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ABSTRACT

5’ mediated cytoplasmic RNA decay is a conserved
cellular process in eukaryotes. While the functions of
the structured core domains in this pathway are well-
studied, the role of abundant intrinsically disordered
regions (IDRs) is lacking. Here we reconstitute the
Dcp1:Dcp2 complex containing a portion of the disor-
dered C-terminus and show its activity is autoinhib-
ited by linear interaction motifs. Enhancers of decap-
ping (Edc) 1 and 3 cooperate to activate decapping by
different mechanisms: Edc3 alleviates autoinhibition
by binding IDRs and destabilizing an inactive form of
the enzyme, whereas Edc1 stabilizes the transition
state for catalysis. Both activators are required to
fully stimulate an autoinhibited Dcp1:Dcp2 as Edci
alone cannot overcome the decrease in activity at-
tributed to the C-terminal extension. Our data pro-
vide a mechanistic framework for combinatorial con-
trol of decapping by protein cofactors, a principle
that is likely conserved in multiple 5 mRNA decay
pathways.

INTRODUCTION

Eukaryotic 5-3' mRNA decay is preceded and permitted
by removal of the m’GpppN (N any nucleotide) cap struc-
ture and is a critical, conserved cellular process from yeast
to humans (1-3). There are multiple decapping enzymes in
eukaryotic cells (4), and the maintenance of the m’G cap in
eukaryotes is required for numerous cellular processes in-
cluding: splicing (5,6), nuclear export (7), canonical transla-
tion and transcript stability (8,9), and quality control path-
ways (10,11). Recent evidence suggests that caps containing
mCA,, as the first-transcribed nucleotide are protected from
decapping and 5'-3' decay (12). Critically, mRNA decay is
important during development (13). Furthermore, the cap
structure and polyA tail differentiate the mRNA from other
cellular RNAs, a feature viruses try to coopt to protect and
translate their messages (14). Hydrolysis of the cap structure

usually marks the transcript for degradation. Consequently,
decapping and 5'-3' decay pathways are tightly controlled
and rely on cofactors (15). A key question in the field is how
the activity of decapping enzymes are controlled by differ-
ent protein interaction networks.

The major cytoplasmic decapping enzyme in yeast is the
Dcpl:Dcp2 holoenzyme. Dcp? is a bi-lobed enzyme con-
sisting of a regulatory (NRD) and NUDIX containing cat-
alytic domain (CD). The NRD binds Dcpl, an EVHI1-like
scaffold, which recruits cofactors through an aromatic cleft
that recognizes a short proline-rich motif found in Edcl-
type coactivators (16), including its yeast paralog Edc2 and
mammalian PNRC2 (17). Additionally, Edcl-type coacti-
vators contain a conserved short linear activation motif that
stimulates the catalytic step of decapping in Dcp2. Crys-
tallographic and solution NMR analyses of Dcpl:Dcp2
with m’GDP product and substrate analog reveal the ac-
tivation motif stabilizes the regulatory and catalytic do-
mains of the enzyme in orientations compatible with for-
mation of a composite active site (18,19). In the absence
of Edcl or related cofactors, Dcpl:Dcp?2 is dynamic and
forms nonproductive interactions with substrate RNA (18),
which reduce catalytic efficiency. In several crystal struc-
tures of Dcpl:Dcp2, the composite active site is occluded
(PDBID: 2QKM, 5J3Y, 5KQ1), and it has been suggested
that these forms of the enzyme exist in solution as nonpro-
ductive states of unknown function (18,20,21).

Edcl has genetic interactions with Edc3 in yeast and
both proteins form physical interactions with Dcpl:Dcp2
(22), suggesting they work together to promote decapping.
Edc3 is important for decapping and subsequent 5'-3’ de-
cay of pre-mRNA and mRNA targets in budding yeast
(23,24), general decapping in fission yeast (25), and decay of
miRNA targets in D. melanogaster (26); while mutations in
human Edc3 are associated with defects in neuronal devel-
opment (27). Edc3 binds to fungal Dcp2 or metazoan Depl
through interactions with C-terminal extensions containing
short leucine rich helical motifs (HLMs) (28). Recent crys-
tallographic and genetic experiments in S. cerevisiae deter-
mined Patl, a central component of the decapping machin-
ery, also interacts with HLMs in Dcp2, demonstrating the
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importance of HLMs in mediating protein-protein interac-
tions to control decay (29). Moreover, the HLMs are impor-
tant for recruitment to P-bodies in vivo (21) and for phase-
separation in vitro (28,30). However, the molecular mecha-
nisms for how Edc3 stimulates decapping are not well un-
derstood.

Genetic studies in budding yeast indicate the disordered
C-terminus of Dcp?2 is a major site of regulation of decap-
ping. He and Jacobson identified regions in the C-terminus
that recruit positive regulators of decapping, including Edc3
and Patl, to promote turnover of specific transcripts (31).
The same study also demonstrated that a distinct proline-
and phenylalanine-rich region in the C-terminus negatively
regulates decapping and excision of this region bypasses the
requirement for activation of decapping by Edc3 (31). These
results suggest Dcp2 is autoinhibited, but a biochemical and
structural understanding of how the C-terminus acts to in-
hibit decapping and how activators of decapping alleviate
this inhibition is unknown due to the difficulty in preparing
constructs of Dcp2 containing the disordered region.

Here, we reconstitute an extended construct of S. pombe
Dcpl:Dcp2 from recombinant components and show that it
is autoinhibited by its C-terminal extension. Within this ex-
tension, we identify two proline-rich inhibitory motifs that
when removed restore enzymatic activity. We demonstrate
that the addition of Edc3 alleviates the inhibitory role of
the C-terminal extension by stimulating the catalytic step
of decapping. Edc3 also promotes substrate binding. We
show that a fraction of the autoinhibited complex is recal-
citrant to Edcl activation and that Edc3 works synergisti-
cally to make the complex more amenable to Edcl depen-
dent activation. Finally, we identify a conserved amino acid
in the structured core domain of Dcp2 that, when mutated,
quenches ms-pus dynamics of Dcp2, restores activity of the
inhibited complex, and bypasses the Edc3 mediated allevi-
ation of inhibition. We propose a model for autoinhibition
of the decapping complex that occurs through stabilization
of a cap-occluded Dcp2 conformation, which exists in solu-
tion and has appeared in numerous crystal structures.

MATERIALS AND METHODS
Protein expression and purification

A pRSF vector containing polycistronic His-Gbl-tev-
Dcpl:Dcp2(1-504)-strepll was used to coexpress the C-
terminally extended Dcpl:Dcp2 complexes. Both the Depl
and Dcp2 sequences were codon-optimized for Escherichia
coli from Integrated DNA Technologies and were cloned
into a pRSF vector using Gibson assembly. The Dcp2
sequence contained a ribosome binding site (rbs) up-
stream and the Dcpl was cloned behind the endogenous
T7 promotor and rbs within the vector. The His-Gbl-
tev-Depl:Dcep2(1-504)-strepll were expressed in E. coli
BL21(DE3) (New England Biolabs) grown in LB medium.
Cells were grown at 37°C until they reached an ODygyy =
0.6-0.8, when they were transferred to 4°C for 30 min before
induction by addition of 0.5 mM IPTG (final concentra-
tion). Cells were induced for 16-18 hours at 18°C. Cells were
harvested at 5,000g, lysed by sonication (50% duty cycle, 3
x 1 min), and clarified at 16,000g in lysis buffer (20 mM
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HEPES pH 7.5, 300 mM NaCl, 10 mM imidazole, 10 mM 2-
mercaptoethanol, 0.5% Igepal) supplemented with protease
inhibitor and lysozyme. The protein complex was purified
in a two-step affinity purification: Ni-NTA agarose affin-
ity column followed by strep-tactin high-capacity superflow
and elution with 5 mM D-desthiobiotin. The His-Gbl tag
was removed by addition of TEV protease overnight at 4°C.
The complex was further purified by size-exclusion chro-
matography on a GE Superdex 200 16/60 column in stor-
age buffer (50 mM HEPES, 100 mM NaCl, 5% glycerol,
5 mM DTT pH 7.5). The purified complex was concen-
trated, 20% v/v (final) glycerol was added, and then flash
frozen in LN2 for kinetics studies. Dcpl:Dcep2(1-504) inter-
nal deletion constructs (IM1, IM2 and IM1 & IM2) were
generated by whole-plasmid PCR with 5'-phosphorylated
primers. Dcpl:Dep2 (1-504) Y220G was generated using
whole-plasmid PCR with mutagenic divergent primers. A
His-TRX-tev-Edc3 containing plasmid was generated by
Gibson cloning S. pombe Edc3 ¢cDNA into a pET30b plas-
mid which already contained a His-TRX-tev coding se-
quence. The LSm and YjeF N domain containing plasmids
were created by whole-plasmid PCR with 5'phosphorylated
primers. The Edc3 constructs were purified as described (31)
with a modification to the size-exclusion chromatography;
storage buffer was used instead of the phosphate buffer as
described.

Kinetic assays

Single-turnover in vitro decapping assays were carried out
as previously described (32). A **P-labeled 355-nucleotide
RNA substrate (containing a 15-nucleotide poly(A) tail)
derived from S. cerevisae MFA2 mRNA was used for all
the decapping assays; where the m’G cap is radiolabeled
on the a phosphate such that, upon decapping, the excised
m’GDP product could be detected by TLC and autoradio-
graphy. Reactions were initiated by mixture of 30 wL 3X
protein solution with 60 w1 1.5X RNA solution at 4°C; final
Dcpl:Dcp2 concentration was 1.5 uM and the final RNA
concentration was <100 pM. For decapping assays contain-
ing Edc3; Edc3 was added in 4-fold molar excess and the
mixture was incubated at RT for 20 min before transferring
to the 4°C block. For decapping assays containing Edcl, the
peptide (synthesized by Peptide2.0) was added at the indi-
cated concentration and the mixture was incubated at RT
for 20 min before transferring to the 4°C block. Samples
were equilibrated for at least 30 min on the 4°C block before
initiating. Time points were quenched by addition of excess
EDTA, TLC was used to separate the RNA from the prod-
uct m’GDP, and the fraction decapped was quantified with
a GE Typhoon scanner and ImageQuant software. Fraction
m’GDP versus time were plotted and fit to a first-order ex-
ponential to obtain kgps; in the case of Depl:Dep2(1-504)
when the kinetics were too slow to obtain reliable exponen-
tial fits, kops Was obtained from a linear fit of the initial rates
by division of the slope by the empirically derived endpoint.

NMR spectroscopy

ILVMA methyl labeling of Dcp2 was carried out in D,O M9
minimal media with "NH4Cl and '>C/?H-glucose as the
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sole nitrogen and carbon sources, respectively, and labeled
precursors (Ile: 50 mg L~!, Leu/Val: 100 mg L~!, Met: 250
mg L, Ala: 100 mg L") were added 40 minutes prior to
induction. Following overnight induction with 1 mM IPTG,
cells were lysed by sonication and clarified at 16 000g. Dcp2
was purified by incubating clarified lysate with nickel resin
followed by elution with 250 mM imidazole. The His-GB1-
TEV tag was then removed by digestion with TEV protease
and untagged Dcp2 was run over a Superdex 75 size ex-
clusion chromatography column equilibrated with pH 7.0
NMR buffer (21.1 mM NaH;POy, 28.8 mM Na, POy, 200
mM NaCl, 100 mM Na,SOy4, 5 mM DTT). All 'H-PN
HSQC and CPMG experiments were performed with 250
wM protein at 303 K on a Bruker Avance 800 spectrometer
equipped with a cryogenic probe.

For CPMG analysis, dispersion curves were acquired
with a 40-ms constant-time delay wherein the pulse fre-
quency was varied between 50 and 950 Hz. FuDA (gift
from D.F. Hansen, University College London, London,
UK, http://www.biochem.ucl.ac.uk/hansen/fuda/) was used
to extract intensities, which were converted to relaxation
rates using procedures outlined in (33). Errors in Ry ¢ are
reported as the pooled standard deviation determined us-
ing procedures outlined in (34). Dispersion curves were fit
to a two-site exchange model using the program cpmg_fitd§
(gift from D. Korzhnev and L. Kay, University of Toronto,
Toronto, ON).

RESULTS
A segment of the C-terminus in Dcp2 inhibits decapping

The C-terminus of S. pombe Dcp2 is predicted to be
highly disordered (Figure 1A). To determine its functional
role in decapping, Dcpl was co-expressed with the C-
terminally extended Dcp2 (Dcpl:Dcp2qx¢) and purified to
homogeneity. A C-terminal boundary ending at residue
504 was chosen by sequence conservation and optimiza-
tion of expression. This construct contains regions of the
protein that were excised in prior biochemical studies due
to sub-optimal expression levels (31,33). Decapping activ-
ity of Dcpl:Dcp2e¢ was compared with that containing
only the structured core domains (Dcpl:Dcp2eore) com-
prised of Dcpl and Dcp2 with the N-terminal regulatory
(NRD) and catalytic domain (CD) using a cap-radiolabeled
RNA as substrate. The rate of decapping by Dcpl:Dep2eore
was faster than Dcpl:Dcp2ey (Figure 1B). Fitted rate-
constants indicated Dcpl:Dcp2e¢ Was consistently slower
than Dcpl:Dep2eore (Figure 1C and D); this effect was not
dependent on enzyme preparation. Dcpl:Dcep2qy purified
as a well-resolved, homogeneous peak on gel-filtration and
is monodisperse under decapping reaction conditions, as in-
dicated by dynamic light-scattering (Supplementary Figure
S1). These data suggest the C-terminal extension of Dcp2
has sequence motifs that can inhibit the decapping activity
of the structured, core domains.

Two motifs are required for autoinhibition of Dcp1:Dcp2

Having determined that Dcpl:Dcp2.y was less active than
Dcpl:Dep2core, We next asked which regions in the C-
terminal extension confer inhibition. Since the C-terminal

extension of Dcp2 is predicted to be disordered, we hy-
pothesized that inhibition of decapping may be mediated by
linear interaction motifs. Candidate inhibitory motifs were
queried by analysis of sequence conservation amongst the
most closely related fission yeast, as linear motifs are known
to evolve rapidly due to a lack of restraints imposed by
three-dimensional structure (35,36). Using this approach,
we identified two possible inhibitory motifs: a proline-rich
sequence (PRS) that aligns to the inhibitory element iden-
tified in budding yeast (31) previously shown to bind fis-
sion yeast Dcpl (37), and a highly conserved stretch of
amino acids that strongly resembles Dcpl-binding motifs
in Edcl-like coactivators (Figure 2A, Supplementary Fig-
ure S2). We term these regions IM1 and IM2, respectively.
Next, we queried whether deletion of these conserved re-
gions, alone or in combination, would alleviate autoinhibi-
tion. The Dcpl:Dcp2 complexes where either putative IM1
or IM2 were deleted alone or in tandem were purified to ho-
mogeneity (Supplementary Figure S1). Deletion of a region
containing IM1 (residues 267-350 in Dcp2) revealed that
it partially contributes to autoinhibition in Dcpl:Dep2ey
(Figure 2B and C); this region was previously observed to
have no effect on decapping activity when added in trans
to Depl:Dcp2eore (37). Likewise, deletion of IM2 restored
activity in Dcpl:Dep2ey to a similar degree as deletion of
IM1 (Figure 2B and C). Furthermore, we found that a
peptide of IM2 (residues 399-432) directly interacts with
Dcpl:Dcp2core in trans (Supplementary Figure S2C). The
combined removal of these regions fully restored the activ-
ity of Dcpl:Dcp2ey to that of Depl:Dep2qore (Figure 2B
and C). Additionally, internal deletions of nonconserved re-
gions in the C-terminal extension did not show an increase
in activity relative to Dcpl:Dep2e (Supplementary Figure
S2D). We conclude that the two linear motifs we identified
in the C-terminal extension of fission yeast Dcp2, IM1 and
IM2, are responsible for the autoinhibition of Dcpl:Dcp2.

A conserved surface on the catalytic domain of Dcp2 is re-
quired for autoinhibition

Enzymes that are regulated by autoinhibition typically ex-
ist in an inactive conformation that is distinct from the cat-
alytically active form, which can block substrate recognition
and catalysis (38). Typically, this entails linear interaction
motifs interacting with core domains, which maintains the
enzyme in the inactive state. We and others have suggested
that the ATP-bound, closed Dcpl:Dcp2 structure (PDB
2QKM) could resemble an inactive conformation of the en-
zyme since the substrate binding site is occluded (21,39).
Recently, it was shown by NMR that this closed form of
Dcpl:Dcep? is significantly populated in solution (18). We
hypothesized the autoinhibited form of Dcpl:Dcp2 might
correspond to this cap-occluded conformation. This con-
formation is stabilized by several conserved residues that
anchor the NRD to the CD of Dcp2, including W43, D47
and Y220 (Supplementary Figure S3). In this conforma-
tion, Y220 blocks access of W43 and D47 of the NRD to
cap. When Dcp2 is bound to m’G of cap in the catalytically-
active conformation, Y220 is displaced and W43 and D47
of the NRD make essential interactions with m’G (Figure
3A) (19,37,40). Therefore, we reasoned mutation of Y220
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min. The lower spots are the RNA origin and the upper are the cleaved cap. (C) Representative plot of fraction m’ GDP product versus time comparing the
catalytic core (Dcpl:Dep2eore) and inhibited C-terminally extended Depl:Dep2exi. (D) A log-scale plot of the empirically determined rates from (C), where
the error bars are the population standard deviation, o. Difference in measured rates are significant as determined by unpaired #-test (see Supplementary

Table S3).

would destabilize the cap-occluded form of Dcpl:Dcp2,
permitting it to more readily populate the cap-accessible,
active conformation. Mutation of Y220 to glycine enhanced
decapping activity of the Dcpl:Dcp2.ore by 1.5-fold (Figure
3B) and we were able to observe cap binding in Dcp2.oe by
NMR (Supplementary Figure S4). We next assessed the ef-
fect of the Y220G mutation in Dcpl:Dcp2y and observed a
6-fold increase in activity relative to wild-type Dcpl:Dep2ex¢
(Figure 3B). These data suggest the cap-occluded confor-
mation of Dcpl:Dcp2, which is observed in solution and in
many crystal structures, could resemble the autoinhibited
form of the enzyme containing the C-terminal extension.
The Y220G mutation may activate decapping by desta-
bilizing the cap-occluded conformation. To test this pos-
sibility, we used dynamic NMR spectroscopy. Previously,
it had been noted that Dcp2 experiences global motions
on the millisecond to microsecond timescale (ms-us dy-
namics) where the NRD and the CD sample open and
closed, cap-occluded forms, with Dcpl enhancing the pop-
ulation of the latter state (18,20). W43 was identified as a

‘gatekeeper’ required for these dynamics (20). Since Y220
makes interactions with W43 in the cap-occluded state,
we reasoned the Y220 mutation would also quench global
ms-ps dynamics, resulting in the reappearance of broad-
ened cross-peaks. Upon mutation of Y220 to glycine in
Dcp2.ore, the expected cross-peaks from both the NRD and
CD reappeared (Supplementary Figure S4), indicating dy-
namics were quenched similarly to the previously reported
W43 mutation (Figure 4A) (20). To corroborate that mu-
tation of Y220 quenched the collective dynamics, we used
CPMG spectroscopy on '*C-methyl ILVMA side-chain la-
beled Dcp2. Consistent with previous experiments, signifi-
cant dephasing of transverse magnetization from collective
ms-ws motions in wild-type Dcp2 could be attenuated with
increasing CPMG pulse rate (Figure 4B, black filled circles)
(18,20). In contrast to the wild-type, these dynamics are not
present for the Y220G mutant (Figure 4B, blue circles). We
conclude that the Y220G mutation shifts the equilibrium
from cap-occluded to the open conformation.
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Edc3 alleviates autoinhibition of Dcpl:Dcp2,y by stimulat-
ing the catalytic step

Since the inhibitory motifs of Dcp2 are proximal to known
Edc3 binding sites (the HLMs) we tested if Edc3 could al-
leviate autoinhibition. When Dcpl:Dcp2.; was incubated
with saturating concentrations of Edc3, a stable complex
was observed and decapping activity was completely re-
stored to rates observed for Dcpl:Dcep2.qe (Figure SA and
B; Supplementary Figure S5; Supplementary Table S2).
Having identified a mutation in the catalytic domain of
Dcp2core that destabilizes autoinhibition, we next exam-
ined whether this mutation bypasses activation by Edc3.
Introduction of the Y220G mutation into Dcpl:Dep2ey
markedly attenuates stimulation by Edc3 and closely resem-
bles the extent of activation observed for Dcpl:Dep2ypm-1,
which is a construct of Dcpl:Dcp2.ore containing a single
Edc3 binding site (Figure 5C). The differential activation
observed for Depl:Dcep2:Ede3 complexes with and without
the C-terminal extension containing autoinhibitory motifs
indicates Edc3 utilizes multiple mechanisms to enhance de-

capping.

Edc3 is known to interact with HLMs in the C-terminus
of Dcp2 through its N-terminal LSm domain and has been
shown to bind RNA through its C-terminal Yjef N do-
main (21,41). To dissect the contributions from these do-
mains in enhancing decapping, we compared their acti-
vation of Dcpl:Dep2ypm.1 and Depl:Dep2ey, (Figure SD,
Supplementary Figure S5B). The Edc3 LSm domain was
sufficient to increase the activity of Dcpl:Dcep2qy to levels
comparable with Dcpl:Dcp2eore; Whereas addition of the
Edc3 Yjef N domain in isolation had no effect on decap-
ping activity (Figure 5D). These results indicate binding
of the Ede3 LSm domain to the HLMs in Dcp2 is suffi-
cient to alleviate autoinhibition of the C-terminal regula-
tory region of Dcp2, but full-activation requires the Yjef N
domain. In contrast to Dcpl:Dep2ey;, the LSm domain of
Edc3 does not provide any substantial increase in activity of
Dcpl:Dep2pm.1; whereas a 5-fold increase in decapping is
observed upon addition of full-length Edc3. These observa-
tions suggest Edc3 activates decapping both by alleviating
autoinhibition to enhance the catalytic step and by promot-
ing RNA binding.
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To test these possibilities, we measured rates of decap-
ping by Dcpl:Dcp2 in the presence and absence of saturat-
ing Edc3 under single-turnover conditions. This approach
allows us to determine the contributions of Edc3 activa-
tion to RNA binding (K;,) and the catalytic step of decap-
ping (Kmax). Compared to Dcepl:Dep2ypm-1, Depl:Dep2ex
had a significant 6-fold reduction in kp,y, indicating au-
toinhibition occurs in the catalytic step (Figure 6A-D, com-
pare lower curves in A, B; light blue and light gray bars
in C, D). When kinetics for Dcpl:Dep2ey were performed
in the presence of Edc3, there was a substantial 6-fold in-
crease in ky.x and concomitant 5-fold decrease in K, rel-
ative to Dcpl:Dcep2ey alone (Figure 6B and D). Thus, the
observed 30-fold stimulation of Dcpl:Dcep2q by Edc3 (Fig-
ure 5C and D) can be broken down as 6-fold from alle-
viation of autoinhibition by the its LSm domain binding
HLMs in the extended C-terminus of Dcp2, and 5-fold de-
riving from RNA binding by Edc3. The effects of Edc3 on
Dcpl:Dcep2ey activity are in contrast to Depl:Dep2ypm.1,
which in the presence of Edc3 had a similar 5-fold de-
crease in Ky, but not a significant change in kp.x (Figure
6A and C). The observed 5-fold decrease in Ky, for both
Dcpl:Dep2ppm.1 and Depl:Dep2qy is in good agreement

with the reported ability of Edc3 to bind RNA and sug-
gests Edc3 predominantly provides additional RNA bind-
ing capacity in the absence of autoinhibition (40,42). There-
fore, the mechanism of activation by Edc3 is a combina-
tion of binding to HLMs in order to alleviate autoinhibition
and enhance the catalytic step while providing an additional
RNA binding surface to increase Dcp2 substrate affinity.

Edc3 and Edcl work together to activate decapping by
Dcpl:Dep2ex¢

Edcl stimulates the catalytic step of decapping by stabi-
lizing the composite cap binding site of Dcp2 formed by
the N-terminal regulatory and catalytic domains (18,19).
Here we have shown Edc3 alleviates autoinhibition by bind-
ing sites distal from the Dcpl:Edcl interaction site, which
suggests these activators could work together to promote
decapping. To test this possibility, we titrated a peptide
of spEdcl (residues 155-180) that contains the minimal
Dcpl binding and Dcp2 activation motifs (Edc1-DAM,
see 43) against Dcpl:Dep2ey or Depl:Dep2eore and deter-
mined if Edc3 changed the threshold of activation, defined
as a concentration of Edcl-DAM required for one-half
maximal activity (Ki,») (Figure 7A). For experiments with
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Dcpl:Dcep2e, the Kj» was shifted 3.5-fold higher com-
pared to the Depl:Dep2eore (Figure 7B). In addition, even
at saturating concentrations, Edcl was unable to fully over-
come the inhibitory effect of the Dcp2 C-terminal extension
in the absence of Edc3. In contrast, addition of Edc3 re-
turned the K, for Edc1-DAM activation of Depl:Dep2ey
to within error of Dcpl:Dep2eore and rescued the maximal
observed rate. A maximum rate of 6.2 min~! was observed
when Edcl and Edc3 were present at saturating concentra-
tions, which is greater than the maximum rate observed for
the Dcpl:Dep2.ore saturated with Edcl. These observations
suggest Edc1-DAM alone is not sufficient to fully activate
decapping of Dcpl:Dcp2e and instead requires Edc3 to
fully stimulate the rate of the autoinhibited complex >500-
fold (Supplementary Figure S6).

DISCUSSION

The structures of a majority of the globular domains of the
mRNA decay proteins are available and have provided key
insights into how these factors interact with one another to
mediate decay (28). While progress has been made on this
front, much less is known regarding the regulatory func-
tions of intrinsically disordered regions (IDRs) that are re-
plete in these proteins. Here, we have determined that the
disordered C-terminal extension of fungal Dcp2 contains
two motifs (IM1 and IM2) that inhibit decapping activity.
The inhibitory effect of the disordered extension likely re-
lies on an underlying cap-occluded conformation, which is
stabilized by a conserved aromatic side-chain in the CD of
Dcp2. Edc3 alleviates autoinhibition by binding the HLMs
that are proximal to the inhibitory motifs and provides in-
creased RNA binding affinity through its RNA binding do-
main. Stimulation of Dcpl:Dcp2e by Edcl requires Edc3
to achieve maximal activation (~500-fold), and we provide
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evidence that such control of decapping is achieved by fac-
tors acting on distinct conformational substates.
Decapping by Dcpl:Dcp2 requires formation of a com-
posite active site shaped by residues lining the NRD and
the CD of Dcp2. The core complex is dynamic in solution,
sampling an open form where residues that line the compos-
ite active site are far apart, or a closed form where residues
on the NRD that engage cap to promote catalysis are oc-
cluded (18). Several observations suggest the closed, cap-
occluded form of Dcpl:Dcp?2 is representative of the au-
toinhibited form containing the C-terminal extension (Fig-
ure 8A). First, this conformation has been observed in a va-
riety of crystal structures and in solution (18,40,41,43,44).
Second, it is incompatible with cap recognition, since es-
sential residues of the NRD that contact the m’G moiety

(W43 and D47) are blocked by a conserved amino acid on
the CD (Y220) (Supplementary Figure S3). Third, muta-
tion of a conserved Tyr predicted to stabilize this nonpro-
ductive state increases the catalytic activity, destabilizes the
‘occluded’ state in solution and disrupts the inhibitory ef-
fect of the Dcp2 extension (Figures 3 and 4). Fourth, the C-
terminal extension reduces that catalytic step of decapping,
consistent with the composite active site of Dcp2 being oc-
cluded.

In budding yeast, there is clear evidence of autoinhibi-
tion, as excision of a short linear motif in the C-terminus
bypasses the requirement for Edc3 for degradation of tar-
get transcripts (31). Notably, introduction of the equivalent
Y220 mutation in budding yeast resulted in a temperature
sensitive phenotype, suggesting the cap-occluded confor-
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mation may be important for maintaining proper mRNA
degradation in vivo (45). The autoinhibitory linear motif
identified in budding yeast Dcp2 has similarity to IM1 of
fission yeast, whereas IM2 appears to be unique to fission
yeast (Supplementary Figure S2A, B). Future studies will
be required to identify Edc3 dependent mRNAs in fission
yeast and how they are dependent on autoinhibition as de-
scribed here.

Dcpl:Dcp2.ore makes fast excursions between the open
and cap-occluded states (18,20), so it is likely the inhibitory
motifs in the C-terminal extension stabilize the closed, cap-
occluded form by direct interactions with the structured
core domains. In support of this hypothesis, the inhibitory
motifs found in the C-terminal extension of Dcp2 bind the
structured domains of Dcpl:Dep2cqpe in trans (Supplemen-
tary Figure S2C and 37). We cannot exclude the possibil-
ity that the inhibitory motifs may stabilize another confor-
mation of the enzyme that is catalytically impaired, such as
the open form; or inhibitory motifs could sterically block
interactions with substrate. These modes of autoinhibition
are reminiscent of the eukaryotic tyrosine kinase superfam-
ily, where motifs flanking the functional domains stabilize
an inactive conformation of the enzyme, with structural

variation amongst family members (46). Detailed structural
studies will be required to define the precise mode of autoin-
hibition.

How does Edc3 alleviate autoinhibition and allow full
activation by Edc1? The LSm domain of Edc3 is sufficient
to alleviate autoinhibition in Dcpl:Dcp2e and it binds the
HLMs found in the Dcp2 C-terminal extension (Figure 8B).
Prior NMR studies indicate Edcl and IM1 of the Dcp2
C-terminal extension bind the same surface on Dcpl (37);
moreover, we show here that IM2 binds Dcpl:Dcp2core in
trans and that Edc3 can lower the threshold for activation
by Edcl. A working model for activation of decapping by
Edc3 is that binding to HLMs found in the Dcp2 C-terminal
extension is coupled to remodeling of the IM1 and IM2 in-
teraction with the structured, core domains, allowing the
enzyme to undergo a conformational change from an inac-
tive to an active, cap-accessible conformation that is stabi-
lized by Edc1 (Figure 8C). In this way, the coactivators Edc3
and Edcl coordinate to destabilize the inactive, autoinhib-
ited form and consolidate the catalytically active conforma-
tion, respectively.

Our biochemical and biophysical data are consistent with
genetic studies in budding yeast that indicate decapping



6328 Nucleic Acids Research, 2018, Vol. 46, No. 12

coactivators work together to promote 5 mediated decay.
First, synthetic growth defects are observed when Edcl and
Edc3 are deleted in yeast strains where Dcp2 is essential
(22). Second, deletion of an inhibitory motif in budding
yeast Dcp2 bypasses the requirement of Edc3 for decap-
ping on specific RNAs (47). Third, additional proteins such
as Scd6 and Patl have synthetic genetic interactions with
Edc3 and form physical interactions with the HLMs found
in the C-terminal extension of Dcp2 (29). Clearly the com-
binatorial control of Dcpl:Dcp2 activity we observe in vitro
by Edcl and Edc3 is well supported by functional studies in
cells and the general principles observed here may be appli-
cable to other activators such as Scd6 and Patl.

In general, any protein that contains an HLM interaction
domain such as the LSm domain of Edc3 would promote al-
leviation of autoinhibition from the Dcp2 C-terminal exten-
sion. The fusion of an HLM interaction domain to an RNA
binding domain could further increase the activation of the
decapping enzyme through increased RNA binding capac-
ity. For example, the C-terminal extension of Dcp2 could
provide rationale for Patl’s strong effect on decapping in
vivo (48,49), since Patl can bind HLMs and is linked to the
Lsm1-7 complex (50-52) that binds oligoadenylated RNA
intermediates during bulk 5'-3’ decay. Further studies will
be required to investigate how pathway specific activators
such as Patl activate decapping through interactions with
the C-terminal extension of Dcp2.

We suggest the observations reported in this work on fun-
gal proteins could be conserved in metazoans. The HLM of
the fungal Dcp?2 has been transferred to a long C-terminal
extension of Dcpl (28). A structure of the Edc3 LSm do-
main and the HLM in Dcpl from D. melanogaster is con-
sistent with this interaction being evolutionarily important
(21). Transfer of regulatory short linear interaction motifs
to different subunits of a conserved complex is a common
theme in eukaryotic biology (28,35). An important area for
future research is to determine if the inhibitory motifs of
Dcp?2 have also been transferred to different subunits of the
decapping complex by evolutionary rewiring.

In this work, we have characterized an additional mech-
anism responsible for regulating mRNA decay by showing
that elements in the C-terminus of Dcp2 inhibit decapping
at the catalytic step. Addition of Edc3 alleviates autoinhi-
bition to promote catalysis and is required for full stimu-
lation of this extended construct by Edcl. This combina-
torial activation suggests decapping by Dcp2 can be con-
trolled across multiple log units of activity to coordinate
decay. Such exquisite regulation of decapping reflects the
importance of 5-3 mRNA decay in maintaining cellular
homeostasis.
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