), and Edc3 deletion results in a reduction in the number

and size of these cellular foci (Decker et al, 2007; Ling et al,

2008). In yeast, both the LSm domain and the YjeF-N dimer-

ization domain of Edc3 have been shown to be functionally

important for P-body formation (Decker et al, 2007).

Proteins of the Scd6 family (Lsm13–15; Trailer hitch/Tral

in Drosophila melanogaster; CAR-1 in Caenorhabditis elegans;

Sum2 in Schizosaccharomyces pombe) share a number of

features with Edc3 (Figure 1A). First, both proteins localize

to P-bodies (Tritschler et al, 2007, 2008). Second, both Edc3

and Scd6 contain an FDF motif that directly interacts with the

DEAD box helicase Dhh1 in a competitive fashion (Tritschler

et al, 2008, 2009a). Third, both proteins contain an

N-terminal LSm domain (Albrecht and Lengauer, 2004).

Finally, both proteins are part of the same RNP and interact

with Dcp2 in yeast (Decourty et al, 2008; Tarassov et al, 2008;

Nissan et al, 2010). The cellular function of Scd6 is not well

established, although Scd6 seems to play a role in inhibiting

translation initiation in yeast (Nissan et al, 2010), and Scd6

orthologues have been shown to associate with translationally

repressed mRNAs (Decker and Parker, 2006). Interestingly, a

functional redundancy between Edc3 and Scd6 has been

proposed (Decourty et al, 2008). However, in contrast to

Edc3, Scd6 has not been shown to modulate the catalytic acti-

vity of the Dcp1:Dcp2 decapping complex in vitro.

Here, we address how Edc3 and Scd6 interact with the

Dcp1:Dcp2 decapping complex and thereby influence its

enzymatic activity. To this end, we solved the structure of

the S. pombe Edc3 LSm domain in complex with a sequence

motif derived from Dcp2. Based on this structure, we identi-

fied additional conserved sequence motifs in Dcp2 that

interact with the LSm domains of Scd6 and Edc3 in a

mutually exclusive manner. We show that deletion of the

C-terminal motifs of Dcp2 that interact with the Edc3 and

Scd6 LSm domains results in the failure of the Dcp1:Dcp2

decapping complex to localize to P-bodies. In summary, our

data reveal the molecular details of a network of competing

interactions that can modulate Dcp1:Dcp2 decapping activity

and cellular localization.

Results

S. pombe Dcp2 residues 255–266 interact with the Edc3

LSm domain

The Edc3 protein is composed of an N-terminal LSm domain

(Like-Sm) (Albrecht and Lengauer, 2004; Tritschler et al,

2007) that is connected to a C-terminal YjeF-N domain

(Ling et al, 2008) (Figure 1A). The linker region between

the two folded domains is predicted to be unstructured and

contains an FDF motif that interacts with the RNA helicase

Dhh1/Me31b (Tritschler et al, 2007, 2009a). In yeast, the Edc3

LSm domain has been shown to interact with a 50 amino acid

long region in Dcp2 that follows the catalytic domain
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Figure 1 Interaction between Dcp2 and Edc3. (A) Domain organization of the S. pombe Dcp1, Dcp2, Edc3, and Scd6 (Tral/Sum2) proteins.
Folded protein domains are coloured in yellow (Dcp1), light green (Dcp2 regulatory domain), dark green (Dcp2 catalytic domain), cyan (YjeF-N
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domains (HLM-1, HLM-C1 to HLM-C5; see below) are coloured red. (B) The solution structure of the S. pombe Edc3 LSm domain. Secondary
structure elements are indicated. The short N-terminal helical turn is coloured green. All figures displaying protein structures are made using
Pymol (http://www.pymol.org). (C) An overlay of the structures of the S. pombe LSm domain (blue/green) with the Edc3 LSm domains from
D. melanogaster (brown, PDB: 2RM4) and H. sapiens (yellow, PDB: 2VC8). The variable region that is absent in the yeast Edc3 LSm domain is
indicated. (D) Identification of the Dcp2 residues required for interaction with Edc3. His6–Dcp1, was co-expressed with different versions
of Dcp2 (see Supplementary data) and supplemented with separately expressed Edc3 LSm domain. The mixed cell lysates were purified using
Ni-affinity chromatography. Dcp1 interacts with Dcp2 in all cases, indicating that all Dcp2 constructs were properly folded. Only the Dcp1:Dcp2
complex that contains Dcp2 residues 255–266 binds the Edc3 LSm domain (lane 3). (E) 1H-15N NMR spectra of the 15N-labelled S. pombe Edc3
LSm domain in the absence (blue) and presence (red) of an unlabelled peptide corresponding to residues 242–291 in Dcp2. Some assignments
in the isolated Edc3 LSm domain (blue) are indicated.
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(Harigaya et al, 2010). To obtain insight into this interaction,

we solved the solution structure of the S. pombe Edc3 LSm

domain.

The Edc3 LSm domain folds into a canonical five-stranded

b-sheet that is preceded by a short a-helical turn (Figure 1B;

Supplementary Figure S2A; Supplementary Table SIA). The

yeast Edc3 LSm structure is similar to the structures of the

D. melanogaster and Homo sapiens Edc3 LSm domains

(Figure 1C) (Tritschler et al, 2007) although the variable

loop between b-strands 3 and 4 is shorter in the yeast protein.

Many (L)Sm proteins form hexa- or heptameric rings

(e.g. LSm1–7 and Hfq) (Wilusz and Wilusz, 2005). However,

the S. pombe Edc3 LSm domain is monomeric in solution, as

previously described for the D. melanogaster and H. sapiens

Edc3 LSm domains (Tritschler et al, 2007).

To identify which residues in Dcp2 are responsible for the

interaction with Edc3, we performed pull-down experiments

with His6–Dcp1:Dcp2 decapping complexes. We used Dcp2

constructs of increasing length (Figure 1D) and found that a

Dcp2 region located between residues 255 and 266 is required

for the interaction with Edc3 (Figure 1D, lane 3 versus lanes 1

and 2). Both in Saccharomyces cerevisiae (Harigaya et al,

2010) and in S. pombe, a Dcp2 region C-terminal of the

catalytic domain is thus important for the interaction

with Edc3.

In the reverse experiment, we performed NMR titration

experiments to identify residues in the Edc3 LSm domain that

interact with Dcp2. To this end, we added NMR-inactive Dcp2

to 15N-labelled Edc3 LSm domain (Figure 1E, blue). Edc3

residues that come in close spatial proximity with Dcp2 are

expected to experience chemical shift perturbations upon

binding. Indeed, 450% of the residues in the Edc3 LSm

domain sense the presence of Dcp2 (Figure 1E, blue versus

red). The large number of chemical shift changes, however,

prevented the accurate identification of an Edc3 binding site

for Dcp2 residues 242–291. This could reflect a small second-

ary conformational effect in the Edc3 LSm domain upon Dcp2

binding, but given the marked sensitivity of amide group

chemical shifts to even small structural movements, any such

change may be very small.

The Edc3 LSm domain interacts with Dcp2 in an

unprecedented manner

Previous studies have shown that LSm domains use two

distinct modes to interact with their binding partners. In

one mode, they establish intermolecular interactions between

b-strand 4 of one monomer and b-strand 5 of another mono-

mer (Kambach et al, 1999), resulting in the assembly of a six-

or seven-member LSm ring (Wilusz and Wilusz, 2005). The

other mode of interaction is between LSm rings and RNA, in

which binding sites on both the proximal and distal faces

have been reported and often involve residues in the loop

connecting b-strands 2 and 3 and residues in the loop that

connects b-strands 4 and 5 (Toro et al, 2001; Thore et al, 2003;

Link et al, 2009; Leung et al, 2011). As such, we expected that

the monomeric Edc3 LSm domain would exploit one of these

binding sites to interact with Dcp2.

The NMR titration experiments (Figure 1E) did not reveal

which residues in Edc3 contact Dcp2 directly. To determine

the molecular details of this interaction, we assigned the

resonances of the complex of the Edc3 LSm domain

and Dcp2 residues 242–291 and solved the solution structure

(Figure 2A and B; Supplementary Figure S2B; Supplementary

Table SIB). In the complex, the LSm domain fold remains

unchanged (Supplementary Figure S2C–E), whereas Dcp2

residues 257–266 fold into an amphipathic a-helical structure
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(shown in red in Figure 2). Due to the Dcp2 interaction, the

hydrophobic core of the Edc3 LSm domain increases signifi-

cantly in size, which explains the large number of chemical

shift changes in the NMR spectrum of the Edc3 LSm domain

upon complex formation with Dcp2 (Figure 1E). The residues

in the Edc3-binding site that are closest to Dcp2 are located in

the Edc3 N-terminal a-helix (F6), b-strand 2 (F28), the loop

between b-strands 4 and 5 (T49 and I52), and b-strand 5

(D54, L55, and I57) (Figure 2B). These residues form a

hydrophobic surface on the LSm domain that contacts four

residues on one side of the Dcp2 helix (S257, L260, L261, and

L264) (Figure 2B). In particular, the methyl groups of the

Dcp2 leucine residues make ample interactions with the

aromatic and long hydrophobic residues in Edc3 and con-

tribute significantly to the tight binding. Indeed, mutating

either L260 or L264 in Dcp2 to alanine reduces the strength of

the interaction, whereas a double mutation in which both of

these leucines are replaced with alanines completely

abolishes the Edc3:Dcp2 interaction (Supplementary Figure

S3A). In summary, we identified that Dcp2 residues S257 to

L264 form a linear motif that interacts tightly with Edc3

(Figures 1D, 2A and B).

The mode of interaction of the Edc3 LSm domain with

Dcp2 differs significantly from previously reported LSm inter-

actions and presents a novel mode of binding between LSm

domains and protein ligands. In canonical (L)Sm proteins an

N-terminal a-helix covers the surface of the protein formed by

b-strands 2 and 5, and the loop preceding b-strand 5. In the

LSm domain of Edc3, the corresponding helix is much shorter

and contains only a single turn (shown in green for Edc3 and

yellow for one monomer of the hexameric Hfq protein in

Figure 2C). As a consequence, an interaction surface becomes

available that is used to contact the C-terminal half of the

Dcp2 helix. In addition, the N-terminal half of the Dcp2 helix

binds to the central residues in b-strand 5, which is used to

contact the neighbouring monomer in multimeric LSm ring-

like structures. Therefore, both the shorter N-terminal helix

and the monomeric nature of the Edc3 LSm domain are

important characteristics that allow the unprecedented

mode of interaction with Dcp2. Although a Dcp2 fragment

comprising residues 257–264 possess helical propensity, it is

disordered in isolation in solution and only folds into a stable

helical conformation in the presence of the Edc3 LSm domain

(Supplementary Figure S3B).

To probe the relevance of our structure in the context of the

active Dcp1:Dcp2 decapping complex, we compared NMR

spectra of the Dcp1:Dcp2 (residues 1–289) decapping complex

in the absence and presence of the Edc3 LSm domain. After

the formation of the trimeric complex containing Dcp1:Dcp2

and Edc3, resonances that correspond to the Dcp2 helix

appear at the same frequency as observed in the dimeric

Edc3:Dcp2 complex (Supplementary Figure S4). This clearly

indicates that the Dcp2 LSm interaction motif is structurally

identical in the Dcp1:Dcp2 decapping complex and in the

structure of the minimal complex that we present here.

Dcp2 contains multiple linear motifs that interact

with Edc3

Close inspection of the Dcp2 residues that interact with Edc3

revealed that the primary amino acid sequence has a helical

propensity. From the structure, it can be inferred that the

amino acids of importance are SxxLLxxL (Figure 2B).

Interestingly, the C-terminal extension of Dcp2 contains

multiple similar sequence motifs that are conserved between

different yeast species (Supplementary Figure S5). In the

C-terminal Dcp2 extension of S. pombe (residue 553–741),

there are at least five of these conserved motifs (Figures 1A

and 3A; Supplementary Figure S5) located between residues

556 and 563 (SAQLLQAL), 581 and 589 (SLSLLTLL), 648 and

655 (QFDLLKVS), 693 and 700 (SPGFVKIL), and 721 and 729

(DDHFLSYL).

Similar linear sequence motifs were previously identified

in Dcp2 from S. cerevisiae (Gaudon et al, 1999). These motifs

were termed helical leucine-rich motifs (HLMs) and in ana-

logy we will refer to the linear motifs we identified here

in S. pombe Dcp2 as HLM-1 for the first motif (residues

257–264) and HLM-C1 to HLM-C5 for the C-terminal motifs.

Apart from these motifs, the sequence conservation of the Dcp2

C-terminus is very low. In addition, the C-terminal extension

is predicted to be unstructured in isolation, which is

confirmed by NMR spectra of Dcp2 residues 553–741

(Supplementary Figure S6A).

The presence of several motifs in the Dcp2 C-terminal

extension that resembled the sequence that interacts with

the Edc3 LSm domain prompted us to probe for interactions

between this region of Dcp2 and Edc3. To this end, we

performed pull-down experiments using the His6-tagged

Edc3 LSm domain and the Dcp2 C-terminal extension

(residues 553–741; Figure 3B; Supplementary Figure S6C).

As a positive control, we used a construct of Dcp2 residues

96–291 that includes HLM-1 and that strongly interacts with

Edc3 (Figures 1D and 3B, lane 1). Interestingly, the Dcp2

C-terminal extension shows a strong interaction with the

Edc3 LSm domain (Figure 3B, lane 2), which corroborates

our hypothesis that this region of Dcp2 contains at least one

motif that strongly interacts with Edc3. To probe which of the

HLM-C1 to HLM-C5 sequences is responsible for Edc3 bind-

ing, we performed co-purifications with His6-tagged Edc3

and five Dcp2 protein fragments, each of which contained

a potential interaction motif (Figure 3B, lanes 3–7;

Supplementary Figure S6C). We observed that the fragment

containing HLM-C2 (lane 4) interacted with the Edc3 LSm

domain to a similar extent as HLM-1 (lane 1). In addition, a

weaker interaction between Edc3 and a fragment containing

HLM-C1 was observed (lane 3). In contrast, interactions with

the other motifs were not detected in this assay. Hence, we

conclude that HLM-C2 is the main contributor to the binding

between the Dcp2 C-terminal extension and Edc3.

To investigate whether the HLMs that did not interact with

Edc3 in pull-down assays exhibited weak affinity for Edc3, we

used NMR titration experiments. We followed changes in the

spectrum of the 15N-labelled Edc3 LSm domain upon addition

of the different Dcp2 C-terminal motifs (Figure 3C). In agree-

ment with the pull-down experiments, both the complete

C-terminal region (HLM-C1–C5) and the two isolated motifs

(HLM-C1 and HLM-C2) induce large chemical shift changes

in the Edc3 spectrum (Figure 3C, top panels). In addition, we

observed chemical shift changes upon the addition of the

most C-terminal motif (HLM-C5), indicating that the last

motif also interacts with Edc3. The other two motifs in the

Dcp2 C-terminal tail do not interact significantly with Edc3,

which can be judged from the very slight (HLM-C4) or

nonexistent chemical shift changes (HLM-C3) in the NMR

spectra of the Edc3 LSm domain. The absence of binding for
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these two motifs (HLM-C3 and HLM-C4) correlates well with

the lack of helical propensity in these Dcp2 sequences

(Figure 3A).

All motifs that interact with Edc3 induce similar changes in

the NMR spectrum, indicating that all HLMs interact with the

Edc3 LSm domain in a structurally similar way, as displayed

in the structure of the Edc3:HLM-1 complex (Figure 2A and B).

In the reverse experiment, we probed the effect of the Edc3

LSm domain addition on the spectrum of the disordered
15N-labelled Dcp2 C-terminal residues. As expected, we
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Edc3 LSm domain are marked with a red dot. The lower five sequences (HLM-C1 to HLM-C5) are located in the Dcp2 C-terminal extension
(Supplementary Figure S5). The residue numbers of the Dcp2 fragments are indicated in brackets. (B) Pull-down experiments with the C-
terminally His6-tagged Edc3 LSm domain and MBP-tagged LSm interaction motifs. The Edc3 LSm domain interacts strongly with the Dcp2
HLM-1 sequence (lane 1, Figures 1 and 2). A strong interaction is also observed between the last B200 Dcp2 residues (HLM-C1–C5, lane 2).
The latter interaction is mediated through the HLM-C2 sequence (lane 4) and through the HLM-C1 sequence (lane 3). The interaction with the
other HLMs in the Dcp2 C-terminus are too weak to be detected under the experimental conditions. The corresponding MBP–HLM proteins
were present in the input of all pull-down experiments (Supplementary Figure S5C). (C) NMR spectra of 15N-labelled Edc3 LSm domain without
(blue) and with (red) different HLMs derived from the Dcp2 C-terminus. Specific interactions are observed upon addition of the complete Dcp2
C-terminal extension (HLM-C1–C5) or upon addition of three (LSM-C1, LSM-C2, and LSM-C5) of the five fragments. Note that the same
residues in the Edc3 LSm are affected upon addition of the HLM-1 sequence (Figure 1E). (D) Edc3 can interact with two decapping complexes
simultaneously. Purified His6-tagged Dcp1:Dcp2 (residues 1–289) and untagged Dcp1:Dcp2 were mixed together with different Edc3 constructs
(LSm domain, YjeF-N domain, or FL). The protein mixture was applied to Ni-affinity resin that selected for His6-tagged Dcp1 (underlined). The
bound protein was eluted from the matrix prior to SDS–PAGE analysis. Lanes 5 and 6 show that untagged Dcp1 co-purified with His6-tagged
Dcp1 in the presence of FL Edc3. (E) Summary of the Edc3:Dcp2 interactions we identified here. The Dcp2 C-terminus can interact with the
Edc3 LSm domain (and the Scd6 LSm domain, see below) at multiple sites. The Edc3 dimer can bind two decapping complexes simultaneously.

Structure of the Edc3–Dcp2 complex
SA Fromm et al

&2012 European Molecular Biology Organization The EMBO Journal VOL 31 | NO 2 | 2012 283



clearly observed binding and resonances indicative of a-

helical structure appeared (Supplementary Figure S6B).

This shows that the leucine-rich motifs in the disordered

Dcp2 C-terminus fold into an a-helical conformation when

interacting with the Edc3 LSm domains, as we observed for

the HLM-1 sequence.

The Edc3–Dcp2 interaction can promote clustering of

decapping complexes

Our findings show that Dcp2 contains multiple HLMs that can

interact with the Edc3 LSm domain (Figure 3B and C).

Interestingly, Edc3 forms dimers in solution that are mediated

by the C-terminal YjeF-N domain (Ling et al, 2008). This

observation prompted us to probe if one Edc3 dimer could

also interact with two Dcp1:Dcp2 decapping complexes

simultaneously.

To test this, we incubated equal amounts of purified His6-

tagged Dcp1:Dcp2 and untagged Dcp1:Dcp2 in the presence

of different versions of the Edc3 protein. We then purified the

protein mixture over Ni-NTA resin to select for protein

complexes that contained at least one copy of His6-tagged

Dcp1. When the decapping complex was supplemented with

the Edc3 LSm domain (Figure 3D, lane 1), a complex con-

sisting of His6-tagged Dcp1, Dcp2, and the Edc3 LSm domain

was purified (Figure 3D, lane 2). This result is fully consistent

with the experiment shown in Figure 1D (lane 3), in which

the Edc3 LSm domain is shown to co-purify with His6–

Dcp1:Dcp2. When a mixture of decapping complexes con-

sisting of His6–Dcp1:Dcp2 and untagged Dcp1:Dcp2 was

supplemented with the Edc3 YjeF-N dimerization domain

(Figure 3D, lane 3), the Ni-NTA purified complex only con-

tained the His6–Dcp1:Dcp2 complex (Figure 3D, lane 4). This

indicates that the Edc3 YjeF-N dimerization domain does not

directly interact with the Dcp1:Dcp2 decapping complex.

However, when full-length (FL) Edc3 was added to the

mixture of His6–Dcp1:Dcp2 and Dcp1:Dcp2 (Figure 3D, lane 5),

the Ni-NTA purified complex did contain untagged Dcp1

(Figure 3D, lane 6). This clearly shows that untagged Dcp1

co-purifies with His6-tagged Dcp1 in the presence of Dcp2 and

FL Edc3. This result can be explained by the formation

of a complex that contains His6–Dcp1:Dcp2 coupled to an

untagged Dcp1:Dcp2 complex through a FL Edc3 dimer.

These in vitro experiments indicate that one Edc3 dimer is

able to act as a scaffold that can bind two decapping com-

plexes simultaneously. This finding, taken together with the

fact that Dcp2 can interact with multiple Edc3 proteins,

suggests a redundant network of interactions between Dcp2

and Edc3 (Figure 3E).

The Scd6 LSm domain interacts with Dcp2

In addition to Edc3, other proteins that interact with yeast

Dcp2 have been identified (Fromont-Racine et al, 2000;

Decourty et al, 2008; Tarassov et al, 2008; Nissan et al,

2010). These include the DEAD box helicase Dhh1, Pat1,

and the LSm domain containing protein Scd6 (Figure 1A).

Given the similarities between the LSm domains of Edc3 and

Scd6, we tested whether the Scd6:Dcp2 interaction is direct

and mediated through the Scd6 LSm domain and the Dcp2

HLMs. To this end, we performed pull-down assays

(Figure 4A) and found that, in contrast to the Edc3 LSm

domain (Figure 3B), the interaction of the Scd6 LSm domain

with HLM-1 in Dcp2 was too weak to be detected in this

assay. However, using NMR spectroscopy as a more sensitive

technique, we observed chemical shift changes in the NMR

spectrum of the Scd6 LSm domain upon addition of HLM-1,

HLM-C1, HLM-C2, and HLM-C5. This indicates that the Scd6

LSm domain specifically interacts with Dcp2 (Figure 4B),

albeit with a lower affinity than the Edc3 LSm domain.
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Figure 4 Interaction between the Scd6 LSm domain and the Dcp2 HLMs. (A) Pull-down experiment of the Scd6 LSm domain with MBP–Dcp2
96–291. Both proteins are present in the E. coli cell lysate (Input, lane 1); however, the interaction is too weak to allow for co-purification (PD,
pull-down, lane 2). As the Edc3 LSm domain:Dcp2 complex co-purified under the same conditions (Figure 3B), we conclude that Edc3 interacts
stronger with Dcp2 than Scd6. (B) NMR spectra of the 15N-labelled Scd6 LSm domain in the absence (blue) and presence (red) of Dcp2 HLM-1
and HLM-C1 to HLM-C5. Specific binding between the Scd6 LSm domains is observed for the same motifs that interact with the Edc3 LSm
domain (Figure 3C). (C) The Edc3 LSm domain competes with the Scd6 LSm domain for Dcp2 residues 242–291 (HLM-1). The NMR spectra of
the 15N-labelled Scd6 LSm domain in isolation (blue) and in complex with the HLM-1 sequence (red) are shown. Unlabelled Edc3 LSm domain
was added to the sample (orange, cyan, and green), which resulted in the dissociation of the Scd6:Dcp2 complex due to the formation of the
NMR-invisible Edc3:Dcp2 complex. This indicates a much higher affinity for the Edc3:Dcp2 complex than for the Scd6:Dcp2 complex, as
observed in the pull-down assays (Figures 3B and 4A) (see also Supplementary Figure S7).
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Interestingly, motifs that interact with the Edc3 LSm do-

main also bind to the Scd6 LSm domain, whereas the motifs

that are not recognized by the Edc3 LSm domain also fail to

interact with the Scd6 LSm domain. In addition, the number

of residues in Scd6 that experience shift changes during the

NMR titration experiments are comparable to the results

obtained for Edc3. These results strongly suggest a structu-

rally similar mode of interaction. In conclusion, the LSm

domains of Edc3 and Scd6 can interact with the same HLMs

in Dcp2.

The Edc3 and Scd6 LSm domains compete for binding

to Dcp2 HLM sequences

To confirm the finding that Edc3 and the Scd6 LSm domains

recognize the exact same binding sites in Dcp2, we performed

competition assays (Figure 4C). To this end, we prepared a

complex of the 15N-labelled Scd6 LSm domain and the NMR-

inactive HLM-1 (Dcp2 residues 241–291). NMR spectra

clearly show that the Scd6 LSm domain (Figure 4C, blue

spectrum) formed a complex with the Dcp2 HLM-1 sequence

(Figure 4C, red spectrum). A stepwise addition of the tighter

binding Edc3 LSm domain resulted in a release of HLM-1

from the Scd6 LSm domain (Figure 4C, orange, blue, and

green). In a control experiment, where we added the Edc3

Yjef-N domain, the Scd6:Dcp2 complex does not dissociate

(Supplementary Figure S7). In summary, our data show that

the Edc3 and Scd6 LSm domains compete for the same Dcp2-

binding motifs and that both interactions are mutually

exclusive.

Both Edc3 and Scd6 stimulate mRNA decapping in vitro

Previous studies have shown that the interaction of Edc3 with

the Dcp1:Dcp2 decapping complex results in increased cata-

lytic activity (Harigaya et al, 2010; Nissan et al, 2010). Given

that the Scd6 LSm domain interacts with Dcp2 in a structu-

rally similar way, we hypothesized that the Scd6 LSm domain

should also stimulate Dcp1:Dcp2 decapping activity. To test

this, we performed in vitro decapping assays using purified

proteins.

As expected, the decapping activity of a Dcp1:Dcp2 com-

plex containing FL Dcp1 and residues 1–289 of Dcp2 (which

include the regulatory and catalytic domains and the HLM-1

sequence) was enhanced by addition of the Edc3 LSm domain

(Figure 5A, lane 1). Interestingly, the Scd6 Lsm domain

also stimulates Dcp1:Dcp2 decapping activity (lane 2).

Nevertheless, the activation mediated by Scd6 was weaker,

reflecting its lower affinity for Dcp2 (Figures 3 and 4). The

stimulatory effect of the LSm domains of Edc3 or Scd6

required the interaction with HLM-1 in Dcp2, as Dcp2 that

lacks HLM-1 (Dcp2 1–243) and Dcp2 that carried mutations

in HLM-1 that abolished Edc3 and Scd6 binding (L260A

L264A) were not stimulated (Figure 5A, lanes 3–6).

It should be noted that the decapping activation capability

of Scd6 was not previously detected when the decapping

complex was supplemented with an equimolar amount of

Scd6 (Nissan et al, 2010). This finding reflects the low affinity

of the Scd6 LSm domain for Dcp2. For that reason, we used a

10-fold excess of Scd6 in order to occupy the HLM-1 to a

larger extend. To be consistent, we also used a 10-fold molar

excess of Edc3, although this was not required and a similar

stimulation was observed with equimolar amounts.

Dcp2 can adopt distinct conformations, termed open and

closed, in which the relative domain orientation of the Dcp2

regulatory and catalytic domains varies significantly

(Supplementary Figure S1). Interestingly, we noticed that

superimposing the Edc3 LSm domain onto the closed crystal

form of Dcp1:Dcp2 (Figure 5B) results in extensive steric

clashes between Edc3 and the Dcp2 regulatory domain

(Figure 5C). In order to interact with Edc3 or Scd6, the

Dcp2 HLM-1 must thus dissociate from the Dcp2 regulatory

domain. The loss of this Dcp2 intramolecular interaction

most likely results in the opening of the decapping complex

(Supplementary Figure S1). In the open conformation the

HLM-1 region is freely available for the interaction with

the Edc3/Scd6 LSm domain (Supplementary Figure S3B).
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Figure 5 mRNA decapping activity is stimulated by the interaction of the Edc3 and Scd6 LSm domains with Dcp2. (A) Different versions of the
Dcp1:Dcp2 decapping complex were incubated with or without a 10-fold molar excess of the Edc3 or Scd6 LSm domains. The increase in
activity with respect to the corresponding isolated decapping complexes (set to 100% activity) is reported. The activity of the Dcp1:Dcp2
decapping complex that contains the LSm interaction motif (HLM-1) is increased after addition of the Edc3 (lane 1) or Scd6 (lane 2) LSm
domains. If the HLM-1 sequence is deleted (lanes 3 and 4) or mutated such that the LSm domain interaction is abolished (lanes 5 and 6),
decapping is no longer stimulated. This clearly shows that the stimulation of mRNA decapping is a direct consequence of Dcp2:LSm domain
interaction. (B) The structure of the Dcp1:Dcp2 complex in the closed and inactive conformation (Supplementary Figure S1, 2QKM) (She et al,
2008). The HLM-1 sequence is disordered in the open conformations of the decapping complex and not visible in the structure (Supplementary
Figure S1). (C) The Edc3:Dcp2 structure (blue and red, same orientation as shown in Figure 2A) is docked onto the closed Dcp1:Dcp2 structure.
This results in extensive steric clashing between the Edc3 LSm domain and the Dcp2 regulatory domain. The Dcp1:Dcp2 complex can thus not
adopt the closed conformation displayed in the crystal structure when bound to Edc3/Scd6.
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Interestingly, it has been suggested that the closed conforma-

tion is not the catalytically active conformation (Floor et al,

2010). The binding of activators to the decapping complex

could thus destabilize an inactive conformation, which

would lead to a higher enzymatic activity.

The Dcp2 C-terminal HLMs are important for P-body

localization in vivo

In vivo, components of the mRNA degradation machinery

localize to P-bodies (Eulalio et al, 2007). Edc3 has been

shown to play an important role in the formation of P-bodies,

in addition to its role in activating the Dcp1:Dcp2 decapping

complex. Budding yeast strains that lack Edc3 show a strong

reduction in the size and number of P-bodies (Decker et al,

2007), suggesting that the Edc3 protein functions as a scaffold

on which components of the mRNA degradation machinery

assemble.

To probe the importance of the interaction between the

Dcp2 HLMs and Edc3 for the proper localization of the

Dcp1:Dcp2 complex to P-bodies, we performed fluorescence

microscopy studies in the fission yeast S. pombe. We replaced

the endogenous dcp2þ gene either by a C-terminally GFP-

tagged version (dcp2þ –GFP) or by truncated constructs,

where HLM-C1–C5 (dcp2–D553–741–GFP), the entire C-ter-

minus except the first HLM (dcp2–D290–741–GFP), or the

C-terminus including all HLMs (dcp2–D244–741–GFP) was

deleted. These Dcp2 versions were integrated in a strain

expressing dcp1þ –mCherry.

Dcp1–mCherry and Dcp2–GFP localized to the same cyto-

plasmic foci, but this localization was abolished in all three

Dcp2 truncations and both Dcp1 as well as the truncated

Dcp2 proteins were homogenously distributed throughout the

cytoplasm (Figure 6A). Additionally, we observed that Dcp2–

D290–741–GFP and Dcp2–D244–741–GFP were no longer

excluded from the nucleus (Figure 6A and B). These changes

in localization were not caused by differences in Dcp2

abundance, as FL Dcp2 and all truncation mutants were

expressed to similar levels (Supplementary Figure S8C).

In order to address whether the absence of the HLM motifs

from Dcp2 generally influenced the formation of P-bodies, we

asked whether other known components of the mRNA de-

gradation machinery were still able to assemble in such foci.

However, neither for Edc3–mCherry (Figure 6B) nor for

Lsm7–mCherry (Supplementary Figure S8A) we were able

to observe an obvious difference in the number or size of

cytoplasmic foci when the dcp2 truncation mutants were

expressed in place of endogenous dcp2þ . Furthermore, the

absence of Dcp1 and Dcp2 from P-bodies did not impair cell

growth (Supplementary Figure S8B). Only the truncation of

Dcp2 that also removed HLM-1 (dcp2–D244–741–GFP)

caused a slight but reproducible temperature-dependent

growth defect (Supplementary Figure S8B).

In summary, we conclude that the C-terminal HLMs (HLM-

C1–C5) of Dcp2, some of which interact strongly with Edc3

(Figure 3B), are essential for the recruitment of the

Dcp1:Dcp2 decapping complex to P-bodies, but localization

of the decapping complex to P-bodies is dispensable for

P-body formation. The deletion of all HLMs, including HLM-1,

shows an effect on cellular growth, possibly because in this

mutant Dcp2 decapping activity cannot be modulated by

Edc3 and/or Scd6.
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Figure 6 The C-terminal HLMs of Dcp2 are required for P-body localization of Dcp1 and Dcp2. Fluorescence micrographs of S. pombe cells
expressing dcp2þ –GFP or truncated versions thereof in combination with dcp1þ –mCherry (A) or edc3þmCherry (B). Dcp2–GFP co-localizes
with Dcp1–mCherry (A) and with Edc3–mCherry (B) in distinct cytoplasmic foci (P-bodies). (A) Both Dcp1 and Dcp2 fail to localize to P-
bodies, if the C-terminal HLMs of Dcp2 are deleted. (B) Edc3–mCherry still forms P-bodies in all dcp2 mutant strains, indicating that the
redundant process of P-body formation is not significantly disrupted by the Dcp2 truncations. All images were scaled and processed in the same
way. The length of the scale bars corresponds to 10 mm.
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An LSm-interacting motif that mediates Edc3 binding is

present in metazoan Dcp1

The LSm interaction motifs that are found in yeast Dcp2

sequences are not readily identifiable in metazoan Dcp2

sequences. Indeed, the LSm interaction motif that is

C-terminal to the Dcp2 catalytic domain (HLM-1) is absent in

metazoan Dcp2, and the C-terminal extension contains only a

few less conserved regions that not clearly resemble HLMs.

On the other hand, it has been reported that the D. melano-

gaster Dcp1 protein interacts with the LSm domains of Edc3

and Tral (Tritschler et al, 2007, 2008), where the Edc3:Dcp1

interaction is mediated through a conserved Dcp1 sequence

motif that was termed motif-1 (Tritschler et al, 2009b).

This finding might seem to contradict the results we

obtained here for the yeast decapping complex, in which

Dcp2 interacts with Edc3 and Scd6. However, close inspection

of metazoan Dcp1 sequences (Supplementary Figure S9)

revealed that motif-1 (SIFNMLT) has the propensity to fold

into an amphipatic helical structure, as observed for the

HLMs. To investigate whether the D. melanogaster Dcp1

motif-1 interacts with the D. melanogaster Edc3 LSm domain,

we performed NMR titration experiments. Interestingly, we

observed significant chemical shift perturbations in the Edc3

LSm domain upon addition of a peptide containing the Dcp1

motif-1, which demonstrates a direct interaction (Figure 7A).

Mapping these changes onto the D. melanogaster Edc3 LSm

structure (Tritschler et al, 2007) clearly shows that the con-

served Dcp1 motif-1 binds to the same surface as the Dcp2

LSm interaction motif in the S. pombe Edc3:Dcp2 complex

(Figure 7B). Taken together, these findings show that motif-1

functions like a HLM in metazoan Dcp1.

Discussion

The decapping enzyme Dcp2 requires the interaction with its

protein partners for full decapping activity. These partners, or

decapping activators, include Dcp1, which interacts with

Dcp2 directly to form the conserved core of the decapping

complex and Edc1–4, Scd6/Tral, Pat1, and the Lsm1–7 ring

(Parker and Song, 2004; Franks and Lykke-Andersen, 2008).

The detailed mechanism by which these activators stimulate

decapping has remained largely unknown.

Here, we identify the molecular basis of a network of

interactions between the Dcp1:Dcp2 decapping complex

and the decapping components Edc3 and Scd6. In this inter-

action network, both Edc3 and Scd6 use an N-terminal LSm

domain to interact with helical leucine-rich sequence motifs

in Dcp2 (HLMs) (Gaudon et al, 1999) (Figures 2–4). Multiple

HLM sequences are present in Dcp2, close to the catalytic

domain and in the disordered C-terminal extension (Figures

1A and 3). The presence of multiple HLMs suggests that

multiple activators can bind at various positions in the

decapping complex, resulting in the assembly of decapping

complexes that differ in Edc3/Scd6 content and that poten-

tially differ in substrate specificity. In addition, we show that

multiple decapping complexes can be clustered through Edc3.

Our results thus reveal a plastic network of intermolecular

interactions that can result in mRNA decapping clusters of

varying composition.

We unravelled the structural basis of the interactions

between the decapping complex and the activator proteins

by solving the structure of the Edc3 LSm domain in complex

with HLM-1 from Dcp2 (Figure 2). The structure of the

complex displays a novel mode of LSm domain interaction

with ligands. Upon complex formation, the disordered HLM

sequence adopts a helical conformation that binds close to

the N-terminal ends of b-strands 2 and 5. This novel mode of

interaction is possible only as a result of two specific features

of the Edc3 and Scd6 LSm domains: (1) the monomeric

nature of the LSm domain that makes b-strand 5, that is

normally used for intermolecular contacts, available for the

interaction with the N-terminal end of the HLM helix and

(2) the very short N-terminal helix in the Edc3 and Scd6 LSm

domain compared with canonical (L)Sm folds, which makes

space available for the interaction with the C-terminal end of

the HLM helix.

Based on the finding that two different LSm domains are

able to interact with four different HLM sequences in yeast, it

is clear that a certain degree of sequence variation is tolerated
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in both the interaction domains and the recognition se-

quences (Figure 3A). This plasticity is especially true for

the HLM sequence that, according to the structure of the

complex, must possess a helical propensity. Based on

the interacting motifs, the HLMs preferably contain an

SxxLLxLL motif; however, more than a single leucine-to-

alanine mutation is required to abolish binding, indicating

the lack of a very stringent requirement for these amino acids

(Figure 3; Supplementary Figure S3A). As such, it is tempting

to speculate that additional LSm-interacting HLMs are pre-

sent in other components of the mRNA degradation machin-

ery. One such protein is Rps28B that interacts with Edc3 (Ito

et al, 2001; Decourty et al, 2008) and contains a sequence that

is reminiscent of an HLM (EDDILVLM between residues 51

and 58 in S. pombe). Interestingly, in S. cerevisiae, the dead-

enylation-independent degradation of the Rps28B mRNA

depends on one hand on the Edc3 protein and on the other

hand on an interaction between the Rps28B mRNA 30 UTR

and the Rps28B protein (Badis et al, 2004). It is thus tempting

to speculate that the Dcp1:Dcp2 decapping complex can

recruit the Rps28B mRNA through Edc3, where the dimeric

Edc3 protein uses one LSm domain to interact with Dcp2 and

uses the other LSm domain to interact with the HLM in the

Rps28B protein–mRNA complex.

We show that there are two main biological consequences

of the interaction of Edc3/Scd6 with the decapping complex.

First, the interaction between the Edc3 or Scd6 LSm domains

and the first HLM sequence in Dcp2 (HLM-1, residues

257–266) results in an increase in the catalytic activity of the

decapping complex (Figure 5). We argue that the molecular

basis of this modulation of decapping activity results from the

destabilization of the inactive closed conformation of the

enzyme. Indeed, the interaction of the decapping complex

with the Edc3 LSm domain is incompatible with the closed

conformation of the decapping complex that has been sug-

gested to be catalytically inactive (Floor et al, 2010). The

interaction of Edc3 or Scd6 with HLM-1 in Dcp2 thus induces

a shift of the structural equilibrium away from catalytically

inactive conformations (Figure 5C). In general, the level of

Edc3-induced activation of the Dcp1:Dcp2 decapping com-

plex is less than twofold (Figure 5) (Harigaya et al, 2010;

Nissan et al, 2010). From a structural point of view, this is not

surprising, as the population of the closed inactive state that

is prevented by the interaction of the decapping complex with

the Edc3/Scd6 LSm domain is only one of the possible

conformations that the decapping complex can adopt.

Interestingly, removal of all HLMs from fission yeast Dcp2

(Figure 6) results in a growth defect at higher temperatures

(Supplementary Figure S8B). As the truncated decapping

complex still possesses catalytic activity (Floor et al,

2010) (Figure 5A), this suggests that cellular function is

impaired due to a loss of the regulation of the decapping

complex activity. To what extend individual mRNA degrada-

tion rates are influenced remains to be determined. It is,

however, interesting to note that removal of all C-terminal

residues from S. cerevisiae Dcp2 results in increased Rps28B

and MFA2pG mRNA levels (Harigaya et al, 2010), suggesting

that HLM-1 not only has an important role in modulating the

activity of the decapping complex in vitro, but also in vivo.

The second biological function of the HLMs results from

the LSm interaction sites located in the C-terminal region of

Dcp2. Using fluorescence microscopy of fission yeast strains

that carry different versions of the Dcp2 protein, we show

that HLM-C1 to HLM-C5 are required for the localization of

the decapping complex to processing bodies (Figure 6A).

Interestingly, a single HLM (HLM-1) is not sufficient to target

the decapping complex to P-bodies (Figure 6A). Upon dele-

tion of all HLMs from Dcp2, Edc3, and Lsm7 still localized to

cytoplasmic foci. This shows that Dcp2 is not essential for P-

body formation and is in agreement with the fact that no

single protein has been identified that is absolutely essential

for the formation of these cytoplasmic foci in yeast (Decker

et al, 2007; Teixeira and Parker, 2007). Nevertheless, it has

been shown that Dcp2 contributes to the assembly or main-

tenance of P-bodies (Teixeira and Parker, 2007). This corre-

lates well with our in vitro findings that show that Edc3 is

able to promote a clustering of decapping complexes through

HLMs in Dcp2 (Figure 3D and E).

The basic set of proteins that regulate mRNA degradation

is conserved from yeast to humans. However, in higher

eukaryotes, additional proteins (e.g. Edc4/Ge-1) are required

for Dcp1:Dcp2 catalytic activity (Fenger-Gron et al, 2005),

indicating that differences in the regulation of mRNA decap-

ping may have evolved. The HLMs in yeast Dcp2 are not

present in metazoan Dcp2 sequences. However, we showed

that the conserved motif-1 in the metazoan Dcp1 resembles

an HLM-like motif that directly interacts with metazoan Edc3

LSm domain. The observation that both yeast and metazoan

Edc3 are able to interact with Dcp1:Dcp2 indicates that the

basic interactions between decapping complex components

are conserved but that the details have changed during

evolution. These changes can be explained by the low

evolutionary pressure on the location of small linear motifs

in the protein complexes, as only a small number of point

mutations in a disordered region of a protein are required to

relocate these motifs (Neduva and Russell, 2005). Currently,

there is no high-resolution structure of the Dcp1:Ge-1:Dcp2

decapping complex available. Thus, it is not possible to

speculate whether the interaction of the Edc3/Scd6 Lsm

domain with Dcp1 will be able to enhance the catalytic

activity by inducing conformational changes in Dcp2, similar

to the observation presented here for the yeast decapping

machinery. It is worth noting, however, that it was previously

shown that metazoan Dcp1 trimerizes through a unique

domain at the C-terminus (Tritschler et al, 2009b). As a

result, the metazoan Dcp1:Dcp2 complex contains multiple

binding motifs for Edc3, similar to the multiple binding

motifs in the monomeric yeast Dcp2 protein. Interestingly,

the removal of the trimerization domain from metazoan Dcp1

results in the failure of this decapping complex to localize to

P-bodies (Tritschler et al, 2007, 2009b), indicating that a

single Edc3:Dcp1 binding event is not sufficient for the P-

body localization. This correlates with our findings here that

show that a single HLM is not sufficient for the P-body

localization of the fission yeast decapping complex

(Figure 6A).

In summary, we provide the first structural insights into

the interactions that regulate the activity and cellular locali-

zation of the mRNA decapping complex. Based on these and

previous results, it appears that proteins involved in mRNA

degradation have multiple functions. Edc3 not only enhances

the catalytic activity of the Dcp1:Dcp2 mRNA decapping

complex but also is responsible for the localization of the

complex to P-bodies. Scd6 was previously reported to repress
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translation (Nissan et al, 2010), but we have shown here that

it also has a direct stimulatory effect on the decapping

complex. The same dual activity, translational repression

and enhancement of mRNA decapping, has been shown for

Pat1 and the helicase Dhh1 (Fischer and Weis, 2002; Coller

and Parker, 2005; She et al, 2008). Taken together, these

findings suggest a high level of crosstalk between different

steps of the mRNA degradation pathway. Unravelling the

molecular basis of the interactions between all decapping

factors and their biological consequences is important, and

these aspects will need to be addressed in order to under-

stand how cells determine the fate of specific mRNAs.

Materials and methods

Molecular cloning and protein purification
The DNA sequences of Edc3, Scd6 (Sum2), Dcp1, and Dcp2 were
amplified from S. pombe genomic DNA or from cDNA and ligated
into modified pET vectors (Supplementary Table SII). Proteins were
overexpressed at 201C overnight in the Escherichia coli strain BL21
(DE3) Codon Plus RIL (Stratagene). To incorporate NMR-active
nuclei, cells were grown in M9 minimal medium containing
15NH4Cl and/or 13C6-labelled glucose as the sole nitrogen and
carbon sources. Proteins were purified from the cell lysate in buffer
A (50 mM sodium phosphate, pH 7.5, 10 mM imidazole, 150 mM
NaCl). The soluble fraction was applied to an affinity matrix (Ni-
NTA; Qiagen), washed and eluted with 350 mM imidazole, followed
by cleavage of the affinity tag using TEV protease. The resultant
protein was purified to homogeneity using size exclusion chroma-
tography (Superdex 200 or Superdex 75, GE Healthcare) in 25 mM
HEPES buffer pH 7.3, 125 mM NaCl, and 1 mM DTT.

NMR spectroscopy
All NMR spectra were recorded at 301C on Bruker AVIII-600 and
AVIII-800 spectrometers. Backbone sequential assignments on a
15N/13C-labelled samples were completed using HNCA, HNCACB,
CC(CO)NH-TOCSY, HNCO, and HN(CA)CO experiments. Sidechain
assignments were obtained from 3D-CC(CO)NH-TOCSY and 3D-
CCH-TOCSY spectra. For the isolated Edc3–LSm domain, 93.5%
(backbone)/87.5% (sidechains) of the 58 structured residues were
assigned. For the Edc3–LSm domain, Dcp2 complex 98% (back-
bone)/92% (sidechains) of the 71 structured residues were
assigned. Distance restraints were derived from a set of six NOESY
spectra (see Supplementary data) using an 80-ms mixing time. w1
and w2 diherdal angle restraints were derived from HNHB spectra
and intra-residual NOE contacts (see Supplementary data), back-
bone conformational restraints were generated based on secondary
chemical shift information derived from TALOS (Cornilescu et al,
1999). Structures were calculated with XPLOR (NIH version 2.9.4)
(Schwieters et al, 2003) based on structural distance and angle
restraints (Supplementary Tables SI–SIII).

Decapping assays
In vitro decapping assays were performed under single turnover
conditions as previously described (Borja et al, 2011) using 0.05mM
Dcp1:Dcp2 with or without a 10-fold molar excess of the LSm
domain of the decapping activator Edc3 or Scd6. It should be noted
that an equimolar amount of Edc3 is able to significantly stimulate
decapping. Nevertheless, we added the same excess activator
protein in all experiments to be able to compare both experiments
directly. The decapping reaction was started by addition of the 32P-
labelled capped RNA substrate. After incubation at 301C for 5 min,
the reaction was stopped by the addition of 0.1 M EDTA. The
fraction of released m7GDP at the end point of the reaction was
determined using TLC analysis. The activity of the decapping
complex without the addition of an activator was set to 100%. The
stimulatory effect of the decapping activators was calculated
compared with the unstimulated decapping complex. The mean
value and s.d. were obtained from three independent experiments.

S. pombe strains
S. pombe strains that express dcp2þ –GFP, dcp2–D553–741–GFP,
dcp2–D290–741, dcp2–D244–741, edc3þ –mCherry, dcp1þ –mCherry,
or lsm7þ –mCherry from the endogenous genomic locus were
created using a PCR-based gene targeting method (Bahler et al,
1998) (see Supplementary data and Supplementary Table SIV).

Data deposition
Chemical shift assignments have been deposited in the BMRB (Edc3
LSm domain: 18041; Edc3 LSm domain: Dcp2 complex: 18042), and
coordinates have been deposited in the PDB (Edc3 LSm domain:
4A53; Edc3 LSm domain: Dcp2 complex: 4A54).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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