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ABSTRACT

The removal of the 5′ 7-methylguanosine mRNA cap structure (decapping) is a central step in the 5′–3′ mRNA degradation
pathway and is performed by the Dcp1:Dcp2 decapping complex. The activity of this complex is tightly regulated to prevent
premature degradation of the transcript. Here, we establish that the aromatic groove of the EVH1 domain of
Schizosaccharomyces pombe Dcp1 can interact with proline-rich sequences in the exonuclease Xrn1, the scaffolding protein
Pat1, the helicase Dhh1, and the C-terminal disordered region of Dcp2. We show that this region of Dcp1 can also recruit a
previously unidentified enhancer of decapping protein (Edc1) and solved the crystal structure of the complex. NMR relaxation
dispersion experiments reveal that the Dcp1 binding site can adopt multiple conformations, thus providing the plasticity that is
required to accommodate different ligands. We show that the activator Edc1 makes additional contacts with the regulatory
domain of Dcp2 and that an activation motif in Edc1 increases the RNA affinity of Dcp1:Dcp2. Our data support a model
where Edc1 stabilizes the RNA in the active site, which results in enhanced decapping rates. In summary, we show that
multiple decapping factors, including the Dcp2 C-terminal region, compete with Edc1 for Dcp1 binding. Our data thus reveal
a network of interactions that can fine-tune the catalytic activity of the decapping complex.
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INTRODUCTION

Precise regulation of gene expression is essential for cellular
homeostasis and depends, among other factors, directly on
the levels of mRNA. These levels are determined by the rate
of transcription and the rate of degradation, which must
both be tightly regulated (Miller et al. 2011). mRNA degrada-
tion rates can vary by several orders of magnitude (Herrick
et al. 1990) and thus have major implications on the levels
of protein that are generated (Schoenberg and Maquat
2012). Two factors that provide stability to a eukaryotic
mRNA are the 7-methylguanosine (m7G) cap structure at
the 5′ end that protects the transcript from exonucleolytic
degradation and the poly(A) tail at the 3′ end. In yeast and
higher eukaryotes the bulk of the mRNA degradation is ini-
tiated by the removal of the 3′ poly(A) tail (Wilusz et al.
2001; Parker and Song 2004; Franks and Lykke-Andersen
2008). After deadenylation, the mRNA is unstable and can
be degraded in one of two independent pathways. In the
3′–5′ degradation pathway, the mRNA body is processively
degraded by the exosome complex (Mitchell et al. 1997;
Makino et al. 2015), after which the scavenger decapping en-

zyme exploits a well-regulated mechanism to hydrolyze the
remaining 5′ cap structure (Parker and Song 2004; Neu
et al. 2015). In the 5′–3′ degradation pathway, the deadeny-
lated 3′ end of the mRNA recruits the Lsm1-7:Pat1 complex
(Tharun et al. 2000; Sharif and Conti 2013). Through inter-
molecular interactions this assembly then recruits the Dcp1:
Dcp2 decapping complex to the 5′ end of the mRNA
(Bouveret et al. 2000; Tharun et al. 2000) to hydrolyze the
5′ protecting cap structure. Subsequently, the body of
the mRNA transcript is subjected to rapid degradation by
the Xrn1 exonuclease. mRNA decapping by the Dcp1:Dcp2
enzyme complex is a fate determining step in the mRNA
life cycle as this results in the irreversible degradation of the
transcript and efficiently prevents eIF4E-mediated transla-
tion initiation (Franks and Lykke-Andersen 2008).
The Dcp1:Dcp2 decapping complex localizes to cellular

foci that are referred to as processing bodies (Ingelfinger
et al. 2002; van Dijk et al. 2002). These foci contain many
proteins that are involved in the 5′–3′ mRNA degradation
pathways, including the Lsm 1–7 complex, Pat1, the DEAD
box helicase Dhh1 (Ste13 in S. pombe, DDX6 in human,
Me31B in D. melanogaster) and the exonuclease Xrn1
(Exo2 in S. pombe) (Franks and Lykke-Andersen 2008).
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The clustering of these factors into processing bodies is a
result of a cellular phase transition process (Mitrea and
Kriwacki 2016) that is induced by a large and redundant
network of intermolecular interactions that can be reconsti-
tuted in vitro from purified proteins (Fromm et al. 2014).
Currently, only a part of the interaction network that is im-
portant for the formation of processing bodies has been re-

vealed, and future studies are likely to identify many weak
and transient interactions that modulate the cellular localiza-
tion of proteins that are involved in 5′–3′ mRNA degradation.
The Dcp2 protein in the Dcp1:Dcp2 decapping complex

contains the catalytic site that removes the 5′ cap structure
from the mRNA (Fig. 1A; van Dijk et al. 2002; Wang et al.
2002). The Dcp1 protein is regarded as the prime decapping

FIGURE 1. (A) Schematic representation of the proteins used in this study. (B) 1H-15N NMR spectrum of the S. pombe Dcp1:Dcp2RD in the absence
(black) and presence (red) of Xrn1 (1201–1328). CSPs report on the interaction between Xrn1 and Dcp1:Dcp2. (C) CSPs that Xrn1 induces in the
decapping complex mapped on the structure of the complex (2QKM). Affected residues are colored red, unaffected residues white, and unassigned
residues gray. The black oval indicates the aromatic groove in Dcp1. (D) CSPs induced in the decapping complex upon interaction with Xrn1 (1224–
1257), Pat1 (159–226), Dhh1 (401–419), and the C-terminal region of Dcp2 (269–312). The spectral region shown corresponds to the boxed area in B.
(E) NMR titration experiments that quantify the interaction strength between the Dcp1:Dcp2RD decapping complex and Xrn1 (top, residues 1224–
1257) or the Dcp2 C-terminal region (bottom, residues 269–312). The extracted affinity between the Xrn1 PRS and Dcp1 is based on 17 Dcp1 res-
onances that experience significant CSPs. The extracted affinity between the Dcp2 PRS and Dcp1 is based on nine Dcp1 resonances that experience
significant CSPs. (F) 1H-15N NMR spectrum of the Dcp1:Dcp2RD in the absence (black) and presence (red) of S. pombe Edc1 (144–181). Note that
the number of CSPs is larger than observed for the interaction between the decapping complex and Xrn1 (see B), indicating a larger binding interface.
(G) CSPs induced by the Edc1 interaction with Dcp1:Dcp2 plotted on the structure of the decapping complex. Note the CSPs that we observed in the
regulatory domain of Dcp2.
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activator as it tightly interacts with Dcp2 and enhances its ac-
tivity (Beelman et al. 1996). Due to the central nature of the
mRNA decapping reaction, the activity of the Dcp1:Dcp2
decapping complex needs to be tightly regulated and multi-
ple factors have been identified that influence turnover
rates. These factors include Edc3 (enhancer of decapping 3)
(Kshirsagar and Parker 2004) that binds to a conserved re-
gion in the C-terminal disordered region of Dcp2 (Harigaya
et al. 2010; Fromm et al. 2012), the Lsm1-7:Pat1 complex
(Bouveret et al. 2000; Tharun et al. 2000) and the RNA
DEAD box helicase Dhh1 (Coller et al. 2001; Fischer and
Weis 2002). In addition, in Saccharomyces cerevisiae the two
intrinsically disordered decapping enhancers Edc1 and
Edc2, which show limited sequence conservation with hu-
man PNRC2, have been identified (Dunckley et al. 2001;
Lai et al. 2012). Importantly, for Edc3 (Harigaya et al.
2010; Nissan et al. 2010; Fromm et al. 2012), Pat1 (Nissan
et al. 2010), Edc1 and Edc2 (Schwartz et al. 2003; Steiger
et al. 2003; Borja et al. 2011), and PNRC2 (Lai et al. 2012),
the activation of the decapping activity has been shown in
in vitro, indicating that these proteins directly regulate cata-
lytic activity.

The Dcp2 protein contains two folded domains, an N-ter-
minal all helical regulatory domain (RD) that is followed
by the catalytic domain (CD) harboring a classical Nudix
fold (Fig. 1A; She et al. 2006). The catalytic domain contains
the active site and an interaction groove for the RNA body
(Deshmukh et al. 2008). The N-terminal domain serves
two purposes: First, it enhances the activity of the catalytic
domain by recognizing part of the mRNA cap structure
(Floor et al. 2010), and secondly, it directly interacts with
the decapping activator Dcp1 (She et al. 2008). Structures
of the Dcp1:Dcp2 decapping complex show that the enzyme
can adopt open and closed conformations, where the angle
between the regulatory and catalytic domains can vary signif-
icantly (She et al. 2008). These conformational changes have
been implicated in the regulation of catalytic activity, where
the closed conformation is thought to be catalytically more
active (Floor et al. 2008, 2012; She et al. 2008).

The Dcp1 protein adopts an EVH1 fold that displays a con-
served aromatic groove (She et al. 2004). In the Dcp1:Dcp2
complex (She et al. 2008), this groove faces away from the
Dcp2 protein and is thus accessible for the interaction with
decapping factors. In most EVH1 domains, this surface is in-
volved in interactions with proline-rich sequences (PRS), as
shown for the EVH1 domains of Mena, Homer, and N-
WASP (Prehoda et al. 1999; Beneken et al. 2000; Volkman
et al. 2002). The aromatic groove of Dcp1 is also able to re-
cruit PRS, including those found in the nuclear receptor
coactivator PRNC2 (Lai et al. 2012), the exonuclease Xrn1
(Braun et al. 2012), and the enhancers of decapping Edc1
and Edc2 (Borja et al. 2011). In vivo, mutations in the PRS
binding region of Dcp1 result in a strong loss of function,
whereas these mutations have no effect on the efficiency of
the isolated decapping in vitro (Tharun and Parker 1999).

This suggests that the PRS binding site in Dcp1 is a prime
site for the interaction of the decapping complex with addi-
tional factors that regulate catalytic activity or that target
the decapping complex to the correct cellular locus. Because
PRS are located in intrinsically disordered regions (IDRs)
that are not highly conserved, it is challenging to predict ad-
ditional Dcp1 binding partners.
Here, we set out to identify proteins that directly interact

with the aromatic groove of the Dcp1 decapping activator.
To that end, we search for proline-rich IDRs in proteins
that are known to be involved in mRNA turnover and that
have been shown to localize to processing bodies. In our anal-
ysis, we focus on proteins from S. pombe, as we are able to
record high-resolution NMR spectra of the Dcp1:Dcp2
decapping complex from this organism, which allows us to
identify and localize intermolecular interactions with very
high sensitivity.
In brief, we find that the proteins Pat1, Dhh1, and Xrn1 all

contain PRS that directly interact with Dcp1 in the mRNA
decapping complex. Interestingly, also multiple PRS in the
C-terminal disordered region of Dcp2 are able to fold back
onto Dcp1, thereby inducing a loop in the Dcp1:Dcp2 com-
plex. Based on limited sequence data that is available for
decapping activators, we identified a previously unannotated
ORF in S. pombe as an enhancer of decapping (that we termed
Edc1). We show that this protein binds directly to Dcp1,
which results in an increase of the catalytic activity. Based
on a crystal structure, NMR titration studies, RNA decapping
assays, and binding experiments we propose a mechanism by
which Edc1 functions in decapping. In sum, our data show
that multiple proteins are able to interact with a single site
in Dcp1, which allows for fine-tuning of the activity of the
mRNA decapping complex.

RESULTS

Multiple proteins interact with the Dcp1
aromatic groove

Dcp1 contains an EVH1 domain that is known to interact
with proline-rich sequences (PRS) through an aromatic
groove. To identify potential binding partners for the
S. pombe Dcp1 protein, we used the MPI Bioinformatics
Toolkit (Biegert et al. 2006) and searched for PRS in proteins
that are known to be present in processing bodies. We iden-
tified these in intrinsically disordered regions (IDRs) in the
C-terminal part of Xrn1 (residues 1201–1328; Exo2 in
S. pombe), the N-terminal part of Pat1 (residues 1–280), in
the C-terminal part of Dhh1 (residues 401–480), and in the
C-terminal part of Dcp2 (residues 265–350) (Fig. 1A).
We then used NMR spectroscopy to probe for direct inter-

actions between these IDRs and the aromatic groove of Dcp1.
NMR spectroscopy is unique as it is able to identify intermo-
lecular interactions with exquisite sensitivity. Based on an al-
most complete backbone assignment that we obtained for the
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Dcp1:Dcp2RD decapping complex (that only contains the
regulatory domain [RD] of Dcp2), we are able to detect bind-
ing on a per residue basis.
First, we probed for the interaction between the C-termi-

nal residues of the exonuclease Xrn1 and Dcp1. To that end,
we used NMR titration experiments where we added the
Xrn1 C-terminal region to the 15N-labeled decapping com-
plex (Fig. 1B). We observed a large number of chemical shift
perturbations (CSPs) in resonances from Dcp1, which un-
ambiguously shows that S. pombe Xrn1 and mRNA decap-
ping complex interact directly. To identify which residues
in the Xrn1 C-terminal region are responsible for this inter-
action, we systematically truncated the IDR from both the
N- and C-terminal end (Supplemental Fig. S1). In total we
tested nine different versions of Xrn1 and identified a 33 ami-
no acid fragment that interacts with Dcp1 to a similar extent
as the complete C-terminal region does. Interestingly, this
fragment is highly enriched in proline residues and reason-
ably well conserved among Schizosaccharomyces species (Sup-
plemental Fig. S1). Importantly, a mapping of the CSP on the
Dcp1:Dcp2RD structure shows that Xrn1 binds to the aromat-
ic groove of Dcp1 (Fig. 1C). A similar interaction between a
peptide derived from Xrn1 and the aromatic groove of Dcp1
was previously observed in D. melanogaster (Braun et al.
2012). There, the PRS in Xrn1 binds in an extended confor-
mation, whereas the region that immediately follows the
PRS adopts an α-helical fold (Supplemental Fig. S1). Interest-
ingly, the region that follows the PRS in S. pombe Xrn1 has
a high helical propensity, which strongly suggests that
the Dcp1:Xrn1 interaction is structurally similar in S. pombe
andD. melanogaster. Thus, the interaction between Xrn1 and
Dcp1 is conserved, which was previously thought not to
be the case as the Xrn1 C-terminal region is not well con-
served (Braun et al. 2012). In light of our NMR data
the Dcp1 interacting residues from D. melanogaster and S.
pombe can, however, be aligned reasonably well (Supplemen-
tal Fig. S1).
Secondly, we probed for the interaction between the

mRNA decapping complex and Pat1 (Fig. 1A). In those ex-
periments we establish that the N-terminal 280 residues of
Pat1 interact with the same region in Dcp1 as Xrn1 does
(Fig. 1D; Supplemental Fig. S2). To identify the Pat1 residues
that interact with Dcp1, we used nine different Pat1 frag-
ments and probed for their ability to interact with Dcp1.
We find that the region between residues 159 and 226 is suf-
ficient for binding to Dcp1 (Supplemental Fig. S2). As for
Xrn1, this part of Pat1 contains a PRS followed by a sequence
that is predicted to be α-helical. Based on that, we conclude
that Pat1 and Xrn1 bind Dcp1 in a highly similar fashion.
Thirdly, we tested the interaction between the DEAD box

helicase Dhh1 (Ste13) (Fig. 1A; Supplemental Fig. S3) and
the decapping complex. The IDR in the C-terminal part of
Dhh1 displays significant sequence conservation, even be-
tween yeast and higher eukaryotes. In NMR titration experi-
ments, we observed clear CPSs in the aromatic groove of

Dcp1 (Fig. 1; Supplemental Fig. S3). We conclude that
Dhh1 interacts with Dcp1 similar to Xrn1 and Pat1.
Finally,we assessedwhether theC-terminal region ofDcp2,

that contains multiple PRS (Fig. 1A; Supplemental Fig. S4) is
able to interact with Dcp1. To that end, we titrated this Dcp2
IDR to the decapping complex and found that theDcp2C-ter-
minal region interacts with the Dcp1 aromatic groove in trans
(Fig. 1D). To narrow downwhich residues in the Dcp2 C-ter-
minal region are responsible for this interaction, we probed
the binding of shorter fragments. In these experiments, we de-
tected a gradual decrease in the interaction strength. This sug-
gests that the C-terminal region of Dcp2 contains multiple
independent Dcp1 binding sites. To confirm this observation,
we titratedDcp1 to theNMRactiveC-terminal region ofDcp2
and indeed foundmultiple Dcp1 docking sites (Supplemental
Fig. S5). In solution, these sites compete with each other for
Dcp1 binding, which is visible as significant line broadening
of Dcp1 resonances in the titration experiments with the lon-
gest Dcp2 fragments (Supplemental Fig. S4). Importantly, the
interaction between the Dcp2 C-terminal region and Dcp1
can also take place in cis in solution (Supplemental Fig. S6),
which results in the formation of a closed loop conformation
within the decapping complex.

PRS interact with Dcp1 with µM affinity

Next, we determined the interaction strength between the
decapping complex and the PRS that we identified in Xrn1
and the Dcp2 C terminus. To that end, we performed
NMR titration experiments, where we added the ligands in
a stepwise manner to the NMR active decapping complex.
In brief, we found that Xrn1 and the Dcp2 C-terminal region
interact with the aromatic groove in Dcp1 in fast exchange
with affinities of 640 (±170) µM and 310 (±110) µM, respec-
tively (Fig. 1E). These affinities are close to the 1–500 µM
range that is expected for the interaction between EVH1 do-
mains and PRS (Ball et al. 2002).
In summary, we conclude that Dcp1 is a platform for the

interaction with multiple proteins, including Xrn1, Pat1,
Dhh1, and Dcp2. These proteins use PRS to interact in a sim-
ilar and thus competitive manner with the Dcp1 aromatic
groove.

Identification of the enhancer of decapping
protein in S. pombe

The S. cerevisiae proteins Edc1 and Edc2 (Borja et al. 2011)
and the human protein PRNC2 (Lai et al. 2012) interact
with the aromatic groove of Dcp1 and thereby enhance the
catalytic activity of the decapping enzyme. These proteins
have no global sequence conservation and similar decapping
activators have not been found in other organisms so far.
Edc1, Edc2, and PRNC2 contain a PRS and we used the se-
quence information of this region, together with the PRS in-
formation we obtained for Xrn1, Pat1, Dhh1, and Dcp2 (see
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above) to search for an activator of the mRNA decapping
complex in the S. pombe genome. Based on multiple rounds
of pattern and BLAST (Altschul et al. 1990) searches, we
found that the S. pombe protein SPAC18G6.09c locally aligns
well with the three known decapping activators (Fig. 2A).
Interestingly, this region is highly conserved among different

Schizosaccharomyces species (Supplemental Fig. S7), suggest-
ing functional importance. We therefore termed this previ-
ously unannotated ORF in S. pombe Edc1 (see below).
Edc1 lacks structural domains; however, in addition to the
conserved region that we identified above, it displays a highly
positive N-terminal region and a conserved HLM-like region

FIGURE 2. (A) Sequence alignment of the known activators of decapping Edc1, Edc2, and PRNC2 with Edc1 from S. pombe that we identified here.
(B) Crystal structure of the Dcp1:Edc1 complex. Important interactions between Edc1 and Dcp1 are indicated. Dcp1 is colored blue and Edc1 is col-
ored yellow. (C) Residues in Dcp1 that sample multiple conformations in the absence of binding partners are indicated with red spheres. Note that the
exchange process is restricted to the Dcp1 aromatic groove that is the binding site for Xrn1, Pat1, Dhh1, the Dcp2 C terminus, and Edc1. (D)
Exemplary CPMG dispersion profiles in Dcp1 in the absence (red) and in the presence (blue) of Xrn1. The interaction between Xrn1 and Dcp1 results
in a quenching of the observed motions.
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(Fromm et al. 2012, 2014) in the C terminus that could inter-
act with the Edc3 LSm domain. This feature highlights the
complexity and redundancy of the interaction network be-
tween mRNA decapping factors.
Based on NMR titration experiments, the Edc homolog

interacts strongly with the Dcp1:Dcp2 mRNA decapping
complex (Fig. 1F) and we observe that the Dcp1 aromatic
groove experiences significant CSPs (Fig. 1G). Like for the
PRS in Xrn1, Pat1, Dhh1, and Dcp2, this surface thus
plays an important role in the intermolecular interaction.
Interestingly, we observe additional CSPs in Dcp2 (Fig.
1G), which shows that Edc1 uses a larger binding interface
to interact with the decapping complex than the other ligands
we identified here. In line with this finding, binding of Edc1
takes place in slow exchange on the NMR-timescale, indica-
tive of the formation of a stable complex.

Structure of the complex of Edc1 and Dcp1

In the next step, we solved the crystal structure of the Dcp1:
Edc1 (Edc1 residues 144–181) complex to a resolution of 2.0
Å (Table 1; Fig. 2B; Supplemental Fig. S8), where only
residues 165–179 of Edc1 are visible in the electron density.
The interaction between Edc1 and the Dcp1 aromatic groove

is mainly mediated through hydrophobic interactions and
hydrogen bonds. In the N-terminal end of the Edc1 PRS,
S166Edc1 and P167Edc1 form three hydrogen bonds to
K47Dcp1. P167Edc1 also interacts via hydrophobic contacts
with W107Dcp1 and the carbonyl group of P167Edc1 forms
a hydrogen bond with the hydroxyl group of Y36Dcp1. The
highly conserved L172Edc1 is deeply inserted into the Dcp1
aromatic cage formed byW45, Y36, and Y93. P173Edc1 makes
van der Waals contacts with V90Dcp1 and uses the carbonyl
group to form a hydrogen bond with the side chain of
W45Dcp1. P175Edc1 stacks onto F38, W45 and V103 of Dcp1.
Finally, in the C-terminal part of Edc1, F177Edc1 stacks on
the side chain of Q101Dcp1. In addition, the conformation
of the peptide is stabilized by backbone hydrogen bonds
that result in the formation of a 310 helix between residues
168 and 172. Within the Edc1 protein the residues 167–
168, 172–173, and 175 adopt a polyproline II conformation
according to PROSS (Srinivasan and Rose 1999). It should
be noted that we observe density of four residues from the
N terminus of the Edc1 construct (including two residues
that were introduced into Edc1 by the cloning procedure)
close toC-terminal residues of Edc1. This part of Edc1 belongs
to an Edc1:Dcp1 complex in a symmetry related molecule
and is likely a crystallization artifact (Supplemental Fig. S8).
In general, the interaction between Edc1 and Dcp1 is high-

ly reminiscent of the interaction between PRNC2 and Dcp1
(Supplemental Fig. S9A, top), despite significant differences
in the exact intermolecular contacts. Especially the backbone
between residues 166 and 175 (Edc1) superimposes remark-
ably well onto PNRC2 bound to Dcp1. The recognition of
Edc1 by the Dcp1 EVH1 domain is reminiscent of the inter-
actions that are observed between PRS and, e.g., WW, SH3,
and GYF domains. In all cases, the central motif in the PRS
contacts a surface exposed cluster of aromatic residues in
the protein domain. Additional contacts between residues
that flank this PRS then provide the required specificity
(Ball et al. 2005).

Edc1 and Xrn1 adopt different conformations
in complex with Dcp1

Above we showed that PRNC2 and Edc1 are structured very
similarly when in complex with Dcp1. Xrn1, on the other
hand, adopts a significantly different conformation when
bound to Dcp1 (Supplemental Fig. S9A, bottom). These dif-
ferences correlate with the rather diverse Dcp1 interacting se-
quences of Edc1 and Xrn1. The fact that both proteins are
able to specifically interact with Dcp1 requires a high degree
of plasticity in the Dcp1 aromatic groove.

The Dcp1 aromatic groove is mobile

To assess if the Dcp1 aromatic groove is flexible and there-
by able to interact with different proteins in a divergent
manner, we conducted NMR CPMG relaxation dispersion

TABLE 1. Structural statistics of the S. pombe Dcp1:Edc1 complex

Space group P 2 21 21
Cell dimensions
a, b, c (Å) 39.2, 41.5, 95.6
α, β, γ (°) 90.0, 90.0, 90.0

Wavelength (Å) 1.000
Resolution (Å) 47.8–2.04 (2.12–2.04)
CC1/2 0.999 (0.806)
Mean(I )/sigma(I ) 20.96 (2.40)
Multiplicity 12.5 (12.0)
Completeness (%) 99.9 (99.3)
Total reflections 130,389 (12085)
Unique reflections 10,396 (1002)

Refinement
Resolution (Å) 47.8–2.04
Reflections used in refinement 10,386 (1000)
Rwork, Rfree 0.196, 0.222

B-factors
Macromolecules 43.57
Water 47.09

RMS deviations
Bonds (Å) 0.007
Angles (°) 0.87

Ramachandran plot
Favored (%) 96.5
Allowed (%) 2.8
Outliers (%) 0.7

Values in brackets correspond to the highest resolution shell.

Dcp1 is a dynamic hub for decapping regulators

www.rnajournal.org 1365

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.057315.116/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.057315.116/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.057315.116/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.057315.116/-/DC1


experiments. These experiments are sensitive to protein mo-
tions on the millisecond timescale and allow the determina-
tion of the underlying kinetic parameters. Interestingly,
residues in the aromatic groove of Dcp1 sample at least two
structurally different states (Fig. 2C) with interconversion
rates between 1100 and 1450 Hz (Fig. 2D). This shows that
the interaction site for Xrn1, Pat1, Dhh1, the Dcp2 C-termi-
nal PRS and Edc1 is highly plastic in solution. To assess if
these motions are directly related to the recognition of the
binding partners, wemeasured the sameNMR relaxation dis-
persion experiments in the presence of the Xrn1 fragment
(Fig. 2D). Interestingly, themotions are suppressed upon for-
mation of the Dcp1:Xrn1 complex (Fig. 2D), which provides
a link between the Dcp1 conformational exchange and the in-
teraction with ligands. Our data thus support a model where
the binding of a protein in the Dcp1 aromatic groove results
in the selection of a single structural state from a dynamic en-
semble of Dcp1 conformations.

Edc1 activates the decapping complex

To assess whether the Edc1 homolog that we identified acts as
an enhancer of decapping, we performed RNA decapping as-
says. In these experiments we mixed a 21mer RNA that har-
bors a 5′ m7G cap structure with the Dcp1:Dcp2 decapping
complex. Samples from the reaction were taken at different
time-points and analyzed using an anion exchange HPLC
method that allows the separation and accurate quantification
of capped and uncapped 21mer RNA (Supplemental Fig.
S10). It is important to note that our degradation experiments
are performed under conditions where the RNA is in excess of
the enzyme (multiple turnover) and that the enzyme is fully
saturated with substrate at all times. To ensure that we extract
accurate turnover rates, we only sampled the linear regime,
where the reaction is not slowed down by the accumulating
product or by the reduction in the substrate concentrations

(Fig. 3A). Based on this method, the kcat of the apo Dcp1:
Dcp2 decapping complex is 7.6 (±0.6) min−1 (Fig. 3A).
To assess the effect of Edc1 on the decapping rate, we added

saturating amounts of Edc1 (residues 1–221) to the enzyme
and observed an increased turnover rate of 27.8 (±3.3)
min−1, which corresponds to an enhancement by a factor of
3.7 (Fig. 3B). Interestingly, a shorter version of Edc1 that
only encompasses residues 144–215 had exactly the same ef-
fect on the decapping activity. This shows that the “active” re-
gion of Edc1 is restricted to a relatively short sequence that
is included in the structure of the Dcp1:Edc1 complex that
we solved (Fig. 2A,B). A similar observation has been made
for Edc1 and Edc2 from S. cerevisiae, where 30 residues are
sufficient to enhance decapping (Borja et al. 2011).
The activation of the S. cerevisiae decapping complex by

Edc1 requires the activation motif (HSYAG) (Fig. 2A) that
is located N-terminal of the Dcp1 binding site (Borja et al.
2011). To assess the importance of the YAG motif in the S.
pombe Edc1 protein, we mutated these amino acids to serine
residues (we refer to this triple mutant as ΔYAG). We ob-
served that this mutant lost the ability to activate the decap-
ping complex, which underscores similarities to Edc1 and
Edc2 from S. cerevisiae (Fig. 3A,B). The conservation of the
mechanism of Edc1 is further highlighted by the very similar
levels of activation that we observed for S. pombe (3.7-fold;
Fig. 3B) and S. cerevisiae (3.4-fold; Fig. 3C). Interestingly,
the YAG activation motif is also present in the human
decapping activator PNRC2 (Lai et al. 2012), which hints at
a general mechanism by which the Dcp1:Dcp2 decapping
complex can be activated.

Xrn1 and the Dcp2 PRS have no influence
on decapping activity

As opposed to Edc1, the PRS of Xrn1, Pat1, Dhh1 and those
of the Dcp2 C-terminal region are not preceded by a YAG

FIGURE 3. (A) RNA decapping experiments using a different version of S. pombe Edc1. The extracted turnover rates are indicated. (B) Relative
decapping rates (see also A and D) indicate that Edc1 increases the decapping rates by a factor of 3.7. (C) Relative decapping rates for the S. cerevisiae
decapping complex in the presence of increasing amounts of ScEdc1. Addition of saturating amounts of Edc1 results in a 3.4-fold increase in the
turnover rates. (D) Decapping experiments using the S. pombe enzyme in the presence of Xrn1 or the Dcp2 C-terminal region show that these proteins
have no effect on the in vitro decapping activity (see also B).
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motif (Supplemental Figs. S1–S4). This suggests that these
proteins are not able to enhance the activity of the decapping
enzyme. To test that hypothesis, we performed decapping
assays in the presence of high molar excess of either the
Xrn1 or Dcp2 C-terminal peptide. In these in vitro experi-
ments we found that the turnover rates are not affected by
the interaction of these proteins with the Dcp1 aromatic
groove (Fig. 3B,D).

Edc1 interacts with Dcp1 and the regulatory domain
of Dcp2

In our NMR Edc1 titration experiments (Fig. 1F,G) we no-
ticed that a number of resonances of the Dcp2 regulatory
domain experience CSPs. This indicates that residues in
Edc1 that are N-terminal of H165 (Fig. 2B) interact with
the Dcp2 regulatory domain. To confirm that, we performed
fluorescence anisotropy experiments to quantify the binding
between Edc1 and the decapping complex. For the Dcp1 pro-
tein alone, we determined a dissociation constant (KD) of 840
(±280) nM (Fig. 4A). For the Dcp1:Dcp2RD decapping the af-
finity improved significantly (KD = 143 [±9] nM) (Fig. 4B),
confirming the involvement of the Dcp2 regulatory domain
in the interaction with Edc1. Interestingly, the interaction be-
tween Edc1 and the decapping complex did not improve fur-
ther upon inclusion of the Dcp2 catalytic domain (KD = 250

[±43] nM) (Fig. 4C). This suggests that Edc1makes no exten-
sive contacts with the catalytic domain in the absence of
RNA.
To shed light on the importance of the YAG activation

motif for the interaction between Edc1 and the decapping
complex, we performed competition experiments. In those
experiments, we titrated labeled Edc1 (1–221) with Dcp1:
Dcp2RD + CD in the presence of unlabeled Edc1 (144–215)
or unlabeled Edc1 (144–215) ΔYAG. From the binding
curves we extracted similar KDs for the two shortened Edc1
constructs (KD = 415 [±62] nM and KD = 430 [±61] nM, re-
spectively) which bind with only slightly reduced affinity
compared to the longer Edc1 (1–221) construct (KD = 250
[±43] nM) (Fig. 4D). These data show that the YAG motif
is not involved in direct interactions between the Edc1 activa-
tor and the decapping complex.

Edc1 YAG motif increases the RNA affinity of the Dcp1:
Dcp2 complex

To address if Edc1 makes extensive contacts with the RNA,
we performed RNA binding experiments. To that end, we
used a capped and fluorescently labeled RNA (Fuchs et al.
2016), to which we added increasing amounts of Dcp1:
Dcp2RD + CD. We performed those experiments in the ab-
sence of Edc1 and in the presence of saturating amounts of

FIGURE 4. Fluorescence anisotropy measurements to extract the KD for the interaction between Dcp1 and Edc1 (A), Dcp1:Dcp2RD and Edc1 (B),
and Dcp1:Dcp2RD+CD and Edc1 (C). The interaction between Edc1 and the decapping complex appears to be mediated through contacts with Dcp1
and the regulatory domain of Dcp2. (D) Fluorescence anisotropy competition experiments. The truncation of Edc1 and the removal of the YAGmotif
have no influence on the interaction between the activator and the enzyme. (E) Fluorescence anisotropy measurements to extract the affinity between
capped RNA and different version of the Edc1:Dcp1:Dcp2RD + CD. The YAGmotif in Edc1 appears to play an important role in the recognition of the
capped RNA.
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Edc1 or Edc1 ΔYAG (Fig. 4E). From that, we determined that
the capped RNA interacts with the Dcp1:Dcp2 decapping
complex with a dissociation constant of 78 (±12) nM.
Inclusion of Edc1 ΔYAG only had a minor effect (KD = 51
[±9] nM) on this interaction; however, inclusion of Edc1
that contains the YAG motif improved the interaction signif-
icantly (KD = 14 [±2] nM) (Fig. 4E). Our data thus suggest
that the YAG activation motif in Edc1 contacts the capped
RNA directly, although an allosteric effect cannot be ruled
out at this point.

DISCUSSION

The Dcp1:Dcp2 decapping complex plays a central role in the
turnover of mRNA. Here, we show that Dcp1 is a versatile
binding platform for multiple proteins that play a role in
mRNA metabolism, including Xrn1, Pat1, Dhh1, the C-ter-
minal region of Dcp2 and an enhancer of decapping protein
(Edc1) that we identified in S. pombe (Figs. 1, 2A,B, 5). Using
NMR relaxation dispersion experiments (Fig. 2C,D) we
show that the aromatic groove of Dcp1 is highly dynamic.
These motions likely provide the flexibility required to facil-
itate interactions with the different binding partners.

Based on our current structural knowledge (Fig. 2B), the
proteins that interact with the Dcp1 aromatic groove can be
divided into two groups. The first group contains the proteins
Xrn1, Pat1, Dhh1 and the C-terminal proline-rich region of
Dcp2 (Fig. 5A,B; Supplemental Figs. S1–S4). These proteins
share PRS that are followed by a region that has helical pro-
pensity (Supplemental Fig. S9B) and their interaction with
the decapping complex has no direct effect on the catalytic
activity of the enzyme (Fig. 3D). The second group of pro-
teins that interacts with Dcp1 comprises the S. cerevisiae pro-
teins Edc1 and Edc2, the S. pombe Edc1 protein and the
nuclear receptor coactivator PNRC2 (Figs. 2A, 5C). These
proteins act using a YAG activation motif that is 11–13 resi-

dues N-terminal of a conserved LPxP Dcp1 interaction motif
(Fig. 2A; Supplemental Fig. S7).
Based on our binding data, Edc1 not only interacts with

Dcp1 but also makes contacts with the Dcp2 regulatory
domain (Figs. 1G, 4B, 5C) and likely with the RNA substrate
(Fig. 4E, 5C). The Edc1 YAG motif enhances the affinity be-
tween the decapping complex and the RNA significantly,
whereas this motif does not play a role in the interaction be-
tween the Edc1 and the enzyme itself (Fig. 4D). This provides
the first insight into a structural model by which the Dcp1:
Dcp2 decapping complex, Edc1 and RNA substrate come to-
gether (Fig. 5C).
Future studies will need to address the exact mechanism

that results in the stimulation of the decapping activity by
Edc1. Here, we show that Edc1 improves the affinity between
the RNA substrate and the enzyme complex (Fig. 4E).
However, this extra affinity cannot explain the observed en-
hancement of the catalytic activity (Fig. 3A,B), because in
our assays the capped RNA concentration (20 µM) is such
that Dcp1:Dcp2 (100 nM) is always fully saturated with sub-
strate (RNA:enzyme KD ≤ 75 nM; Fig. 4E), independent of
the presence of Edc1. The Edc1 induced enhancement of
the catalytic activity of the decapping complex must thus
have another origin. For S. cerevisiae complex it was suggested
that the Edc1 induced enhancement of the catalytic activity is
due to Dcp2 domain closure or due to changes in the chem-
ical steps (Borja et al. 2011). An Edc1 induced closing of the
decapping complex through direct interactions between Edc1
and the catalytic domain of Dcp2 seems unlikely as, based on
our binding data, the Dcp2 catalytic domain does not directly
participate in the interaction with Edc1 (Fig. 4B,C). As Edc1
contacts the RNA substrate (Fig. 4E), it suggests that the YAG
motif in Edc1 stabilizes the mRNA substrate in an orientation
that favors catalytic turnover (Fig. 5C).
We show that the PRS of Xrn1 and the Dcp2 C-terminal

region have no direct effect on the catalytic activity of the
decapping complex (Fig. 3D). Nevertheless, Xrn1, Pat1,

FIGURE 5. Cartoon representation of the Dcp1:Dcp2 decapping complex and the interactions with Xrn1, Pat1, or Dhh1 (A), the Dcp2 C-terminal
region (B), and Edc1 and substrate RNA (C). The EVH1 fold in the Dcp1 protein is colored yellow, the Dcp2 regulatory domain light green, and the
Dcp2 catalytic domain dark green. (A) The adapter proteins Xrn1, Pat1, and Dhh1 can be recruited by Dcp1. (B) The C-terminal region of Dcp2
contains multiple PRS that interact with Dcp1 in a structurally similar manner as the adapter proteins do. (C) The activator protein Edc1 interacts
with Dcp1 and the regulatory domain of Dcp2. Edc1 increases the binding affinity for capped RNA, suggesting that Edc1 contacts the substrate. The
interactions displayed in A and B compete with the recruitment of the activator Edc1 or PNRC2 to the decapping complex.
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Dhh1, and the PRS in Dcp2 can modulate the activity of the
enzyme indirectly as these proteins compete with the recruit-
ment of Edc1 (Fig. 5), which results in a down-regulation of
decapping activity (Fig. 3A,D). It should be noted that the af-
finity between the individual PRS and the Dcp1 EVH1
domain is low compared to the affinity between Edc1 and
Dcp1. Competition is nevertheless possible as the local con-
centrations of Xrn1, Pat1, and Dhh1 are very high in process-
ing bodies and as the EVH1:PRS affinity will be enhanced by
avidity effects that arise due to the presence of multiple PRS
within the IDRs and due to additional interactions between
the decapping factors and the decapping machinery. In line
with that, it was recently shown that the in vivo activity of
the S. cerevisiae Dcp1:Dcp2 decapping enzyme increases in
a gradual manner upon a stepwise shortening of the C-termi-
nal tail of Dcp2 (He and Jacobson 2015). Here, we show that
the Dcp2 C-terminal tail contains a number of PRS that can
interact in cis with the Dcp1 aromatic groove. This Dcp2:
Dcp1 interaction can interfere with the recruitment of Edc1
and removal of the PRS from Dcp2 could thus result in a
more efficient recruitment of Edc1 and thereby an increase
in catalytic activity.
In summary, our data reveal a complex network of inter-

molecular interactions that is able to regulate the Dcp1:
Dcp2 mRNA decapping complex. Future studies are required
to shed light on how these interactions regulate decapping ac-
tivity in a cellular setting and how they are affected by the re-
cruitment of the decapping complex to processing bodies.

MATERIALS AND METHODS

Protein expression and purification

Genes coding for S. pombe Dcp1:2 (Dcp2 residues 1–95, 1–243, or
1–312) and S. cerevisiae Dcp1:2 (Dcp2 residues 1–430) were cloned
into a modified pET vector for coexpression of the complex with a
N-terminal TEV-cleavable 6-His-Tag on Dcp1. Genes coding for
the respective Pat1, Exo2, Ste13, Dcp2, and Edc1 fragments from
S. pombe were cloned into a modified pET vector that contains a
N-terminal TEV-cleavable 6-His-GB1-tag or an N-terminal
6-His-tag. The plasmids coding for the S. cerevisiae Edc1 protein
was a generous gift from J. Gross (UCSF) (Borja et al. 2011).
Plasmids were transformed into E. coli BL21(DE) codon plus cells,
which were grown at 37°C in LB medium until an OD600 of 0.8.
Protein expression was induced by addition of 1 mM IPTG and cells
were shifted to 22°C and harvested 10–20 h later. Cell pellets were
resuspended in 400 mM NaCl, 10 mM imidazole, 50 mM
NaHPO4, pH 7.4, 0.1% Triton X-100, 1 mg/mL lysozyme, 0.2 U/
mL DNase I and cells were lysed by sonification. The cell lysate
was cleared by centrifugation and applied to NiNTA resin equili-
brated in buffer A (400 mM NaCl, 10 mM imidazole, 50 mM
NaHPO4, pH 7.4). The resin was washed with buffer A (containing
20 mM Imidazole for the Dcp1:2 constructs, an additional washing
step with 1 M NaCl, 25 mMNaHPO4, pH 7.4 was used for S. pombe
Edc1 1–221 and S. cerevisiae Edc1 to remove bound nucleic acids)
and proteins were eluted with buffer B (150 mMNaCl, 300 mM im-
idazole, 50 mM NaHPO4, pH 7.4). To remove the affinity tag, pro-

teins were digested with TEV protease overnight at 4°C during
dialysis against 150 mM NaCl, 25 mM NaHPO4, pH 7.4, 1 mM
DTT. The solution was passed over a second NiNTA column, flow
through and wash (with buffer A) were combined and the proteins
were further purified by gel filtration using a 16/600 Superdex 75
column (GF-buffer: 125 mM NaCl, 25 mM HEPES, pH 7.3,
1 mM DTT). TEV-cleavage and second NiNTA column were omit-
ted for most GB1 fusion constructs, as the peptides were not stable
in the absence of GB1.
For fluorescent labeling of S. pombe Edc1 1–221, a S183C muta-

tion was introduced and the protein was purified as described above
(including the TEV-cleavage step). After gel filtration the protein
was exchanged into GF-buffer without DTT using a PD10
Minitrap G25 desalting column, and a 25-fold excess of 5-(iodoace-
tamido)-fluorescein was added to a 20 µM protein solution. After
1 h incubation at room temperature in the dark, a second desalting
column in DTT free GF-buffer was used to remove excess label.
Labeling efficiency was estimated to be ∼50% using the absorption
ratio at 280/490 nm. A correction factor of 0.3 for the fluorescein
absorption at 280 nm was used for the calculation.
An exemplary SDS PAGE analysis of the purified proteins used in

this study is shown in Supplemental Figure S11.

RNA preparation

For decapping assays a 21mer RNA with the sequence 5′-GGAA
GGAGAGGAAGGAAAGGA-3′ was produced by T7 in vitro tran-
scription from linearized plasmid DNA using standard protocols
and was followed by a self-cleaving HDV ribozyme to ensure 3′

end homogeneity. A 30mer RNA with the sequence 5′-GGAGGA
GAGGAAGGUAAGGGAAGAAAGAAG-3′ was transcribed from a
synthetic DNA primer with double stranded T7 promoter sequence
in the absence of CTP and in the presence of 4-thiouridine triphos-
phate instead of UTP. Both RNAs were purified by denaturing anion
exchange chromatography using a DNAPac PA100 column (22 ×
250 mm, Dionex) at 80°C (Buffer A: 20 mM, Tris pH 8, 5 M
Urea, Buffer B: as A plus 2 M NaCl). Afterward, the N7-methylgua-
nosine cap was added to the 5′ end of the RNAs using vaccinia virus
capping enzyme according to a recently published protocol (Fuchs
et al. 2016). The 30mer RNA was fluorescently labeled after capping
using 5-(iodoacetamido)-fluorescein (Ramos and Varani 1998).
Free label was removed by repeated EtOH precipitation of the
RNA (3×). Labeling efficiency was estimated to 84% as judged
from the 260/490 nm absorption ratio.

Decapping assays

Decapping assays were performed at 30°C in GF-buffer supplement-
ed with 5 mMMgCl2 and 0.005% Triton X-100 using 20 µM capped
21mer, 100 nM enzyme and 3 µM Edc constructs or 350 µM Xrn1
(1224–1257) or Dcp2 (267–350) peptide. Samples were taken at the
indicated times, diluted one-eighth in 10 mM EDTA to stop the
decapping reaction and chloroform/phenol extracted to remove
the protein. Ten microliters of the RNA solution were analyzed by
anion exchange HPLC chromatography at 50°C using a DNAPac
PA200 RS column (Dionex; 4.6 × 250 mm) equipped with a guard
column (Buffer A: 20 mM Tris, pH 8.0, Buffer B: 20 mM Tris,
pH 8.0, 1.5 M NaCl, gradient 41%–50% B over 16 min, flow rate
0.45mL/min). Elution of capped and decapped RNAwasmonitored
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at 260 nm, peak areas were integrated and corrected for different ab-
sorption coefficients of capped and decapped RNA to calculate the
fractions of capped and decapped RNA species in the sample.

Crystallography

The S. pombe Dcp:Edc1 144–181 complex for crystallization trials
was prepared by combining the Dcp1 and GB1-Edc1 144–181 elu-
tion fractions of the first NiNTA column, followed by TEV-cleavage,
second NiNTA column and gel filtration as described above.
Removal of the GB1-tag is possible in this case as the peptide is stable
in complex with Dcp1. Crystals used for structure determination
were grown using the sitting drop vapor diffusionmethod bymixing
0.3 µL of the complex (6 mg/mL in 125 mM NaCl, 10 mM HEPES,
pH 7.3, 1 mM DTT) with an equal volume of precipitant solution
(1 M NaCl, 33 mM sodium citrate pH 5, 66 mM sodium citrate
pH 6). Crystals appeared after 2 d at room temperature. Cryo pro-
tection was performed by addition of 30% glycerol to the precipitant
solution. Diffraction data were collected at the PXII beamline at the
Swiss Light Source (temperature 100 K, wavelength 1 Å) and pro-
cessed using XDS (Kabsch 2010). Molecular replacement was per-
formed using Phaser (McCoy et al. 2007) using the S. pombe
Dcp1 structure as found in PDB entry 2QKL (She et al. 2008).
Several rounds of iterative model building and refinement were per-
formed with Coot (Emsley et al. 2010) and Phenix (Adams et al.
2010) to finalize the structure.

NMR spectroscopy

Proteins for NMR measurements were isotopically labeled using
M9 minimal medium supplemented with 15NH4Cl (0.5 g/L).
2H,15N,13C labeling of Dcp1:DcpRD was achieved in 100% D2O-
based M9 medium supplemented with 15NH4Cl (0.5 g/L) and
2H,13C glucose (2 g/L). Relaxation dispersion measurements were
carried out with 2H,15N-labeled protein. The assignment of the
Dcp2 C-terminal tail (residues 267–350) was performed on a
15N/13C labeled sample. Protein purification was performed as for
the unlabeled proteins.

All NMR experiments were recorded at 30°C on Bruker AVIII 600
and 800 MHz spectrometers equipped with triple resonance TXI
room temperature probes. Samples were prepared in GF-buffer in
95%/5% H2O/D2O. Backbone resonance assignments were carried
out using standard triple resonance pulse sequences (Sattler et al.
1999). In NMR binding experiments, the unlabeled protein was
added to the labeled protein in threefold molar excess. Control ex-
periments with GB1 only indicated that this domain did not interact
with the decapping complex. 15N CPMG relaxation dispersion pro-
files were recorded at 14.1 and 18.8 T using a constant-time CPMG
relaxation delay of 60 ms and CPMG frequencies ranging from 33.3
to 1600 Hz (Loria et al. 1999). CPMG experiments were fitted using
the program RDNMR that was kindly provided by Martin Tollinger
(University of Innsbruck). In the fitting procedure, we assume a
simple two-state exchange model as the current NMR data do not
allow the use of a more complex model. More than two conforma-
tions might be present in the Dcp1 protein such that it can adapt to
the numerous different ligands. The simplified model might intro-
duce small inaccuracies in the extracted populations and rates. NMR
data were processed using the NMRPipe/NMRDraw software suite
(Delaglio et al. 1995). CSPs were calculated in ppm as (ΔωH2 +

0.1 × ΔωN2)1/2 and affinities were extracted based on Johnson
et al. (1996).

Fluorescence anisotropy

Fluorescence anisotropy measurements were performed at RT in
GF-buffer supplemented with 0.002% Triton X-100 and 2 mM
EDTA to prevent decapping of the RNA. Fluorescently labeled
S. pombe Edc1 1-221 and capped 30mer RNA were used at 20 nM
concentration and solutions with increasing S. pombe Dcp1:2 con-
centrations were prepared independently. An Edc1 (144–215, WT,
or ΔYAG) concentration of 3 µM was used when indicated.
Fluorescence anisotropy was measured using a Tecan Infinite
F200 plate reader, excitation and emission wavelength were 485
and 535 nm. Binding curves were fitted to the standard equation
for a one-site binding model (Johnson et al. 1996) using in house
written scripts. For competition experiments 20 nM of fluorescently
labeled Edc1 1–221 in the presence of 1 µM unlabeled Edc1 144–215
or Edc1 144–215 ΔYAG was titrated with Dcp1:Dcp2RD+CD. During
the titration, the labeled (1–221) and unlabeled Edc1 (144–215)
thus compete for binding with the decapping complex. This ap-
proach is similar to the one described by Kuzmic et al. (1992).
Binding curves were analyzed with Dynafit (Kuzmic 1996) to
extract the KDs of the unlabeled Edc1 constructs. Errors were ex-
tracted from at least three independent measurements (Supplemen-
tal Fig. S12).

Sequence alignments were performed using T-coffee (Di
Tommaso et al. 2011). Pictures displaying molecular structures
were prepared using the UCSF Chimera package (Pettersen et al.
2004), whereas pictures displaying NMR spectra were prepared us-
ing NMRView (www.onemoonscientific.com).

DATA DEPOSITION

Structure coordinates for the Dcp1:Edc1 complex have been depos-
ited to the Protein Data Bank (PDB) with the accession code 5JP4.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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