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Regulation of mRNA decapping across atomic and mesoscopic scales 

Ryan W. Tibble 

ABSTRACT 

During transcription in the nucleus, messenger RNA (mRNA) is endowed with 

modifications that serve as important markers for its regulation in the cell. This includes the 

addition of a 7-methylguanosine cap (m7G) at the 5’ end, which is important for nuclear export, 

translation, and degradation of transcripts. Numerous mRNA quality control pathways end in the 

degradation of transcripts and pathogens can degrade RNA during infection to favor their 

survival. Removal of the cap structure, or decapping, commits mRNA to degradation and is a 

highly controlled step in post-transcriptional regulation. The conserved eukaryotic decapping 

complex Dcp1/Dcp2 is regulated through an intricate network of protein-protein interactions that 

can inhibit and accelerate decapping. While many of the interfaces required for these 

interactions have been studied, a mechanistic understanding of their consequences have not 

been well-characterized. This work describes a mechanism for autoinhibition of decapping and 

how the protein cofactors Edc3 and Edc1 relieve this autoinhibition to activate decapping 

through conformational changes in the Dcp2 active site. Furthermore, these regulatory 

mechanisms contribute to in vitro phase separation that causes localized sites of repressed and 

accelerated mRNA decapping. Together, these findings demonstrate how regulation at the 

ångstrom scale is coupled to microscopic behavior to enhance the catalytic power of decapping, 

which ensures mRNA degradation occurs only when specific conditions are met. 
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CHAPTER 1 

INTRODUCTION 

The biological state of a cell is dictated by environmental inputs and requires robust 

responses to stress, the cell cycle, and differentiation. To adequately adapt to these inputs, the 

cell undergoes a genetic reprogramming that leads to changes in its RNA composition. Cellular 

RNAs are extensively processed and modified throughout their lifetime, which leads to the 

recruitment of RNA-binding proteins (RBPs). The temporal composition of RBPs is important for 

regulating subsequent functional consequences on a specific RNA and RBPs often coordinate 

with one another to influence this outcome. As a result, elucidating how RBPs interact with each 

other to modify RNA is critical to understanding how cells ensure their viability under ever-

changing conditions. 

mRNA are a major class of RNA that dicate the protein machinery present in the cell and 

their proper regulation is crucial to maintaining homeostasis. During transcription in the nucleus, 

mRNA are capped at their 5’-end with 7-methylguanosine (m7G) and a polyadenosine (poly-A) 

tail on the 3’-end, which are vital modifications for the stability and recruitment of translation 

machinery to mRNA. In addition, several classes of viruses encode their own capping enzymes 

in order to promote translation of viral proteins and prevent activation of host immune 

responses, underscoring the importance of the 5’-cap in mRNA function.  

Because of their role in promoting translation, removal of the 5’-cap and poly-A tail from 

mRNA is a major form of post-transcriptional control of gene expression important for cell 

development, growth, and antiviral response. Loss of the m7G cap, or decapping, proceeds 

trimming of the poly-A tail (deadenylation) and leads to the rapid 5’-3’ degradation of a transcript 

by a conserved 5’-exonuclease1–3. Decapping is at the convergence of multiple mRNA 

degradation pathways in the cell: bulk mRNA decay, microRNA (miRNA) mediated decay, 

nonsense-mediated decay (NMD), AU-rich elements (ARE) decay, and other transcript-specific 
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quality control mechanisms4–6. Moreover, decapping is largely irreversible and represents a final 

checkpoint in mRNA turnover. As a result, a myriad of protein cofactors coordinate assembly 

across the length of a mRNA transcript to form a highly regulated decapping complex. 

Decapping is carried out by Dcp2, an enzyme of the Nudix (Nucleotide diphosphate 

moiety linked to X) hydrolase family that is conserved in eukaryotes7,8. Dcp2 contains a bipartite 

active site that is formed between a structured N-terminal domains9–11. While the structured 

domains are absolutely conserved, Dcp2 contains a variable intrinsically disordered region 

(IDR) C-terminal to these domains12. In the more well-studied yeast orthologues of Dcp2, 

several short linear motifs (SLiMs) have been identified that mediate protein-protein interactions 

and impart both positive and negative regulation of decapping13,14. In addition, removal of the 

IDR is lethal to yeast subjected to heat shock15. While not yet deeply characterized, putative 

SLiMs similar to those in yeast Dcp2 have been identified in other eukaryotes, suggesting the 

mechanisms of regulation may be conserved12. 

The cofactor Dcp1 is often tightly associated with Dcp2 to form a minimal decapping 

complex in vitro7. Dcp1 has been shown to directly activate and promote specificity for m7G cap 

recognition in Dcp29,11,16. Additionally, Dcp1 serves as a platform for bridging multiple 

components involved in 5’-3’ decay, including the decapping activators Edc1/2 (PNRC1/2 in 

higher eukaryotes), the 5’ exonuclease Xrn1, and the IDR of Dcp217–19. Thus, Dcp1 serves as 

integrator of cellular signals to allosterically regulate Dcp2 activity. 

As mentioned previously, the IDR of yeast Dcp2 contains multiple SLiMs and helical 

leucine motifs (HLMs) are the most abundant. HLMs in Dcp2 have been shown to directly 

interact with the proteins Edc3, Pat1, and Upf1. Despite all interacting with Dcp2 through the 

same interface, these cofactors regulate overlapping but distinct mRNAs in vivo20. In addition, 

both Edc3 and Pat1 interact with the helicase Dhh1 (DDX6 in humans), which has an important 

role in assessing mRNA translation fidelity and couples degradation to poor translation 

efficiency12,21. Finally, Pat1 interacts with Xrn1 and the heteromeric LSm1-7 complex that 
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recognizes the 3’-end of a transcript that has undergone deadenylation, linking deadenylation, 

decapping, and degradation22–25. As a result of the ability to recognize numerous factors, mRNA 

decapping and degradation can be controlled in a coordinated, context-dependent manner to 

remove specific transcripts from the translating pool that are no longer needed or are harmful to 

the cell. 

Previous in vivo studies of decapping in yeast identified SLiMs in the Dcp2 IDR distinct 

from HLMs that prevented non-specific degradation of mRNA13. This negative regulation of 

decapping had not been described before and its mechanism was unclear. Chapter 1 of this 

thesis identifies inhibitory motifs (IMs) in Dcp2 from Schizosaccharomyces pombe and 

demonstrates these motifs directly autoinhibit decapping activity in vitro26. Furthermore, we 

define a direct regulatory role for Edc3 whereby its interaction with HLMs alleviates 

autoinhibition to restore catalysis. The mechanism of activation we described is shared by Pat1 

and we posit it can be extended generally to other decapping cofactors that interact with 

HLMs27. These results highlight another mechanism of regulatory control placed on mRNA 

decapping to prevent aberrant degradation events. 

The decapping complex and numerous other cofactors involved in 5’-3’ mRNA decay 

colocalize in cytoplasmic foci known as Processing Bodies, or P-bodies28–30. These structures 

are conserved across eukaryotes and are stabilized by many redundant interactions that cause 

robust formation even when key components have been genetically deleted31,32. While many 

types of RNAs colocalize to P-bodies they share a common feature: they are translationally 

repressed due to the absence of translation factors and ribosomes33. Many studies have 

examined the global role of P-bodies in mRNA decay but a consensus has been difficult to 

reach30,34–37. Recent advances in developing fluorescent reporter mRNA have provided the field 

with the ability to study P-bodies at single-molecule resolution38,39. These studies have 

demonstrated P-body function is context-dependent, serving as both sites of active mRNA 
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decay and storage38,40–42. An exciting area of research involves identifying new mechanisms of 

regulation within these structures dense in factors involved in all aspects of 5’-3’ mRNA decay. 

In addition to being sites of regulated mRNA decay, P-bodies are dynamic structures 

that change in size and abundance depending on cell state. For example, P-bodies become 

more abundant and multiple microns in diameter under cellular stress, but can be completely 

cleared or less than one micron in diameter during development and normal growth conditions, 

respectively31. Thus, P-bodies do not represent a defined heterooligomeric protein structure nor 

an irreversible protein aggregate. Over the last few years, P-bodies have been classified as a 

biomolecular condensate, which is a membraneless, liquid-like, phase-separated compartment 

in cells43,44. Numerous biomolecular condensates have been described and many are involved 

in RNA processing. Subsequently, biomolecular condensates have emerged as a unique 

mechanism to spatially regulate RNA biochemistry and provide a framework for examining the 

functional consequences of P-body formation. 

Condensate formation is promoted by numerous weak, multivalent interactions between 

proteins and nucleic acids, leading to their enrichment at concentrations that can greatly exceed 

those observed in the surrounding solution43. Such a dense and concentrated environment can 

lead to emergent phenomena that would otherwise not be observed. This includes the 

enhancement of biochemical reactions due to increased enzyme and substrate concentrations 

and enhanced specificity in substrate recognition45–47. Biochemistry can also be repressed in 

droplets by preventing productive interactions between reaction components because of 

differential sequestration or increased non-specific interactions. Furthermore, the environment 

within condensates can lead to conformational changes in resident molecules that may result in 

different biochemical outcomes48–50. Elucidating the consequences of phase separation on 

biochemical processes is essential to progressing our understanding of how cells utilize 

condensates to maintain cell viability. 
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Studying regulation in P-bodies is difficult because of their dynamic behavior and 

complex composition. However, several factors enriched in P-bodies undergo phase separation 

in vitro, which presents a powerful means to dissect the consequences outlined above. The 

Dcp1/Dcp2 decapping complex is the most enriched protein in yeast P-bodies and undergoes 

phase separation51. Given the critical role of decapping in 5’-3’ mRNA degradation, studying 

how condensate formation influences Dcp1/Dcp2 activity affords a rigorous and systematic 

approach to discerning how mRNA decay can be regulated in P-bodies. In Chapter 2, we show 

decapping can be inhibited and repressed in condensates and phase separation expands the 

catalytic range of Dcp252. The differential activity we observed is dependent on the interactions 

underlying condensate formation and we find these interactions are allosterically coupled to the 

conformation of the Dcp2 active site. Thus, this work extends the mechanism we describe in 

Chapter 1 to encompass regulation of decapping at the micron scale and has implications for 

how P-body formation can ensure fidelity in mRNA decay. 

Dcp2 is a dynamic enzyme at the atomic and mesoscopic scales: undergoing large 

conformational changes during its catalytic cycle and exhibiting differential exchange kinetics in 

cellular P-bodies2,41,53,54. Previous work identified residues that mediate structural fluctuations 

necessary for cap recognition and organization of the pH-sensitive catalytic triad16,55,56. In yeast, 

HLMs are crucial for ensuring Dcp2 localizes to and is retained in P-bodies53. Underpinning 

much of the work in this thesis has been our ongoing efforts to expand our understanding of 

how Dcp2 dynamics are linked to catalysis. In Chapter 1, we identify a residue in Dcp2 that 

alleviates autoinhibition and bypasses Edc3 activation26. We find this mutation quenches 

interdomain motions between the structured domains of Dcp2 and, in Chapter 2, show this 

mutation prevents formation of an inactive state required for regulation of decapping in 

condensates52. In Chapter 3, we identify an interface that we predict serves as a molecular 

‘switchboard’ to mediate the conformational state of Dcp2. At the mesoscale, we observed in 

Chapter 2 that Dcp2 exchange in condensates can be altered by composition and in Chapter 3, 
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we show Dcp2 catalysis is important for maintaining a liquid-like state in condensates. 

Altogether, these results highlight how catalysis and dynamics are inextricably linked across 

organizational scales to afford the cell with the ability to maximize biochemical potential.  
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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 understood, the role of abundant 

intrinsically disordered regions (IDRs) is lacking.  Here we reconstitute the Dcp1:Dcp2 complex 

containing a portion of the disordered C-terminus and show its activity is autoinhibited by linear 

interaction motifs.  Enhancers of decapping (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 Edc1 alone cannot overcome the 

decrease in activity attributed to the C-terminal extension. Our data provide a mechanistic 

framework for combinatorial control 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 m7GpppN (N 

any nucleotide) cap structure and is a critical, conserved cellular process from yeast to humans1-

3. There are multiple decapping enzymes in eukaryotic cells4, and the maintenance of the m7G

cap in eukaryotes is required for numerous cellular processes including: splicing5,6, nuclear 

export7, canonical translation and transcript stability8,9, and quality control pathways10,11. Recent 

evidence suggests that caps containing m6Am as the first-transcribed nucleotide are protected 

from decapping and 5’-3’ decay12.  Critically, mRNA decay is important during development13.  

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 messages14. Hydrolysis of the cap 

structure usually marks the transcript for degradation. Consequently,  decapping and 5’-3’ decay 

pathways are tightly controlled and rely on cofactors15.  A key question in the field is how the 

activity of decapping enzymes are controlled by different protein interaction networks. 

13



The major cytoplasmic decapping enzyme in yeast is the Dcp1:Dcp2 holoenzyme.  Dcp2 

is a bi-lobed enzyme consisting of a regulatory (NRD) and NUDIX containing catalytic domain 

(CD). The NRD binds Dcp1, an EVH1-like scaffold, which recruits cofactors through an aromatic 

cleft that recognizes a short proline-rich motif found in Edc1-type coactivators16, including its yeast 

paralog Edc2 and mammalian PNRC217.  Additionally, Edc1-type coactivators contain a 

conserved short linear (Dcp2) activation motif that stimulates the catalytic step of decapping. 

Crystallographic and solution NMR analyses of Dcp1:Dcp2 with m7GDP product and substrate 

analog reveal the activation motif stabilizes the regulatory and catalytic domains of the enzyme in 

orientations compatible with formation of a composite active site18. In the absence of Edc1 or 

related cofactors, Dcp1:Dcp2 is dynamic and forms nonproductive interactions with substrate 

RNA18, which reduce catalytic efficiency.  In several crystal structures of Dcp1:Dcp2, the 

composite active site is occluded (PDBID: 2QKM, 5J3Y, 5QK1), and it has been suggested that 

these forms of the enzyme exist in solution as nonproductive states of unknown function18–20.  

Edc1 has genetic interactions with Edc3 in yeast and both proteins form physical 

interactions with Dcp1:Dcp221, suggesting they work together to promote decapping.  Edc3 is 

important for decapping and subsequent 5’-3’ decay of pre-mRNA and mRNA targets in budding 

yeast22,23,  general decapping in fission yeast24, and decay of  miRNA targets in Drosophila25; 

while mutations in human Edc3 are associated with defects in neuronal development26.  Edc3 

binds to fungal Dcp2 or metazoan Dcp1 through interactions with C-terminal extensions 

containing short leucine rich helical motifs (HLMs)27. Recent crystallographic and genetic 

experiments in S. cerevisiae determined Pat1, a central component of the decapping machinery, 

also interacts with HLMs in Dcp2, demonstrating the importance of HLMs in mediating protein-

protein interactions to control decay28. Moreover, the HLMs are important for recruitment to P-

bodies in vivo20 and for phase-separation in vitro27. However, the molecular mechanisms for how 

Edc3 stimulates decapping are not well understood. 
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Genetic studies in budding yeast indicate the disordered C-terminus of Dcp2 is a major 

site of regulation of decapping. He and Jacobson identified regions in the C-terminus that recruit 

positive regulators of decapping, including Edc3 and Pat1, to promote turnover of specific 

transcripts29. 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 Edc329. These results suggest Dcp2 is autoinhibited, 

but a biochemical and structural understanding of how the C-terminus acts to inhibit 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 Dcp1:Dcp2 from recombinant 

components and show that it is autoinhibited by its C-terminal extension. Within this extension, 

we identify a proline-rich region that contains two 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 recalcitrant to Edc1 activation 

and that Edc3 works synergistically to make the complex more amenable to Edc1 dependent 

activation.  Finally, we identify a conserved amino acid in the structured core domain of Dcp2 

which when mutated quenches ms-µs dynamics of Dcp2, restores activity of the inhibited 

complex, and bypasses the Edc3 mediated alleviation 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 solution and has appeared in numerous crystal structures.  

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

The C-terminus of S. pombe Dcp2 is predicted to be highly disordered (Fig. 2.1a). To 

determine its functional role in decapping, Dcp1 was co-expressed with the C-terminally extended 
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Dcp2 (Dcp1:Dcp2ext) and purified to homogeneity. A C-terminal boundary ending at residue 504 

was chosen by sequence conservation and optimization of expression (Table S2.1).  This 

construct contains regions of the protein that were excised in prior biochemical studies due to 

sub-optimal expression levels30,31.  Decapping activity of Dcp1:Dcp2ext was compared with that 

containing only the structured core domains (Dcp1:Dcp2core) comprised of Dcp1 and Dcp2 with 

the N-terminal regulatory (NRD) and catalytic domain (CD) using a cap-radiolabeled RNA as 

substrate. The rate of decapping by Dcp1:Dcp2core was faster than Dcp1:Dcp2ext (Fig. 2.1b).  

Fitted rate-constants indicated Dcp1:Dcp2ext was consistently slower than Dcp1:Dcp2core (Fig. 

2.1c,d);  this effect was not dependent on enzyme preparation. Dcp1:Dcp2ext purified as a well-

resolved, homogeneous peak on gel-filtration and is monodisperse under decapping reaction 

conditions, as indicated by dynamic light-scattering (Fig. S2.1 and Table S2.2).  These data 

suggest the C-terminal extension of Dcp2 has sequence motifs that can inhibit the decapping 

activity of the structured, core domains.  

Figure 2.1: The C-terminal extension of Dcp2 inhibits decapping. a, Block diagram of the domains of 
S. pombe Dcp2.  The magenta box (1-94) comprises the N-terminal regulatory domain (NRD) and the green
(95-243) comprises the catalytic domain, which contains the Nudix helix.  Grey bars are helical leucine-rich 

Nucleic Acids Research, 2018, Vol. 46, No. 12 6321
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Figure 1. The C-terminal extension of Dcp2 inhibits decapping. (A) Block diagram of the domains of S. pombe Dcp2. The magenta box (1-94) comprises the
N-terminal regulatory domain (NRD) and the green (95–243) comprises the catalytic domain, which contains the Nudix helix. Gray bars are helical leucine-
rich motifs (HLMs). The disorder tendency plot below was calculated using the IUPRED server (53) and regions above the dotted line are predicted to
have a higher propensity for being disordered. (B) Representative raw TLC (thin-layer chromatography) showing the formation of m7GDP product over 40
min. The lower spots are the RNA origin and the upper are the cleaved cap. (C) Representative plot of fraction m7GDP product versus time comparing the
catalytic core (Dcp1:Dcp2core) and inhibited C-terminally extended Dcp1:Dcp2ext. (D) A log-scale plot of the empirically determined rates from (C), where
the error bars are the population standard deviation, !. Difference in measured rates are significant as determined by unpaired t-test (see Supplementary
Table S3).

would destabilize the cap-occluded form of Dcp1:Dcp2,
permitting it to more readily populate the cap-accessible,
active conformation. Mutation of Y220 to glycine enhanced
decapping activity of the Dcp1:Dcp2core by 1.5-fold (Figure
3B) and we were able to observe cap binding in Dcp2core by
NMR (Supplementary Figure S4). We next assessed the ef-
fect of the Y220G mutation in Dcp1:Dcp2ext and observed a
6-fold increase in activity relative to wild-type Dcp1:Dcp2ext
(Figure 3B). These data suggest the cap-occluded confor-
mation of Dcp1: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-"s dy-
namics) where the NRD and the CD sample open and
closed, cap-occluded forms, with Dcp1 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-"s dynamics, resulting in the reappearance of broad-
ened cross-peaks. Upon mutation of Y220 to glycine in
Dcp2core, 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 13C-methyl ILVMA side-chain la-
beled Dcp2. Consistent with previous experiments, signifi-
cant dephasing of transverse magnetization from collective
ms-"s 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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motifs (HLMs).  The disorder tendency plot below was calculated using the IUPRED server53.  Where 
regions above the dotted line have a higher propensity for being disordered.  b, Representative raw TLC 
(thin-layer chromatography) showing the formation of m7GDP product over 40 minutes.  The lower spots 
are the RNA origin and the upper are the cleaved cap.  c, Representative plot of fraction m7GDP product 
versus time comparing the catalytic core (Dcp1:Dcp2core) and inhibited C-terminally extended Dcp1:Dcp2ext. 
d, A log-scale plot of the empirically determined rates from c, where the error bars are the population 
standard deviation, σ. Difference in measured rates are significant as determined by unpaired t-test.  

Two motifs are required for autoinhibition of Dcp1:Dcp2 

Having determined that Dcp1:Dcp2ext was less active than Dcp1:Dcp2core, 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 hypothesized 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 structure32,33.  Using this 

approach, we identified two possible inhibitory motifs: a proline-rich sequence (PRS) that aligns 

to the inhibitory element identified in budding yeast29 previously shown to bind fission yeast 

Dcp134, and a highly conserved stretch of amino acids that strongly resembles Dcp1-binding 

motifs in Edc1-like coactivators (Fig. 2.2a, Fig. S2.2). We term these regions IM1 and IM2, 

respectively. Next, we queried whether deletion of these conserved regions, alone or in 

combination, would alleviate autoinhibition. The Dcp1:Dcp2 complexes where either putative IM1 

or IM2 were deleted alone or in tandem were purified to homogeneity (Fig. S2.1). Deletion of a 

region containing IM1 (residues 267-350 in Dcp2) revealed that it partially contributes to 

autoinhibition in Dcp1:Dcp2ext  (Fig. 2.2b,c);  this region was previously observed to have no effect 

on decapping activity when added in trans to Dcp1:Dcp2core
34. Likewise, deletion of IM2 restored 

activity in Dcp1:Dcp2ext to a similar degree as deletion of IM1 (Fig. 2.2b,c). Furthermore, we found 

that a peptide of IM2 (residues 399-432) directly interacts with Dcp1:Dcp2core in trans (Fig. S2.2c). 

The combined removal of these regions fully restored the activity of Dcp1:Dcp2ext to that of 

Dcp1:Dcp2core (Fig. 2.2b,c). Additionally, internal deletions of nonconserved regions in the C-

terminal extension did not show an increase in activity relative to Dcp1:Dcp2ext (Fig. S2.2d). We 
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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 Dcp1:Dcp2. 

Figure 2.2: Two motifs are required for autoinhibition of Dcp1:Dcp2ext. a, Block diagram colored as in 
Fig. 2.1. with IM1 and IM2 regions colored and the sequence conservation54 for each motif shown below.  
IM1 contains proline and phenylalanine residues similar to the negative regulatory element identified in 
budding yeast (Fig. S2.2B), while IM2 is absolutely conserved in all fission yeast.  b, Plot with fits for fraction 
of m7GDP versus time comparing the activity of Dcp1:Dcp2ext where either IM1, IM2 or both are internally 
deleted.  c, Bar graph of the relative enzymatic activity of the various Dcp1:Dcp2ext complexes compared 
to Dcp1:Dcp2core.  Each IM contributes to the inhibitory effect of the c-terminal regulatory region (CRR). The 
error bars are the population standard deviation, σ. Differences in observed rates are significant except for 
Dcp1:Dcp2core relative to Dcp1:Dcp2(Δ267-350/ΔIM2) and Dcp1:Dcp2(Δ267-350) relative to 
Dcp1:Dcp2(ΔIM2) as determined by unpaired t-test. 

A conserved surface on the catalytic domain of Dcp2 is required for autoinhibition 

Enzymes that are regulated by autoinhibition typically exist in an inactive conformation 

that is distinct from the catalytically active form, which can block substrate recognition and 

catalysis35.  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 Dcp1:Dcp2 structure (Song et al 2008, PDB 2QKM) could resemble an inactive 

conformation of the enzyme since the substrate binding site is occluded20,36.  Recently, it was 

shown by NMR that this closed form of Dcp1:Dcp2 is significantly populated in solution18.  We 

hypothesized the autoinhibited form of Dcp1:Dcp2 might correspond to this cap-occluded 
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Edc3 alleviates autoinhibition of Dcp1:Dcp2ext 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 Dcp1:Dcp2ext was incubated
with saturating concentrations of Edc3, a stable complex
was observed and decapping activity was completely re-
stored to rates observed for Dcp1:Dcp2core (Figure 5A 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 Dcp1:Dcp2ext
markedly attenuates stimulation by Edc3 and closely resem-
bles the extent of activation observed for Dcp1:Dcp2HLM-1,
which is a construct of Dcp1:Dcp2core containing a single
Edc3 binding site (Figure 5C). The differential activation
observed for Dcp1:Dcp2:Edc3 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 Dcp1:Dcp2HLM-1 and Dcp1:Dcp2ext (Figure 5D,
Supplementary Figure S5B). The Edc3 LSm domain was
sufficient to increase the activity of Dcp1:Dcp2ext to levels
comparable with Dcp1:Dcp2core; 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 Edc3 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 Dcp1:Dcp2ext, the LSm domain of
Edc3 does not provide any substantial increase in activity of
Dcp1:Dcp2HLM-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.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/46/12/6318/4956184 by gueston 12 July 2021

18



conformation.  This conformation is stabilized by several conserved residues that anchor the NRD 

to the CD of Dcp2, including W43, D47 and Y220 (Fig. S2.3). In this conformation, Y220 blocks 

access of W43 and D47 of the NRD to cap.  When Dcp2 is bound to m7G of cap in the catalytically-

active conformation, Y220 is displaced and W43 and D47 of the NRD make essential interactions 

with m7G (Fig. 2.3a)34,37.  Therefore, we reasoned mutation of Y220 would destabilize the cap-

occluded form of Dcp1:Dcp2, permitting it to more readily populate the cap-accessible, active 

conformation. Mutation of Y220 to glycine enhanced decapping activity of the Dcp1:Dcp2core by 

1.5-fold (Fig. 2.3b) and we were able to observe cap binding in Dcp2core by NMR (Fig. S2.4).  We 

next assessed the effect of the Y220G mutation in Dcp1:Dcp2ext and observed a 6-fold increase 

in activity relative to wild-type Dcp1:Dcp2ext (Fig. 2.3b).  These data suggest the cap-occluded 

conformation of Dcp1:Dcp2, which is observed in solution and in many crystal structures, could 

resemble the autoinhibited form of the enzyme containing the C-terminal extension. 

Figure 2.3:  Y220 stabilizes a cap-occluded state and alleviates inhibition. a, W43 and D47 that 
coordinate the m7G cap exist in conformations where they are either accessible or occluded by interaction 
with the conserved Y220G.  b, Plot of the relative activity of WT or Y220G Dcp1:Dcp2ext compared to the 
same mutation in Dcp1:Dcp2core. Dcp1:Dcp2ext exhibits a greater increase in kobs when Y220 is mutated as 
determined by an in vitro decapping assay.  The error bars are the population standard deviation, σ. All 
differences in reported rates are significant as determined by unpaired t-test. 
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To test these possibilities, we measured rates of decap-
ping by Dcp1: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 (Km) and the catalytic step of decap-
ping (kmax). Compared to Dcp1:Dcp2HLM-1, Dcp1:Dcp2ext
had a significant 6-fold reduction in kmax, 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 Dcp1:Dcp2ext were performed
in the presence of Edc3, there was a substantial 6-fold in-
crease in kmax and concomitant 5-fold decrease in Km rel-
ative to Dcp1:Dcp2ext alone (Figure 6B and D). Thus, the
observed 30-fold stimulation of Dcp1:Dcp2ext 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
Dcp1:Dcp2ext activity are in contrast to Dcp1:Dcp2HLM-1,
which in the presence of Edc3 had a similar 5-fold de-
crease in Km but not a significant change in kmax (Figure
6A and C). The observed 5-fold decrease in Km for both
Dcp1:Dcp2HLM-1 and Dcp1:Dcp2ext 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 Edc1 work together to activate decapping by
Dcp1:Dcp2 ext

Edc1 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 Dcp1:Edc1 interaction site, which
suggests these activators could work together to promote
decapping. To test this possibility, we titrated a peptide
of spEdc1 (residues 155–180) that contains the minimal
Dcp1 binding and Dcp2 activation motifs (Edc1-DAM,
see 43) against Dcp1:Dcp2ext or Dcp1:Dcp2core and deter-
mined if Edc3 changed the threshold of activation, defined
as a concentration of Edc1-DAM required for one-half
maximal activity (K1/2) (Figure 7A). For experiments with
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The Y220G mutation may activate decapping by destabilizing the cap-occluded 

conformation. To test this possibility, we used dynamic NMR spectroscopy. Previously, it had 

been noted that Dcp2 experiences global motions on the millisecond to microsecond timescale 

(ms-μs dynamics) where the NRD and the CD sample open and closed, cap-occluded forms, with 

Dcp1 enhancing the population of the latter state18,19.  W43 was identified as a “gatekeeper” 

required for these dynamics19.  Since Y220 makes interactions with W43 in the cap-occluded 

state, we reasoned the Y220 mutation would also quench global ms-µs dynamics, resulting in the 

reappearance of broadened cross-peaks.  Upon mutation of Y220 to glycine in Dcp2core, the 

expected cross-peaks from both the NRD and CD reappeared (Fig. S2.4), indicating dynamics 

were quenched similarly to the previously reported W43 mutation (Fig. 2.4a)19.  To corroborate 

that mutation of Y220 quenched the collective dynamics, we used CPMG spectroscopy on 13C-

methyl ILVMA side-chain labeled Dcp2. Consistent with previous experiments, significant 

dephasing of transverse magnetization from collective ms-µs motions in wild-type Dcp2 could be 

attenuated with increasing CPMG pulse rate (Fig. 2.4b, black filled circles)18,19.  In contrast to the 

wild-type, these dynamics are not present for the Y220G mutant (Fig. 2.4b, blue circles). We 

conclude that the Y220G mutation shifts the equilibrium from cap-occluded to the open 

conformation.  

20



Figure 2.4: Y220G mutation quenches ms-μsec dynamics in Dcp2core. a, Shown are the 15N HSQC 
spectra of WT Dcp2 residues 1-243 (black) and Dcp2 Y220G (cyan).  Selected residues with significant 
changes upon mutation are indicated.   b, Location of the four representative residues whose sidechain 
dynamics are presented are shown as orange spheres on the ATP-bound structure of DCP2 (2QKM), where 
the NRD is magenta, CD is green, catalytic Nudix helix is red and W43 and Y220 are displayed as sticks.  
Selected CPMG dispersion data at 800 MHz for WT (black circles) or Y220G (cyan circles).  WT data fit 
well to a two-site exchange model (Black lines), whereas Y220G data did not, indicating ms-μs dynamics 
are strongly reduced. 

Edc3 alleviates autoinhibition of Dcp1:Dcp2ext by stimulating the catalytic step 

Since the inhibitory motifs of Dcp2 are proximal to known Edc3 binding sites (the HLMs) 

we tested if Edc3 could alleviate autoinhibition.  When Dcp1:Dcp2ext was incubated with saturating 

concentrations of Edc3, a stable complex was observed and decapping activity was completely 

restored to rates observed for Dcp1:Dcp2core (Fig. 2.5a,b; Fig. S2.5; Table S2.3). Having 

identified a mutation in the catalytic domain of Dcp2core that destabilizes autoinhibition, we next 

examined whether this mutation bypasses activation by Edc3. Introduction of the Y220G mutation 

into Dcp1:Dcp2ext markedly attenuates stimulation by Edc3 and closely resembles the extent of 

activation observed for Dcp1:Dcp2HLM-1, which is a construct of Dcp1:Dcp2core containing a single 

Edc3 binding site (Fig. 2.5c). The differential activation observed for Dcp1:Dcp2:Edc3 complexes 

6324 Nucleic Acids Research, 2018, Vol. 46, No. 12

Figure 4. Y220G mutation quenches ms-!s dynamics in Dcp2core. (A) Shown are the 15N HSQC spectra of WT Dcp2 residues 1–243 (black) and Dcp2
Y220G (cyan). Selected residues with significant changes upon mutation are indicated. (B) Location of four representative residues whose sidechain dy-
namics are presented are shown as orange spheres on the ATP-bound structure of Dcp2 (2QKM), where the NRD is magenta, CD is green, catalytic
Nudix helix is red and W43 and Y220 are displayed as sticks. CPMG dispersion curves were recorded at 800 MHz for WT (black circles) and Y220G (cyan
circles). WT data fit well to a two-site exchange model (Black lines), whereas Y220G data did not, indicating ms-!s dynamics are strongly reduced.

Dcp1:Dcp2ext, the K1/2 was shifted 3.5-fold higher com-
pared to the Dcp1:Dcp2core (Figure 7B). In addition, even
at saturating concentrations, Edc1 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 K1/2 for Edc1-DAM activation of Dcp1:Dcp2ext
to within error of Dcp1:Dcp2core and rescued the maximal
observed rate. A maximum rate of 6.2 min−1 was observed
when Edc1 and Edc3 were present at saturating concentra-
tions, which is greater than the maximum rate observed for
the Dcp1:Dcp2core saturated with Edc1. These observations
suggest Edc1-DAM alone is not sufficient to fully activate
decapping of Dcp1:Dcp2ext 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 Dcp1:Dcp2ext by Edc1 requires Edc3
to achieve maximal activation (∼500-fold), and we provide
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with and without the C-terminal extension containing autoinhibitory motifs indicates Edc3 utilizes 

multiple mechanisms to enhance decapping. 

 
Figure 2.5:  Edc3 alleviates autoinhibition of Dcp1:Dcp2ext. a, Block diagram of the Dcp2 and Edc3 
used in the subsequent decapping assays.  Edc3 consists of an LSm domain that interacts with HLMs and 
a YjeF N domain that provides an RNA binding surface when dimerized.  b, Decapping activity of 
Dcp1:Dcp2ext incubated with excess Edc3, LSm domain or YjeF N domain. c, Logscale plot of decapping 
rate of Dcp1:Dcp2HLM-1 [blue], Dcp1:Dcp2HLM-1 Y220G [green], Dcp1:Dcp2ext [gray], or Dcp1:Dcp2ext Y220G 
[yellow] where the darker bar is the rate with excess Edc3. The error bars are the population standard 
deviation, σ. Differences in observed rates are significant except for Dcp1:Dcp2HLM-1 Y220G relative to 
Dcp1:Dcp2HLM-1Y220G:Edc3 and Dcp1:Dcp2ext Y220G relative to Dcp1:Dcp2ext Y220G:Edc3 as determined 
by unpaired t-test. d, Comparison of the relative fold activation of Dcp1:Dcp2ext versus Dcp1:Dcp2HLM-1 with 
the various Edc3 constructs. 

 
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 domain20,38. To dissect 

the contributions from these domains in enhancing decapping, we compared their activation of 

Dcp1:Dcp2HLM-1 and Dcp1:Dcp2ext (Fig. 2.5d, Fig. S2.5b). The Edc3 LSm domain was sufficient 

to increase the activity of Dcp1:Dcp2ext to levels comparable with Dcp1:Dcp2core; whereas addition 

of the Edc3 Yjef N domain in isolation had no effect on decapping activity (Fig. 2.5d).  These 
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evidence that such control of decapping is achieved by fac-
tors acting on distinct conformational substates.

Decapping by Dcp1: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 Dcp1:Dcp2 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 m7G 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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results indicate binding of the Edc3 LSm domain to the HLMs in Dcp2 is sufficient to alleviate 

autoinhibition of the C-terminal regulatory region of Dcp2, but full-activation requires the Yjef N 

domain. In contrast to Dcp1:Dcp2ext, the LSm domain of Edc3 does not provide any substantial 

increase in activity of Dcp1:Dcp2HLM-1; whereas a 5-fold increase in decapping is observed upon 

addition of full-length Edc3. These observations suggest Edc3 activates decapping both by 

alleviating autoinhibition to enhance the catalytic step and by promoting RNA binding. 

To test these possibilities, we measured rates of decapping by Dcp1:Dcp2 in the presence 

and absence of saturating Edc3 under single-turnover conditions. This approach allows us to 

determine the contributions of Edc3 activation to RNA binding (Km) and the catalytic step of 

decapping (kmax). Compared to Dcp1:Dcp2HLM-1, Dcp1:Dcp2ext had a significant 6-fold reduction in 

kmax, indicating autoinhibition occurs in the catalytic step (Fig. 2.6a-d, compare lower curves in 

a,b; light blue and light gray bars in c,d). When kinetics for Dcp1:Dcp2ext were performed in the 

presence of Edc3, there was a substantial 6-fold increase in kmax and concomitant 5-fold decrease 

in Km relative to Dcp1:Dcp2ext alone (Fig. 2.6b,d). Thus, the observed 30-fold stimulation of 

Dcp1:Dcp2ext by Edc3 (Fig. 2.5c,d) can be broken down as 6-fold from alleviation of autoinhibition 

by the its LSm domain binding HLMs in the extended C-terminus of Dcp2, and 5-fold deriving 

from RNA binding by Edc3. The effects of Edc3 on Dcp1:Dcp2ext activity are in contrast to 

Dcp1:Dcp2HLM-1, which in the presence of Edc3 had a similar 5-fold decrease in Km but not a 

significant change in kmax (Fig. 2.6a,c). The observed 5-fold decrease in Km for both 

Dcp1:Dcp2HLM-1 and Dcp1:Dcp2ext is in good agreement with the reported ability of Edc3 to bind 

RNA and suggests Edc3 predominantly provides additional RNA binding capacity in the absence 

of autoinhibition37,39. Therefore, the mechanism of activation by Edc3 is a combination 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. 
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Figure 2.6: Edc3 alleviates autoinhibition and promotes RNA binding. a, Plot of kobs versus 
Dcp1:Dcp2HLM-1 concentration in the absence (light blue) or presence (dark blue) of saturating 
concentrations of Edc3. Error bars represent population standard deviation, σ. b, Plot of kobs versus 
Dcp1:Dcp2ext concentration in the absence (light gray) or presence (dark gray) of saturating concentrations 
of Edc3. Error bars represent population standard deviation, σ. c, Comparison of fitted kmax (top) and Km,app 
(bottom) values from panel a for Dcp1:Dcp2HLM-1 with or without saturating Edc3 (colored as in panel a). 
There is not a significant change in kmax upon addition of Edc3 (as determined by unpaired t-test) but Km,app 
is 5-fold decreased. d, Comparison of fitted kmax (top) and Km,app (bottom) values from panel b for 
Dcp1:Dcp2ext with or without saturating Edc3 (colored as in panel b). There is a 6-fold increase in kmax upon 
incubation with Edc3 and Km,app decreases by 5-fold. Error bars are population standard deviation, σ. 

Edc3 and Edc1 work together to activate decapping by Dcp1:Dcp2ext

Edc1 stimulates the catalytic step of decapping by stabilizing the composite cap binding 

site of Dcp2 formed by the N-terminal regulatory and catalytic domains18.  Here we have shown 

Edc3 alleviates autoinhibition by binding sites distal from the Dcp1:Edc1 interaction site, which 

suggests these activators could work together to promote decapping.  To test this possibility, we 

6326 Nucleic Acids Research, 2018, Vol. 46, No. 12

Figure 6. Edc3 alleviates autoinhibition and promotes RNA binding. (A) Plot of kobs versus Dcp1:Dcp2HLM-1 concentration in the absence (light blue)
or presence (dark blue) of saturating concentrations of Edc3. Error bars represent population standard deviation, !. (B) Plot of kobs versus Dcp1:Dcp2ext
concentration in the absence (light gray) or presence (dark gray) of saturating concentrations of Edc3. Error bars represent population standard deviation,
!. (C) Comparison of fitted kmax (top) and Km,app (bottom) values from panel A for Dcp1:Dcp2HLM-1 with or without saturating Edc3 (colored as in panel
A). There is not a significant change in kmax upon addition of Edc3 (as determined by unpaired t-test, see Supplementary Table S3) but Km,app is 5-fold
decreased. (D) Comparison of fitted kmax (top) and Km,app (bottom) values from panel B for Dcp1:Dcp2ext with or without saturating Edc3 (colored as in
panel B). There is a 6-fold increase in kmax upon incubation with Edc3 and Km,app decreases by 5-fold. Error bars are the population standard deviation,
!.
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titrated a peptide of spEdc1 (residues 155-180) that contains the minimal Dcp1 binding and Dcp2 

activation motifs (Edc1-DAM, see ref 40) against Dcp1:Dcp2ext or Dcp1:Dcp2core and determined if 

Edc3 changed the threshold of activation, defined as a concentration of Edc1-DAM required for 

one-half maximal activity (K1/2) (Fig. 2.7a).  For experiments with Dcp1:Dcp2ext, the K1/2 was 

shifted 3.5-fold higher compared to the Dcp1:Dcp2core (Fig. 2.7b).  In addition, even at saturating 

concentrations, Edc1 was unable to fully overcome the inhibitory effect of the Dcp2 C-terminal 

extension in the absence of Edc3.  In contrast, addition of Edc3 returned the K1/2 for Edc1-DAM 

activation of Dcp1:Dcp2ext to within error of Dcp1:Dcp2core and rescued the maximal observed rate. 

A maximum rate of 6.2 min-1 was observed when Edc1 and Edc3 were present at saturating 

concentrations, which is greater than the maximum rate observed for the Dcp1:Dcp2core saturated 

with Edc1.  These observations suggest Edc1-DAM alone is not sufficient to fully activate 

decapping of Dcp1:Dcp2ext and instead requires Edc3 to fully stimulate the rate of the 

autoinhibited complex greater than 500-fold (Fig. S2.6).  

Figure 2.7: Edc1 and Edc3 coordinate to activate the Dcp1:Dcp2ext complex. a, Plot of kobs versus 
Edc1 concentration for the catalytic core (orange), autoinhibited complex (cyan), or the autoinhibited 
complex (Dcp1:Dcp2ext) saturated with Edc3 (purple).  Error bars are population standard deviation, σ.  b, 
Bar graphs showing the k1/2 Edc1 activation (apparent kd) determined from the fits in panel a for Edc1 
dependent activation with same colors as in A.  Error bars are standard error. 

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 decay27.  While progress has been made on this front, much less is known regarding the 
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A B C

Figure 8. Model for autoinhibition, Edc3 alleviation and Edc3/Edc1 combined activation. (A) Autoinhibited conformation of the decapping holoenzyme.
Dcp1 is yellow-gold, and the NRD and CD of Dcp2 are magenta and green, respectively. IM1&IM2, shown in red, stabilize this inactive conformation by
making contacts with the core domains. The grey boxes are HLMs. (B) Edc3, shown in cyan, alleviated inhibition by binding to the HLMs, which disrupts
the IM1&IM2 interaction with the Dcp1:Dcp2core. (C) Representation of the activated Dcp1:Dcp2 structure where Edc1, orange, stabilizes a composite
active site formed by the NRD and CD. Edc3 frees up the Dcp1:Edc1 binding site from IM1 & IM2.

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.

Dcp1:Dcp2core 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 Dcp1:Dcp2core 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 Dcp1:Dcp2ext and it binds the
HLMs found in the Dcp2 C-terminal extension (Figure 8B).
Prior NMR studies indicate Edc1 and IM1 of the Dcp2
C-terminal extension bind the same surface on Dcp1 (37);
moreover, we show here that IM2 binds Dcp1:Dcp2core in
trans and that Edc3 can lower the threshold for activation
by Edc1. 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 Edc1 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
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regulatory functions of intrinsically disordered regions (IDRs) that are replete 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 relies 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 increased RNA binding affinity 

through its RNA binding domain.   Stimulation of Dcp1:Dcp2ext by Edc1 requires Edc3 to achieve 

maximal activation (~500-fold), and we provide evidence that such control of decapping is 

achieved by factors acting on distinct conformational substates.   

Decapping by Dcp1:Dcp2 requires formation of a composite 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 composite active site are far apart, or a closed form 

where residues on the NRD that engage cap to promote catalysis are occluded18. Several 

observations suggest the closed, cap-occluded form of Dcp1:Dcp2 is representative of the 

autoinhibited form containing the C-terminal extension (Fig. 2.8a).  First, this conformation has 

been observed in a variety of crystal structures and in solution18,37,38,40,41.  Second, it is 

incompatible with cap recognition, since essential residues of the NRD that contact the m7G 

moiety (W43 and D47) are blocked by a conserved amino acid on the CD (Y220) (Fig. S2.3).   

Third, mutation of a conserved Tyr predicted to stabilize this nonproductive state increases the 

catalytic activity, destabilizes the “occluded” state in solution and disrupts the inhibitory effect of 

the Dcp2 extension (Figs. 2.3,2.4). Fourth, the C-terminal extension reduces that catalytic step 

of decapping, consistent with the composite active site of Dcp2 being occluded.  
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Figure 2.8: Model for autoinhibition, Edc3 alleviation and Edc3/Edc1 combined activation. a, 
Autoinhibited conformation of the decapping holoenzyme.  Dcp1 is yellow-gold, and the NRD and CD of 
Dcp2 are magenta and green, respectively.  IM1&IM2, shown in red, stabilize this inactive conformation by 
making contacts with the core domains.  The grey boxes are HLMs.  b, Edc3, shown in cyan, alleviated 
inhibition by binding to the HLMs, which disrupts the IM1&IM2 interaction with the Dcp1:Dcp2core.  c, 
Representation of the activated Dcp1:Dcp2 structure where Edc1, orange, stabilizes a composite active 
site formed by the NRD and CD.  Edc3 frees up the Dcp1:Edc1 binding site from IM1 & IM2.   

In budding yeast, there is clear evidence of autoinhibition, as excision of a short linear 

motif in the C-terminus bypasses the requirement for Edc3 for degradation of target transcripts 

(29). Notably, introduction of the equivalent Y220 mutation in budding yeast resulted in a 

temperature sensitive phenotype, suggesting the cap-occluded conformation may be important 

for maintaining proper mRNA degradation in vivo42. 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 (Fig. S2.2a,b).  Future studies will be required to identify Edc3 dependent mRNAs 

in fission yeast and how they are dependent on autoinhibition as described here. 

Dcp1:Dcp2core makes fast excursions between the open and cap-occluded states19,34, 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 Dcp1:Dcp2core in 

trans (Fig. S2.2c and 34). We cannot exclude the possibility that the inhibitory motifs may stabilize 

another conformation 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 superfamily, where motifs flanking the functional 

domains stabilize an inactive conformation of the enzyme, with structural variation amongst family 
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Figure 8. Model for autoinhibition, Edc3 alleviation and Edc3/Edc1 combined activation. (A) Autoinhibited conformation of the decapping holoenzyme.
Dcp1 is yellow-gold, and the NRD and CD of Dcp2 are magenta and green, respectively. IM1&IM2, shown in red, stabilize this inactive conformation by
making contacts with the core domains. The grey boxes are HLMs. (B) Edc3, shown in cyan, alleviated inhibition by binding to the HLMs, which disrupts
the IM1&IM2 interaction with the Dcp1:Dcp2core. (C) Representation of the activated Dcp1:Dcp2 structure where Edc1, orange, stabilizes a composite
active site formed by the NRD and CD. Edc3 frees up the Dcp1:Edc1 binding site from IM1 & IM2.

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.

Dcp1:Dcp2core 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 Dcp1:Dcp2core 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 Dcp1:Dcp2ext and it binds the
HLMs found in the Dcp2 C-terminal extension (Figure 8B).
Prior NMR studies indicate Edc1 and IM1 of the Dcp2
C-terminal extension bind the same surface on Dcp1 (37);
moreover, we show here that IM2 binds Dcp1:Dcp2core in
trans and that Edc3 can lower the threshold for activation
by Edc1. 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 Edc1 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
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members43. Detailed structural studies will be required to define the precise mode of 

autoinhibition. 

How does Edc3 alleviate autoinhibition and allow full activation by Edc1? The Lsm domain 

of Edc3 is sufficient to alleviate autoinhibition in Dcp1:Dcp2ext and it binds the HLMs found in the 

Dcp2 C-terminal extension (Fig. 2.8b). Prior NMR studies indicate Edc1 and IM1 of the Dcp2 C-

terminal extension bind the same surface on Dcp134; moreover, we show here that IM2 binds 

Dcp1:Dcp2core in trans and that Edc3 can lower the threshold for activation by Edc1.  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 interaction with the structured, core 

domains, allowing the enzyme to undergo a conformational change from an inactive to an active, 

cap-accessible conformation that is stabilized by Edc1 (Fig. 2.8c). In this way, the coactivators 

Edc3 and Edc1 coordinate to destabilize the inactive, autoinhibited form and consolidate the 

catalytically active conformation, respectively.  

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

that indicate decapping coactivators work together to promote 5’ mediated decay.  First, synthetic 

growth defects are observed when Edc1 and Edc3 are deleted in yeast strains where Dcp2 is 

essential21. Second, deletion of an inhibitory motif in budding yeast Dcp2 bypasses the 

requirement of Edc3 for decapping on specific RNAs29. Third, additional proteins such as Scd6 

and Pat1 have synthetic genetic interactions with Edc3 and form physical interactions with the 

HLMs found in the C-terminal extension of Dcp228. Clearly the combinatorial control of Dcp1:Dcp2 

activity we observe in vitro by Edc1 and Edc3 is well supported by functional studies in cells and 

the general principles observed here may be applicable to other activators such as Scd6 and 

Pat1.  

In general, any protein that contains an HLM interaction domain such as the LSm domain 

of Edc3 would promote alleviation of autoinhibition from the Dcp2 C-terminal extension. The 

fusion of an HLM interaction domain to an RNA binding domain could further increase the 

28



activation of the decapping enzyme through increased RNA binding capacity.  For example, the 

C-terminal extension of Dcp2 could provide rationale for Pat1’s strong effect on decapping in

vivo44,45, since Pat1 can bind HLMs and is linked to the Lsm1-7 complex46–49 that binds 

oligoadenylated RNA intermediates during bulk 5’-3’ decay.  Further studies will be required to 

investigate how pathway specific activators such as Pat1 activate decapping through interactions 

with the C-terminal extension of Dcp2.   

We suggest the observations reported in this work on fungal proteins could be conserved 

in metazoans. The HLM of the fungal Dcp2 has been transferred to a long C-terminal extension 

of Dcp127.  A structure of the Edc3 LSm domain and the HLM in Dcp1 from D. melanogaster is 

consistent with this interaction being evolutionarily important20.  Transfer of regulatory short linear 

interaction motifs to different subunits of a conserved complex is a common theme in eukaryotic 

biology27,32.   An important area for future research is to determine if the inhibitory motifs of Dcp2 

have also been transferred to different subunits of the decapping complex by evolutionary 

rewiring.   

In this work, we have characterized an additional mechanism 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 autoinhibition to promote catalysis and is required for full 

stimulation of Dcp1/Dcp2 by Edc1. This combinatorial activation suggests decapping by Dcp2 can 

be controlled 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. 

METHODS 

Protein expression and purification 

A pRSF containing polycistronic His-Gb1-tev-Dcp1:Dcp2(1-504)-strepII was used to 

coexpress the C-terminally extended Dcp1:Dcp2 complexes.  Both the Dcp1 and Dcp2 sequences 

were codon-optimized for Escherichia coli from Integrated DNA Technologies and were cloned 
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into a pRSF vector using Gibson assembly.  The Dcp2 sequence contained a ribosome binding 

site (rbs) upstream and the Dcp1 was cloned behind the endogenous T7 promotor and rbs within 

the vector.  The His-Gb1-tev-Dcp1:Dcp2(1-504)-strepII were expressed in E. coli BL21(DE3) 

(New England Biolabs) grown in LB medium.  Cells were grown at 37 °C until they reached an 

OD600 = 0.6-0.8, when they were transferred to 4 °C for 30 minutes before induction by addition 

of 0.5mM IPTG (final concentration).  Cells were induced for 16-18 hours at 18 °C.  Cells were 

harvested at 5,000g, lysed by sonication (50% duty cycle, 3x1min), and clarified at 16,000g in 

lysis buffer (buffer composition goes here). The protein complex was purified in a two-step affinity 

purification: Ni-NTA agarose affinity column followed by strep-tactin high-capacity superflow and 

elution with 5mM d-desthiobiotin.  The His-Gb1 tag was removed by addition of TEV protease 

overnight at 4 °C.  The complex was further purified by size-exclusion chromatography on a GE 

Superdex 200 16/60 column in storage buffer (50mM HEPES, 100mM NaCl, 5% glycerol, 5mM 

DTT pH 7.5).  The purified complex was concentrated, 20% v/v (final) glycerol was added, and 

then flash frozen in LN2 for kinetics studies.  Dcp1:Dcp2(1-504) internal deletion constructs (IM1, 

IM2 and IM1&IM2) were generated by whole-plasmid PCR with 5’Phosphorylated primers.  

Dcp1:Dcp2 (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 plasmid which already contained a His-TRX-tev coding sequence.  The 

LSm and YjeF N domain containing plasmids were created by whole-plasmid PCR with 5’-

phosphorylated primers.  The Edc3 constructs were purified as described30 with a modification to 

elute constructs from size-exclusion chromatography in the storage buffer described above. 

Kinetic assays 

Single-turnover in vitro decapping assays were carried out as previously described49.  

Slight alteration to the buffer (brought up volume in storage buffer with additional 20% v/v 

glycerol). A 32P-labeled 355-nucleotide RNA substrate (containing a 15-nucleotide poly(A) tail) 
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derived from S. cerevisae MFA2 mRNA was used for all the decapping assays; where the m7G 

cap is radiolabeled on the α phosphate such that, upon decapping, the excised m7GDP product 

could be detected by TLC and autoradiography.  Reactions were initiated by mixture of 30 μL 3× 

protein solution with 60 μL 1.5× RNA solution at 4 °C; final Dcp1:Dcp2 concentration was 1.5uM 

and the final RNA concentration was <100 pM.  For decapping assays containing Edc3; Edc3 

was added in 4-fold molar excess and the mixture was incubated at RT for 20 minutes before 

transferring to the 4 °C block.  For decapping assays containing Edc1, the peptide (synthesized 

by Peptide2.0) was added at the indicated concentration and the mixture was incubated at RT for 

20 minutes before transferring to the 4 °C block.   Samples were equilibrated for at least 30 

minutes 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 product m7GDP, and the fraction decapped 

was quantified with a GE Typhoon scanner and ImageQuant software.  Fraction m7GDP versus 

time were plotted and fit to a 1st-order exponential to obtain kobs; in the case of Dcp1:Dcp2(1-504) 

when the kinetics were too slow to obtain reliable exponential fits, kobs 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 D2O M9 minimal media with 15NH4Cl 

and 12C/2H-glucose as the sole nitrogen and carbon sources, respectively, and labeled precursors 

(Ile: 50 mg L-1, Leu/Val: 100 mg L-1, Met: 250 mg L-1, Ala: 100 mg L-1) 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 exclusion chromatography 

column equilibrated with pH 7.0 NMR buffer (21.1 mM NaH2PO4, 28.8 mM Na2PO4, 200 mM NaCl, 
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100 mM Na2SO4, 5 mM DTT). All 1H-15N HSQC and CPMG experiments were performed with 250 

μM protein at 303K 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 frequency 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 in50. 

Errors in R2,eff are reported as the pooled standard deviation determined using procedures 

outlined in51. Dispersion curves were fit to a two-site exchange model using the program 

cpmg_fitd8 (gift from D. Korzhnev and L. Kay, University of Toronto, Toronto, ON). 

Dynamic light scattering 

Samples of Dcp1:Dcp2core and Dcp1:Dcp2ext were prepared in a mock decapping reaction buffer 

lacking RNA substrate. 3X protein solutions were were mixed 1:2 with a mock substrate solution 

that did not contain any RNA. The final protein concentration in the solution was 1.5 μM and the 

final buffer composition of the reactions was as follows: 50mM TrisCl (pH 7.5 @ 25 °C), 12.5mM 

Hepes, 50mM NH4Cl, 25mM NaCl, 5mM MgCl2, 1mM DTT, 0.01% NP-40, 5% glycerol, 6U 

RNAsin, 0.1 mg/mL Acetylated-BSA. A control solution without protein was made the same way 

by leaving the protein out of the 3X solution. 30 μL of each sample was added to a corning 

black, clear bottom 384 well plate, which was spun down at ~150 xg to remove any air bubbles. 

Measurements were made using a DynaPro Plate Reader II system (Wyatt Technology) with a 

60 mW laser at ~830nm; this instrument has been modified by Wyatt Technology to have a 

larger beam width. Data were acquired and processed using the software Dynamics, version 1.7 

(Wyatt Technology). The laser power was auto adjusted by the software and the detector angle 

was 158°. Each radius value reported represents two independent measurements at 25 °C.  
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Fluorescence polarization (FP) assay 

N-terminally labelled 5FAM-IM2 peptide was synthesized by Peptide 2.0. The buffer used for

analysis was the standard decapping reaction buffer as described49. 45μL of 2X labeled peptide 

(6.8 nM) in 2X reaction buffer was mixed with an equal amount of protein in storage buffer 

(50mM Hepes (pH 7.5), 100mM NaCl, 5mM DTT, 20% glycerol). This was 2-fold serial diluted 

into a 1X labeled peptide (3.4 nM) in 1X reaction buffer. 40uL of each dilution was loaded into a 

Greiner black 384 well nonbinding plate and left to equilibrate for one hour at 25 °C. FP 

measurements were made using an Analyst plate reader (LJL Biosystems). All assays were 

performed in at least duplicate and the average values were plotted using Sigma Plot. Curve 

fitting for estimation of KD was performed using equations derived as previously described52.  

NMR m7GDP titration  

15N-labeled S. pombe Dcp2 for titration experiments was expressed with a N-terminal His-GB1-

TEV tag in E. coli grown in M9 minimal media containing 15N-ammonium chloride (15NH4Cl) as 

the sole nitrogen source and purified as described in the main text. For NMR titrations with 

m7GDP, Dcp2 was exchanged into nucleotide binding buffer (50 mM Hepes pH 7.0, 150 mM 

NaCl, 2 mM MgCl2, 5 mM DTT) using a BioRad desalting column. Titrations were carried out at 

100 μM protein with equimolar addition of m7GDP and MgCl2. Chemical shift perturbations were 

determined using the standard Euclidian equation: 

!"𝛿𝐻!"#$% − 𝛿𝐻&'((&
) + (0.2"𝛿𝑁!"#$% − 𝛿𝑁&'((&-

)

where the factor of 0.2 is used as a scaling factor for the nitrogen spectral width. Titration data 

were fitted to the standard hyperbolic binding equation if the observed perturbation between apo 

and 20 mM m7GDP for any residue was greater than the mean plus one standard deviation. 

Experimental KD values are reported as ± standard error.  
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SUPPLEMENTAL FIGURES 

Figure S2.1: Dcp1:Dcp2 containing C-terminal extension is monodisperse. a, Size exclusion 
chromatography of various Dcp1:Dcp2ext complexes with and without excisions of the noted inhibitory 
motifs on a GE Superdex 200 16/60 column. 

Fig S1: Dcp1:Dcp2 containing C-terminal extension is monodisperse
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Figure S2.2: Identification and characterization of inhibitory motifs in Dcp2 C-terminal extension. 
a, Sequence alignment of fission yeast Dcp2 proteins showing the boundaries of the NRD and CD, and 
the locations of the HLMs and IM1/IM2 in the Dcp1:Dcp2ext. b, Sequence alignment of IM1 from 
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                    P               F P                             M M N F SN QLF               F F LPI            .........A P V S M      ASMNGQP..... A  P M   N.............
                    P               F P                             M M N F SN QLF               F F LPL            .........T P A A V      ATMNGKP..... A  P M   N.............
                    P               F P                             M M N F SN QLF               F F LPL            .........T P A V M      ATMNGQP..... A  P M   TNNSNSANPIPTPV
                    P               F P                             M M N F SN QLF               F F LPL            .........T P A A L      ATMNGQP..... A  P M   T.............
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1 10 20 30 40 50 60

Pombe     MSF NATF QVLDDLS RF LN P EE  S ERLCFQIEQAHW YEDFIRA NDQLPSLG        S       A  I  L A  QS V            F       Q           T                                                        
Cryophilus MSF NATF QVLDDLS RF LN P EE  S ERLCFQIEQAHW YEDFIRA NDQLPSLG        S       A  I  L A  QS V            F       Q           K                                                        
Octosporus MSF NATF QVLDDLS RF LN P EE  S ERLCFQIEQAHW YEDFIRA NDQLPSLG        S       A  I  L A  QS V            F       Q           K                                                        
Japonicus MSF NATF QVLDDLS RF LN P EE  S ERLCFQIEQAHW YEDFIRA NDQLPSLG                V  L  I     N I            Y                   S    E               S  K                       E        

70 80 90 100 110 120

Pombe     LRVFSA LF HCPLLWKWSKVHEEAFDDFLRYKTRIPVRGAI L      C LVKGWKAS      K  A                                M D SMQ  V                                                     M   Q          
Cryophilus LRVFSA LF HCPLLWKWSKVHEEAFDDFLRYKTRIPVRGAI L      C LVKGWKAS      R  A                                L DKSLQR L        
Octosporus LRVFSA LF HCPLLWKWSKVHEEAFDDFLRYKTRIPVRGAI L      C LVKGWKAS      R  A                                M DKSLQR L        
Japonicus LRVFSA LF HCPLLWKWSKVHEEAFDDFLRYKTRIPVRGAI L      C LVKGWKAS      K                                   M  K M K L                 S                                  N E D           

130 140 150 160 170 180

Pombe     SGWGFPKGKI KDE DVDCA REVYEETGFD    IN    I  TIR QN RLYIIP             D   S     I           S R   NEF DM   G  V       IS                               C S   P                   G  
Cryophilus SGWGFPKGKI KDE DVDCA REVYEETGFD    IN    I  TIR QN RLYIIP             D   S     I             H   NEY EM   G  V      EMS                               LMG   P                      
Octosporus SGWGFPKGKI KDE DVDCA REVYEETGFD    IN    I  TIR QN RLYIIP             D   S     V           T H   NEY DM   G  V      EMS                               L G   S                      
Japonicus SGWGFPKGKI KDE DVDCA REVYEETGFD    IN    I  TIR QN RLYIIP                       I           T      DF EL      I      DL           N   A                S NW  EK        E           P

190 200 210 220 230 240

Pombe       T FES TRKEISKIEWH L DLPT K  K  T KNKFYMVIPFL PLKKWI KR    LD     R             M    F KN    M           A      K  NIAN   R               N           PQ                           
Cryophilus   T FES TRKEISKIEWH L DLPT K  K  T KNKFYMVIPFL PLKKWI KR    LD V   R           M A    Y KS TD V                  K  NMAT                                              T             
Octosporus   T FES TRKEISKIEWH L DLPT K  K  T KNKFYMVIPFL PLKKWI KR    LD A   R           M      Y KS TD V           A      K  NVAT                     T                                      
Japonicus   T FES TRKEISKIEWH L DLPT K  K  T KNKFYMVIPFL PLKKWI KR    ME V               L A    F  S SE             A      R   V         Q                    Q     .                     L SL

250 260 270 

Pombe                  AS QL  LL                               A     TTKE  ISVDVDAD  S  LS                       KSST        S  N    KN                 .....................    ...... P DL
Cryophilus                AS QL  LL                               A     TTKE  ISVDVDAD  S   S                       KSST        T  K    QG             F   .....................    ...... F TI
Octosporus                AS QL  LL                               A     TTKE  ISVDVDAD  S  LT                       KSST        N  K    QG                 .....................    ...... P VN
Japonicus                AS QL  LL                               A     S               T  LS                       RT             E KVQATK.......         KEPSSTATVAESANEKLLNML  PVQTQSQL APAR

280 290 300 310  

Pombe     P                              D K  IL  LN               P     S   Q         V S            I QK   L     EPKS   PI L  AT QP TFP .......PP E H.......SSF       H   EGN    ...  Q P 
Cryophilus   P                              D K  IL  LN               P L   Q  EQ        AVPQI       PP  I QK  TL     EPKQ    L I  P  IS PM  .......Q     .......  V           GNL    ...S P L 
Octosporus   P                              D K  IL  LN               P L   Q  EQ        AVPQL       PP  I QK  TL     EPKQ   PL I  S  IS PV  .......Q     .......  V           GNF    ...  P L 
Japonicus   P                              D K  IL  LN               P L   T  E         AAPTA       PP        NM       HQ   PM M  A  TA SE KLLALIRGP     STIQAPP  D Y AC      SGLSA  SAA  S P 

 320 330 340

Pombe          P   Q                  P                             VSNLP N P     N  LS     N   FD FAYLG                             L   .I SS SR  ...HD .NS        ........................
Cryophilus        P   Q                  P                             VSSLP Q P         N     S YGFD FAYLG                             Q   .R LDHSWP ...GP L          ........................
Octosporus        P   Q                  P                             VSSLP Q P     N  LN     S YGFD FAYLG                             Q   .R VD PW  ...GP L          ........................
Japonicus        P   Q                  P                             L             S  MN       FG   Y                             PVPNMH STT FQ PV  FAPTAPF  MS  QNFAQLHPAQGMYPVMSGPSTPQASRQM

350 360 370 380   

Pombe        LDP           PS   P              N                            KN            SF     RVV Q      MLTN     N          .....     .........  A   ....   S N....     KPVLN HFQQSMYSNL
Cryophilus      LDP           PS   P              N                            HN            SF     RVA T   P  VASNL    S   P    P .....     .........  E   ....   A GPP P      QFPT FSH PPPP F
Octosporus      LDP           PS   P              N                             N            SF     RVA S   P  VASNL    S   P    P .....   Q .........  E   ....   A GPP P      QFPD VNY SPPQ Y
Japonicus      LDP           PS   P              N                            H             T       II T   P      L    S   P    P ESTIP    IQQIMSNSTD  G L FTDPA  K NLQ A F..E PPMR FAA PQAM L

  390 400 410 420 430 440 

Pombe                         P P  LPSP T YH VF PP  T V                  QN    S         M S ME      V        TS S SSY        AY  LKD  .... VQHLFAASD          S    Q  Y          GLGKTPQP  GS
Cryophilus                     P P  LPSP T YH VF PP  T V                  SS    N         M S MD      V     H  TT S QSF        VY  PDY  PYVQ RENSSPEAT          K    E             KPEQKR.E  ND
Octosporus                     P P  LPSP T YH VF PP  T V                   N    N         M S MD      V     H  ST S QSF        VY  LEHR PYVQ RENFSPEAA          K    E             QPEQMR.E  ND
Japonicus                     P P  LPSP T YH VF PP  T V                  S               V T  E      M     H  S    TTF            PSQ D............SS    G     S    Q      M A    EKLEKN.A....

450 460 470 480 490

Pombe     S P VN      QT  I      Q  T  L    D    S  S    NSKRLL MLSQ   S Y  G....H  QQ SSLPPF SQ QF ARNS NSGQ YN EGDS      S    QD
Cryophilus T P LN      TN  I      Q  Q  M    D    N  S    SSRKLL MISS K H S  MQIPAY  QM DPFPTI HR K. KSFH ESSL .R QNDA      D    P 
Octosporus T P LN      TN  V      Q  Q  I    D    N       SSRKLL MISS K H K  IQNPPY  HT DPFAVI QQ QP NNVH EPTV .RLQNNA      D    P 
Japonicus                                           S     N     IV   K.........................................A KGNSD NTQER  GHK 

A.

NRD

NRD CD

CD

CD

CD HLM-1

HLM-2

IM2

IM1

IM1

HLM-3

500       510       520       530       540       550     

Pombe                                                           S    S        N  LANL L      T     N Q     DNL     N    N   HSTTP SSTLSKEA VQ    F TPNSLE KKFSD S GEEIS   HGESC NPNA . V
Cryophilus                                                         S    S   SRD  S  LVNV L      T     N N     ETI KP VS    QP  HSPAH FPT   GS QK    L S..... PKPDN V VPEKA   N  A  KLST   S
Octosporus                                                         S    S   SRD  S  LVNI L      T     N S     ETV KP VS    QP  HSPAR LPA   GS QK    L G..... DNSDV G IPNKT   H  I  NPPA   S
japonicus                                                         S        SRE                               EQ  KG AS    NP  QKPFTDD   ...............A...............  KS  Q  KQDS   V..

 560       570       580       590       600       610    

Pombe     LL  L                                                    Q  QA L PS        P     SL   T L    P  A            K  S VA       H  ATETKEET KKTSD  SLL L KSGL TP NDLQNKSQNNER AS Q K
Cryophilus   LL  L                                                    Q   A L PS        P     SA   N L   QPLE             K  S E   E   N  TF....SL SNLSS  ITN E NGA    TKAS........P PK RGV
Octosporus   LL  L                                                       QA L PT        P     SA   N     QPLEA            K  S IEH      N  SF....AK S....  AEK EP.GN     KPL........P PK T P
japonicus   LL  L                                                    Q  NI                    L     V   S AEA               T L.      TKAAEL....S........ NEKRQ KSK V   SRTQ..........S K Q

 620       630       640       650       660       670    

Pombe     EV     STD  K      R  E L  A    LL         V P  N  S    EL  KNYSK   LL KTLRIP ND P EA NQFD  KVSPQQKSE P KR EL QSKLKN
Cryophilus   DA      ND TR      K  E L  V    LL        SV P  N  T    QL  KSEAED  A  K..... KT A KN ....  ......GS  Q MA TS EVPIQL
Octosporus   DA     S E TR         E L  V    LL        SI P          QS  SDKPK V F  V.....ENT A KN ....  ......GR  Q TTADSKEVMTEH
Japonicus          SN  SK      K                      S     N  S    PTVSSPYKT  QF  GAT... KKSP................RV TPKRR GL GGKQTF

 680       690       700       710       720       730    

Pombe     K              P  VKILKR P                 D  F  YL  VV     E S T         G           D           K S D  LS  QS   SNRK K N E NKNHVDMS  F      S LA QKKEDTQESDF G   H         S
Cryophilus   K              P  VKILKR P                 D  F  YL  VV     D S Q         GS          E           K S E  LS  QS   TA A H I EPTTPGTF         A SS VDDKSKQTV.E S   Y         PWI
Octosporus   K              P  VKILKR P                 D  F  YL  VV     D S Q         GS          E           K S E  LS  Q    NQGI T G T KPATPGFF         A SA LEGKNHPTV.G S   Y      D  R
Japonicus   K              P  VKILKR P                 D  F  YL  VV                    N                        N    M    S   NTSP PVSPFGNK...ELT T       E VSKTRT........TA  SL  D  K   T

  740                                                     

Pombe       L                                                     S.NG H                                                    
Cryophilus     V                                                     IQLI K                                                    
Octosporus KR...T                                                    
Japonicus     A                                                     NPTG P                                                    

B.
 

                    P               F P                               L   S    N  I                F Y LGL              EGNEPKSPIQ PPV NLPL  P QSSNSRLSHDNNS D  A .   DPKNPSASFPRVVS
                    P               F P                                 L   W N  SLY               F Y LGL              .........PRQ DHS P G    G........... D  A .   DP............
                    P               F P                                 V N W N  SLY               F Y LGL              .........PRQ D P L G    G........... D  A .   DP............
                    P               F P                               M   T   QS  M                     GM              .........N HPS TQF   V N............ A TAPFF  SPYQNFAQLHQHPA
                    P               F P                               M M N F SN QLF               F F LPI              .........A P V S M      ASMNGQP..... A  P M   N.............
                    P               F P                               M M N F SN QLF               F F LPL              .........T P A A V      ATMNGKP..... A  P M   N.............
                    P               F P                               M M N F SN QLF               F F LPL              .........T P A V M      ATMNGQP..... A  P M   TNNSNSANPIPTPV
                    P               F P                               M M N F SN QLF               F F LPL              .........T P A A L      ATMNGQP..... A  P M   T.............
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Schizosaccharomyces (top four sequences) identified in this study aligned to the negative regulatory 
sequence in the C-terminus of Saccharomyces (bottom four sequences) identified by He and Jacobson. 
Numbering above alignment corresponds to position in S. pombe sequence and numbering below 
corresponds to S. cerevisiae sequence. c, Apparent Kd (μM) for the IM2 peptide (Dcp2399-434) in trans 
for the protein components listed as determined by direct binding fluorescence polarization. Errors are 
population standard deviation, σ. d, Relative activity of Dcp1:Dcp2 constructs with regions of the Dcp2 C-
terminus removed as determined by an in vitro decapping assay. Errors are population standard 
deviation, σ.  

 
Figure S2.3: Amino-acid conservation in cap-occluded conformation. Alignment of ATP bound form 
of Dcp2 (2QKM) colored as in Figure 4a with 5QK1 and 5J3Y showing the common cap-occluded 
conformation, where W43, D47 and Y220 make contacts. Alignments below show that Y220 is a 
conserved aromatic.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S2.4: W43 and Y220G mutations quench ms-μs dynamics in Dcp2core and Y220G allows 
for observation of cap binding by NMR. a, Common backbone amide resonances that reappear upon 

Fig S3: Amino-acid conservation in cap-occluded conformation

      210       220       230       240       250       260 

S. pombe                                  L                                       K K     NKFYMVIPF  P   WI  R    N   EK  S D          FK..... N PQTMK         LA  KK  KK NIAN TTK  NI V VDADASSQLL
H. sapien                                  L                                H NDMTPKSKLGLAPNKFFM IPFIRP  DWL  R GDS DSDN F S GSTP  P  E  R                  A       R   SR F   S    G S T    AK TV .
M. musculus                                   L                                H NDMTPKSKLGLAPNKFFM IPFIRP  DWL  R GDS DSDN F S GSTP  P  E  R                  A       R   SR F   S    G S A    AR TV .
X. laevis                                L                                H NDMTPKSKLGMAPNKFFMVIPFIRP  DWL    GDS DSDN F S GSTP  P  E  K                          R   HRKF   S    G A A    SK NA .
D. rerio                              L                                H NDMTPKSKLGLAPNKFFM IPF R   EWI    GES  SDE F SNGSTP  P     R                  A   M Q K   AKHK   TS   D A      CK FRS.
D. melanogaster                             L                                  ND   K KLG   N FFMI PFV     WV  R    E    KF  QQS       N NK  AIS A   KTS S    M   KR KK  ND KAGI PRRR  SG   PKAASPT M
S. cerevisiae                             L                                                KYYLI    RP   WL       NE Q K   EE          .......TMYKS..NI     NSMM   SM  RHQRQIK  D L SYA  QLKLLLG...
K. lactis                                      L                                                K FLV   IRP    V       DE   K   EE          .......AITKNEGSA V   NSM    SLY KNEKRAK  NKL LYA  HLKSILG...

Ω

Regulatory domain:

Catalytic domain:

Fig S4: W43 and Y220G mutations quench ms-µs dynamics in Dcp2

A.
Fig S4: m7G titration curves for selected resonances
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mutation of either W43 or Y220 in Dcp2core as displayed on the individual RD and CD. b, Plots of CSP 
(ppm) versus m7GDP concentration from HSQC cap binding titration experiments. Residues used to 
determine cap binding affinity with corresponding fits and representative cross-peaks show shifts with 
increasing [m7GDP]. Lower right graph compares average KD (mM) observed for Dcp2core Y220G in 
comparison to the isolated NRD and CD of Dcp2.  
 

 
Figure S2.5: Edc3 interaction with Dcp1:Dcp2ext and activity with Dcp1:Dcp2HLM-1. a, Analytical S200 
size-exclusion chromatograms of Dcp1:Dcp2ext or Edc3 alone or in complex with increasing excess of 
Edc3. SDS-PAGE of fractions from the center of the peaks from a given sizing chromatogram. b, 
Decapping activity of Dcp1:Dcp2ext incubated with excess Edc3, LSm domain or YjeF N domain.  

 

Figure S2.6: Comparison of rates with Edc3 and Edc1 of Dcp1:Dcp2ext and Dcp1:Dcp2core. Logscale 
comparison of the rates of Dcp1:Dcp2ext in complex with Edc1, Edc3 or both and Dcp1:Dcp2core in 
complex with Edc1.  

S5: Edc3 interaction with Dcp1:Dcp2ext and activity with Dcp1:Dcp2HLM-1
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Figure S2.7: Coomassie stained SDS-PAGE of purified proteins used in this study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

9 10 11

1. Dcp1:Dcp2 (1-243) 
2. Dcp1:Dcp2 (1-243) Y220G 
3. Dcp1:Dcp2 (1-266) 
4. Dcp1:Dcp2 (1-504) 
5. Dcp1:Dcp2 (1-504) Y220G
6. Dcp1:Dcp2 (1-504) ∆IM1
7. Dcp1:Dcp2 (1-504) ∆IM2
8. Dcp1:Dcp2 (1-504) ∆IM1/2
9. Edc3
10. LSm (1-94)
11. YjeF N (188-454)

Coomassie stained SDS-PAGE of purified proteins used in this study.
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Table S2.1: Table of constructs used in this study 

Table S2.2: Dynamic Light Scattering (DLS) of Dcp1:Dcp2ext and Dcp1:Dcp2core
Sample Mean radius ± σ (nm) 
Dcp1:Dcp2core 6.326 ± 0.1541 
Dcp1:Dcp2ext 6.322 ± 0.1475 

Protein Construct 
Amino Acid 
Boundaries 

Solubility/Purification 
Tags 

Plasmid 
Backbone Organism 

Dcp1/Dcp2core Dcp1: 1-127 
Dcp2: 1-243 

Dcp1: N-terminal His6-GB1-
TEV 

pYACYC S. pombe

Dcp1/Dcp2core(Y220G) Dcp1: 1-127 
Dcp2: 1-243 

Dcp1: N-His6-GB1-TEV pYACYC S. pombe

Dcp1/Dcp2HLM1 Dcp1: 1-127 
Dcp2: 1-266 

Dcp1: N-His6-GB1-TEV pYACYC S. pombe

Dcp1/Dcp2HLM1 
(Y220G) 

Dcp1: 1-27 
Dcp2: 1-266 

Dcp1: N-His6-GB1-TEV pRSF S. pombe

Dcp1/Dcp2ext Dcp1: 1-127 
Dcp2: 1-504 

Dcp1: N-His6-GB1-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Dcp1/Dcp2ext(Y220G) Dcp1: 1-127 
Dcp2: 1-504 

Dcp1: N-His6-GB1-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Dcp1/Dcp2ext(D267-
350) 

Dcp1: 1-127 
Dcp2: 1-504 
(D267-350) 

Dcp1: N-His6-GB1-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Dcp1/Dcp2ext(DIM2) Dcp1: 1-127 
Dcp2: 1-504 
(D399-434) 

Dcp1: N-His6-GB1-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Dcp1/Dcp2ext(D267-350 
& IM2) 

Dcp1: 1-127 
Dcp2: 1-504 
(D267-350) & 
(D399-434) 

Dcp1: N-His6-GB1-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Dcp1/Dcp21-444 Dcp1: 1-127 
Dcp2: 1-444 

Dcp1: N-His6-GB1-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Dcp1/Dcp2(D350-400) Dcp1: 1-127 
Dcp2: 1-504 
(D350-400) 

Dcp1: N-His6-GB1-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Edc3 Edc3: 1-454 N-terminal His6-TEV pET30b S. pombe
Edc3 Lsm domain Edc3: 1-94 N-terminal His6-TEV pET30b S. pombe
Edc3 YjeF N domain Edc3: 188-454 N-terminal His6-TEV pET30b S. pombe
Edc1 Direct Activation 
Motif (DAM) 

Edc1: 155-180 None (synthesized by 
Peptide2.0) 

N/A S. pombe

Protein Construct 
Amino Acid 
Boundaries 

Solubility/Purification 
Tags 

Plasmid 
Backbone Organism 

Dcp1/Dcp2core Dcp1: 1-127 
Dcp2: 1-243 

Dcp1: N-terminal His6-GB1-
TEV 

pYACYC S. pombe

Dcp1/Dcp2core(Y220G) Dcp1: 1-127 
Dcp2: 1-243 

Dcp1: N-His6-GB1-TEV pYACYC S. pombe
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Table S2.3: Mean kobs of 1.5 µM Dcp1:Dcp2 constructs 
Complex Mean kobs ± σ 

(min-1) 
Complex Mean kobs ± σ 

(min-1) 
Dcp1:Dcp2core 0.0892 ± 0.01 Dcp1:Dcp2HLM-1 0.2751 ± 0.0435 
Dcp1:Dcp2core 

(Y220G) 0.1361 ± 0.016 Dcp1:Dcp2HLM-1 0.1141 ± 0.0184 

Dcp1:Dcp2HLM-1 0.0658 ± 0.0005 Dcp1:Dcp2HLM-1 0.0578 ± 0.0085 

Dcp1:Dcp2ext 0.0114 ± 0.0007 Dcp1:Dcp2ext
+ Edc3 0.4116 ± 0.0476 

Dcp1:Dcp2ext
(Y220G) 0.0722 ± 0.0161 Dcp1:Dcp2ext

+ LSm 0.1077 ± 0.00765 

Dcp1:Dcp2 
(D267-350) 0.0508 ± 0.0025 Dcp1:Dcp2ext (Y220G) 

+ YjeF N 0.0166 ± 0.00055 

Dcp1:Dcp2 (DIM2) 0.0588 ± 0.0007 Dcp1:Dcp2ext (Y220G) 
+ Edc3 0.2351 ± 0.0035 

Dcp1:Dcp2 
(D267-350/IM2) 0.0812 ± 0.005 
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ABSTRACT 

Cells organize biochemical processes into biological condensates. P-bodies are cytoplasmic 

condensates enriched in enzymes important for mRNA degradation and have been identified as 

sites of both storage and decay. How these opposing outcomes can be achieved in 

condensates remains unresolved. mRNA decapping immediately precedes degradation and the 

Dcp1/Dcp2 decapping complex is enriched in P-bodies. Here, we show Dcp1/Dcp2 activity is 

modulated in condensates and depends on the interactions promoting phase separation. We 

find Dcp1/Dcp2 phase separation stabilizes an inactive conformation in Dcp2 to inhibit 

decapping. The activator Edc3 causes a conformational change in Dcp2 and rewires the 

protein-protein interactions to stimulate decapping in condensates. Disruption of the inactive 

conformation dysregulates decapping in condensates. Our results indicate regulation of 

enzymatic activity in condensates relies on a coupling across length scales ranging from 

microns to Ångstroms. We propose this regulatory mechanism may control the functional state 

of P-bodies and related phase-separated compartments. 

INTRODUCTION 

Organizing cellular processes into biomolecular condensates is a mechanism to regulate 

biochemistry in distinct ways: altering molecular conformation and organization to promote 

specificity, increasing local concentration to accelerate enzymatic activity, and coupling 

interactions to enforce reaction directionality1–10. The emergent properties afforded by formation 

of extensive interaction networks in condensates can also enhance enzymatic activity beyond 

local concentration effects11,12. Such enhancements could arise from the coupling of enzyme 

allostery to interactions spanning the diameter of condensates. How the collective properties 

across length scales are coupled to enzyme catalysis is poorly understood. 

Cellular mRNA is highly regulated through the assembly of messenger ribonucleoprotein 

(mRNP) complexes and many mRNPs accumulate in biomolecular condensates under normal 
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and stressed conditions13,14. P-bodies are a conserved class of biomolecular condensates 

enriched in proteins involved in 5’-3’ mRNA decay15–17. Although the molecular composition and 

interactions within P-bodies is well studied, their biological function is controversial. Several 

studies suggest P-bodies are sites of decay because colocalized mRNA are cleared over 

time16,18–20. Alternatively, P-bodies may function as sites of mRNA storage due to the absence of 

decay intermediates in sequencing and live cell imaging data15,21,22. Moreover, mRNAs exhibit 

context-dependent degradation in P-bodies and can be restored to the translating pool upon 

recovery from cell stress23–26. Given their heterotypic and dynamic nature, isolating and studying 

P-bodies is challenging and presents a hurdle in understanding their function.

Like other biomolecular condensates, P-body assembly relies on a network of redundant 

multivalent interactions between resident proteins mediated by intrinsically disordered regions 

(IDRs)27. Many 5’-3’ decay proteins contain structured domains flanked by IDRs important for 

interaction with RNA and protein cofactors28. This includes the conserved decapping complex—

comprised of the catalytic subunit Dcp2 and its obligate activator Dcp1—responsible for 

removing the 7-methylguanosine (m7G) cap from mRNA, committing the transcript to 

degradation29–31. Excision of disordered regions in the eukaryotic decapping complex inhibit its 

localization to P-bodies and leads to transcript dysregulation and conditional lethality32–34.  

The localization and regulation imparted by IDRs in the decapping complex are 

mediated through conserved short-linear interaction motifs28,32,33. Recently, positive and 

negative regulatory motifs were identified in the C-terminal IDR of yeast Dcp2 that affect 

decapping in vitro and in vivo35,36. This established a model where Dcp2 is autoinhibited and 

coactivators alleviate autoinhibition to increase mRNA binding and catalysis36,37. However, the 

molecular mechanisms for regulation of autoinhibition are not well understood.  

Edc3 is an activator of decapping responsible for regulating specific mRNAs and 

deadenylation-independent 5’-3’ decay in budding yeast34,38. Edc3 interacts with positive 

regulatory motifs in the C-terminus of Dcp2 to alleviate autoinhibition35,36,39,40. Edc3 localizes to 
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P-bodies and forms multivalent interactions with RNA and the Dcp-2 C-terminus to promote

liquid-liquid phase separation33,41,42. Initial studies suggested Edc3-mediated phase separation 

of Dcp1/Dcp2 inhibited decapping42. These studies indirectly measured Dcp1/Dcp2 activity in 

condensates as monitoring decapping in condensates is challenging. It remains unclear how 

phase separation regulates decapping. 

In this study, we address the relationship between molecular organization and function in 

minimal decapping condensates containing Dcp1/Dcp2 and Edc3. Using a dual-labeled 

fluorescent RNA to simultaneously monitor the 5’-cap and RNA body, we measure rates of 

decapping in condensates. We find Dcp1/Dcp2 is inactive in condensates and addition of Edc3 

reorganizes the underlying network of interactions to activate Dcp1/Dcp2 90-fold. Activation in 

condensates is greater than in solution because of increased repression of Dcp1/Dcp2 activity 

in the absence of Edc3, not because enzyme turnover is accelerated. We show Edc3 promotes 

a Dcp1/Dcp2 conformational change to enhance decapping and suggest the condensate 

environment biases an equilibrium in Dcp1/Dcp2 that represses enzyme activity. Our findings 

suggest condensate composition tunes enzyme conformational dynamics to affect activity, 

which may be an emergent property of biomolecular condensates used for controlling RNA 

degradation and other biochemical reactions in cells.  

RESULTS 

Phase separation of Dcp1/Dcp2 is potentiated by Edc3 

We recently reconstituted the decapping complex from S. pombe that includes a C-

terminal boundary at residue 504 in Dcp2 optimized for expression and necessary for regulation 

of activity (Dcp2ext, Fig. 3.1a and Table S3.1)36. Dcp2ext contains structured, N-terminal 

regulatory (NRD) and catalytic (CD) domains and regulatory motifs in a C-terminal IDR. In the 

absence of activators, Dcp1/Dcp2ext is autoinhibited by inhibitory motifs (IMs) and Edc3 interacts 

with flanking helical leucine rich motifs (HLMs) to promote decapping (Fig. 3.1a,b). 
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Dcp1/Dcp2ext undergoes phase separation at higher concentrations (Fig. 3.1c). Because prior 

studies examined Dcp1/Dcp2 condensates using a construct lacking IMs, we characterized how 

these elements contribute to phase separation of Dcp1/Dcp2ext in parallel with those formed in 

complex with Edc333,42. 

Figure 3.1: Edc3 enhances Dcp1/Dcp2ext phase separation. a, Schematic for Dcp1, Dcp2, and Edc3. 
Domains and motifs are labeled and white space is indicative of disordered regions. Dcp2 contains 
structured core domains, Dcp2core, and the construct used in this study, Dcp2ext, contains regulatory 
elements in the C-terminal IDR. b, Cartoon of Dcp1/Dcp2ext and Edc3 highlighting interactions between 
IMs and core domains of Dcp1/Dcp2ext and between HLMs and Edc3. Cartoons are colored as shown in 
a. c, Dcp1/Dcp2ext undergoes liquid-liquid phase separation and addition of stoichiometric Edc3 reduces
the critical concentration for phase separation twenty-fold. Each sequential micrograph is a two-fold
dilution of the preceding. d, Phase diagram of Dcp1/Dcp2ext and Edc3 in vitro. e, Dcp1/Dcp2ext and Edc3
are equally enriched and homogenously distributed in droplets. Protein concentration is 50 µM.
Representative micrographs are shown from three independent experiments with similar results.

Droplets containing Dcp1/Dcp2ext underwent fusion and varied in size from <50 µm2 to 

>500 µm2, indicative of a liquid-like biomolecular condensate (Fig. S3.1a,b). The low-complexity

regions of the Dcp2 C-terminus (residues 274-504) are sufficient to promote phase separation, 

however the structured NRD and CD may antagonize this behavior in the absence of Dcp1 (Fig. 

S3.1c,d). Dcp1/Dcp2ext droplets are able to recruit RNA (Fig. S3.1e). Our data demonstrate 

Dcp1/Dcp2ext can form large, microscopic condensates mediated by the C-terminus. 
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Because Edc3 forms multivalent interactions with HLMs in the Dcp2 C-terminus, we 

tested how Edc3 influenced the critical concentration for phase separation. Edc3 reduced the 

critical concentration of Dcp1/Dcp2ext phase separation 20-fold (Fig. 3.1c,d). Dcp1/Dcp2ext and 

Edc3 colocalized to droplets, were homogenously distributed, undergo fusion and recruit RNA 

(Fig. 3.1e and Fig. S3.1a,e). Droplets containing Edc3 did not exceed 100 µm2, in contrast to 

the numerous >100 µm2 droplets observed for Dcp1/Dcp2ext (Fig. 3.1c and Fig. S3.1b). Edc3 

altered Dcp1/Dcp2ext exchange in condensates in a concentration-dependent manner (Fig. 

S3.2a,b and Table S3.2). These data indicate the properties of Dcp1/Dcp2ext condensates 

change upon addition of Edc3, raising the possibility that protein interactions promoting droplet 

formation differ.  

Edc3 alters interactions driving Dcp1/Dcp2 condensation 

Short-linear interaction motifs typically mediate phase separation and we hypothesized 

IMs and HLMs in the C-terminus of Dcp2 may differentially contribute to Dcp1/Dcp2ext 

condensation in the absence or presence of Edc3 (Fig. 3.2a). To test this, we developed a 

series of truncations in Dcp2 and Edc3 and looked for the presence of droplets using 

microscopy (Fig. 3.2b). 

If Dcp1/Dcp2ext phase separation is driven by interactions between IMs and the 

structured regions of Dcp1/Dcp2ext in trans, then their removal should abrogate phase 

separation. However, if Edc3 results in a molecular reorganization of droplets to favor 

interactions between Edc3 and HLMs, then phase separation of Dcp1/Dcp2/Edc3 should be 

independent of IMs (Fig. 3.2a). In support, a construct lacking IMs, Dcp2HLM1/2, abolished phase 

separation of Dcp1/Dcp2 but not Dcp1/Dcp2/Edc3 (Fig. 3.2c).  

Dcp1 can interact with an IM and a region of the Dcp2 C-terminus and may function as 

an interface for the multivalency required for Dcp1/Dcp2ext phase separation (Fig. 3.2a)36,43. This 

predicts excess Dcp1 would outcompete intermolecular Dcp1—Dcp2 interactions to prevent 
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phase separation of Dcp1/Dcp2ext, but not affect Edc3-driven phase separation because Edc3—

HLM interactions are independent of Dcp1. Indeed, four-fold molar excess Dcp1 prevented 

Dcp1/Dcp2ext phase separation while addition of Edc3 resulted in droplet formation (Fig. 3.2d). 

Moreover, Edc3-dependent phase separation required Edc3 dimerization (Fig. 3.2e). Thus, 

Dcp2 IMs and Dcp1 are crucial for Dcp1/Dcp2ext phase separation while Dcp2 HLMs and Edc3 

promote Dcp1/Dcp2ext/Edc3 droplet formation. This suggests molecular composition changes 

the network of interactions critical for condensate formation. 

Figure 3.2: Interactions underlying Dcp1/Dcp2ext and Dcp1/Dcp2ext/Edc3 phase separation differ. a, 
Interaction between IMs of one Dcp2 molecule and a neighboring Dcp1/Dcp2ext in trans mediates 
Dcp1/Dcp2ext phase separation whereas Edc3 interacts with HLMs to bridge across Dcp2 molecules. b, 
Dcp2 and Edc3 truncations used to determine interactions important for phase separation. c, Removal of 
inhibitory motifs in the C-terminus of Dcp2 ablates phase separation of the decapping complex but 
Dcp1/Dcp2HLM1/2 can still undergo phase separation when Edc3 is added. Concentration of 
Dcp1/Dcp2HLM1/2 is 300 µM, Dcp1/Dcp2ext is 100 µM, Dcp1/Dcp2HLM1/2/Edc3 and Dcp1/Dcp2ext/Edc3 are at 
50 µM. d, Addition of four-fold molar excess Dcp1 disrupts Dcp1/Dcp2ext phase separation but not 
Dcp1/Dcp2ext/Edc3 droplet formation. Concentration of Dcp1 is 200 µM, Dcp1/Dcp2ext and 
Dcp1/Dcp2ext/Edc3 is 50 µM. e, Dimerization of Edc3 is necessary to promote phase separation of 
Dcp1/Dcp2 containing a single or multiple HLMs. Dcp1/Dcp2HLM1 and Edc3 were stoichiometrically mixed 
at 150 µM. Dcp1/Dcp2ext and Edc3 were mixed at 50 µM. Representative micrographs are shown from 
three independent experiments with similar results. 
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Edc3 activates decapping in droplets 

Since the molecular organization of Dcp1/Dcp2ext and Dcp1/Dcp2ext/Edc3 droplets 

involves interactions important for autoinhibition and activation, we asked whether condensates 

exhibit different decapping activity. To directly quantify Dcp1/Dcp2ext decapping in droplets, we 

synthesized a 38mer-RNA substrate containing a 5’-m7GDP conjugated to fluorescein and 3’ 

adenosine conjugated to Cy5, allowing for simultaneous monitoring of the 5’-cap and RNA body 

by microscopy (Fig. 3.3a and Fig. S3.3a-d). We mixed this substrate with a concentration of 

Dcp1/Dcp2ext above its critical concentration and did not observe appreciable loss in 

fluorescence intensity after 20 minutes, suggesting RNA is decapped at less than 0.006 min-1 

(Fig. 3.3b,c). However, droplet formation with excess Edc3 resulted in a decrease in m7GDP 

from droplets at a rate of 0.56 min-1 (Fig. 3.3d,e). Thus, Edc3 enhanced Dcp1/Dcp2ext in 

droplets 90-fold and m7GDP loss from droplets is dependent on enzyme catalysis (Fig. S3.3e,f). 

Addition of substoichiometric Edc3 to pre-formed Dcp1/Dcp2ext droplets caused a dose-

dependent loss of m7GDP signal from droplets at rates up to 22-fold greater than Dcp1/Dcp2ext 

droplets (Fig. 3.3f,g). Localization of the RNA body did not change, suggesting it is retained 

within condensates (Fig. 3.3c,e). Changes in RNA abundance from limiting amounts to excess 

relative to Dcp1/Dcp2ext had a two-fold effect on initial decapping rates in Dcp1/Dcp2ext/Edc3 

droplets (Fig. S3.3g). We conclude decapping can occur within droplets but critically depends 

on Edc3. 

Edc3 activates decapping 90-fold in droplets, suggesting Dcp1/Dcp2ext/Edc3 

condensates increase decapping activity relative to the surrounding solution. Alternatively, 

Dcp1/Dcp2ext condensates may repress activity. To distinguish these possibilities, we measured 

the maximal rate of decapping of dual-labeled substrate using Dcp1/Dcp2core, which is not 

autoinhibited and does not undergo phase separation36. The rate observed in 

Dcp1/Dcp2ext/Edc3 droplets does not greatly differ from that observed for Dcp1/Dcp2core in 

solution (Fig. S3.4a,b). However, the rate of decapping determined in Dcp1/Dcp2ext droplets is 
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30-fold slower than Dcp1/Dcp2core. Thus, we conclude the droplet environment leads to

repression of Dcp1/Dcp2ext in the absence of Edc3 and does not favor enhanced decapping 

activity by Edc3. Furthermore, our results suggest a high concentration of Dcp1/Dcp2ext in 

droplets is not sufficient for active decapping but requires interaction with Edc3. 

Figure 3.3: The ability of phase-separated Dcp1/Dcp2ext to decap RNA is modulated by Edc3. a, 
Synthesis scheme for two-color fluorescent 38mer RNA capped with fluorescein m7G cap (FAM-m7GDP) 
and labeled at the 3’ end with Cy5-adenosine. b, c, Addition of dual-labeled RNA to Dcp1/Dcp2ext (60 µM 
total protein concentration) droplets shows minimal signal loss in both FAM-m7GDP and Cy5-RNA over 
twenty minutes. d, e, Time-dependent loss of FAM-m7GDP and Cy5-RNA signal from droplets formed by 
5 µM Dcp1/Dcp2ext and 80 µM Edc3. f, Addition of substoichiometric Edc3 to preformed Dcp1/Dcp2ext 
droplets (60 µM total Dcp1/Dcp2ext concentration) results in dose-dependent loss of FAM-m7GDP signal 
from droplets. m7GDP intensity is normalized to initial fluorescence signal. g, Edc3 activates Dcp1/Dcp2ext 
up to 90-fold in condensates. Representative micrographs and data are from twenty droplets examined 
over two independent experiments with similar results. Data are presented as mean ± s.e.m. 
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Edc3 couples activation of decapping to phase separation 

To differentiate between Dcp1/Dcp2ext activity inside and outside condensates, we 

performed two single-turnover decapping experiments using capped, radiolabeled RNA (Fig. 

3.4a). First, we measured decapping in a mixture containing Dcp1/Dcp2ext inside (dense phase) 

and outside (dilute phase) droplets after addition of capped RNA (bulk decapping). Second, we 

separated the dilute and dense phases by centrifugation, added capped substrate to the dilute 

phase, and monitored product formation (dilute phase decapping). Differences in decapping 

activity between the two samples can be attributed to contributions from Dcp1/Dcp2ext 

sequestered in droplets. 

We used this activity partitioning assay to determine the contribution of Dcp1/Dcp2ext 

phase separation to overall activity in the absence or presence of Edc3. Decapping rates were 

comparable in Dcp1/Dcp2ext dilute and bulk phases, demonstrating Dcp1/Dcp2ext in droplets 

does not significantly contribute to overall activity and confirms Dcp1/Dcp2ext droplets are 

inactive (Fig. 3.4b and Table S3.3). Enhanced repression is not observed using this assay 

because it is masked by Dcp1/Dcp2ext decapping in the dilute phase. This is in contrast to 

droplets containing Edc3 and Dcp1/Dcp2ext, whereby activity in bulk solution is three-fold greater 

than the dilute phase (Fig. 3.4b and Table S3.3). Because Dcp1/Dcp2ext activity in the dilute 

phase is relatively insensitive to Edc3, we conclude regulation of decapping activity 

predominantly occurs in condensates. 

 To examine Edc3 activation and phase separation more closely, we performed activity 

partitioning experiments at increasing Edc3 concentrations and monitored for the appearance of 

droplets using microscopy. Cooperative activation of decapping by Edc3 correlated with phase 

separation, is dependent on Edc3 dimerization, and requires interaction with HLMs (Fig. 3.4c, 

Fig. S3.5a,b, Tables S3.4 and S3.5). In contrast to bulk solution, increasing Edc3 concentration 

did not change rates of decapping in the dilute phase, indicating Edc3 strongly activates 

Dcp1/Dcp2ext through condensate formation (Fig. 3.4c). 
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Figure 3.4: Edc3 couples activation of decapping to phase separation. a, Schematic of in vitro 
decapping assay to determine contribution of decapping activity from Dcp1/Dcp2ext in droplets (Dense 
Phase) and outside droplets (Dilute Phase). b, Dcp1/Dcp2ext localized in droplets does not strongly 
contribute to overall activity (blue bars) but removal of Dcp1/Dcp2ext/Edc3 droplets strongly diminishes 
activity (pink bars). Concentration of Dcp1/Dcp2ext is 100 µM and 5 µM in absence pr presence of 80 µM 
Edc3, respectively. Relative activity refers to ratio of observed rate to dilute phase. c, Activation of 
decapping by Edc3 is concomitant with formation of microscopically visible droplets. Removal of droplets 
abrogates activation by Edc3. d, Edc3 activation coincides with depletion of Dcp1/Dcp2ext (red squares) 
from solution. Curve showing mean Edc3 activation is reproduced from c for purposes of comparison. 
Relative activity refers to ratio of observed rate to Dcp1/Dcp2ext in dilute phase without Edc3. Decapping 
data are from two independent experiments. Pelleting data are presented as mean ± s.e.m. for three 
independent experiments. Representative micrographs are from three independent experiments with 
similar results. 

We characterized the ability of Edc3 to enrich Dcp1/Dcp2ext and RNA in droplets using a 

pelleting assay in conjunction with fluorescence microscopy. A decrease in Dcp1/Dcp2ext from 

dilute phase occurred at Edc3 concentrations coinciding with condensate formation (Fig. 3.4d 

and Fig. S3.5c,d). The K1/2 of Dcp1/Dcp2ext depletion (4.3 µM) agrees with the K1/2 of Edc3 

activation (3.3 µM), indicating decapping activation and phase separation are coupled. 

Depletion of Edc3 from the dilute phase was not responsible for the differential activity observed 
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because Edc3 accumulated in the dilute phase (Fig. S3.5c). Edc3 did not affect RNA 

partitioning but did increase RNA mobility in condensates and enhance Dcp1/Dcp2ext 

partitioning with RNA (Fig. S3.6a-c). Our results suggest Edc3 reorganizes interactions in 

condensates and couples catalytic activation to phase separation to compartmentalize 

decapping activity. 

Edc3 shifts a conformational equilibrium in Dcp1/Dcp2 

Dcp1/Dcp2 is dynamic and exists in multiple states preceding formation of a catalytically 

active complex (Fig. 3.5a)44. In the absence of activators and substrate, Dcp1/Dcp2core is in 

equilibrium between an inactive form where the cap binding site and RNA binding channel are 

occluded and a precatalytic form that can bind RNA and is on-pathway to decapping45–48. We 

used NMR spectroscopy to understand how the Dcp2 C-terminus and Edc3 affect the 

Dcp1/Dcp2 equilibrium to inhibit and activate decapping under conditions where Dcp1/Dcp2ext 

does not phase separate and then asked if a similar mechanism is responsible for activation in 

condensates. 

Studying conformational dynamics in proteins containing large IDRs is challenging due 

to significant overlap of crosspeaks in the NMR spectra. To overcome this, we prepared a 

segmentally-labelled Dcp1/Dcp2ext that retains activity and gives a well-dispersed spectrum, 

allowing for transfer of assignments from Dcp1/Dcp2core (Fig. S3.7a-c and S3.8a). The Dcp2 C-

terminus caused global chemical shift perturbations in Dcp1/Dcp2core, suggesting it interacts with 

or reorganizes Dcp1/Dcp2core (Fig. S3.9a,b). While perturbations caused by the C-terminus 

indicate an equilibrium involving more than two states, chemical shifts in the CD are largely co-

linear with those caused by the Dcp2 NRD and Dcp1, suggesting the C-terminus influences the 

inactive—precatalytic equilibrium (Fig. 5b and Fig. S3.10a). Because this equilibrium is fast on 

the NMR chemical shift timescale, resonance positions report on the population-weighted 

average of the two states. Assuming the magnetic environment of the isolated CD approximates 
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the precatalytic state, we conclude the C-terminus increases the population of the inactive form 

(Fig. 3.5c)45,49. Additionally, Dcp1/Dcp2ext interaction with RNA is disfavored relative to 

Dcp1/Dcp2core as shown by a ten-fold increase in the Kd (Fig. 3.5c, Fig. S3.11a, and Table 

S3.6). Together, these results implicate stabilization of the inactive state as the mechanism for 

autoinhibition. 

Figure 3.5: The Dcp2 C-terminus stabilizes an autoinhibited conformation required for regulation 
of decapping in condensates. a, Dcp2 conformation is in a fast equilibrium between inactive and 
precatalytic states (PDB: 2QKM). Activators Edc1 and Edc3 stabilize the active state (PDB: 6AM0). 
Dcp1/Dcp2core is colored as in Figure 1a and the Nudix Helix, which contains catalytic residues is colored 
red. b, 1H/13C-HSQC of methyl group in Ile102 undergoes linear chemical shift changes toward the 
inactive state when the Dcp2 regulatory domain, Dcp1, and the Dcp2 C-terminus are added. Edc3 and 
Y220G mutation in the Dcp2 catalytic domain revert the chemical shift toward the precatalytic state. c, 
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The population of the inactive state correlates with weakened RNA binding by Dcp1/Dcp2. Data from four 
NMR resonances and three independent RNA binding experiments are presented as mean ± s.e.m. d, 
Y220 residue in the Dcp2 catalytic domain occludes residues critical for m7G recognition (W43 and D47) 
in the inactive state. e, Dcp1/Dcp2ext(Y220G) droplets do not relax to a spherical state after fusion, 
contain subcompartments, and exhibit a ten-fold greater viscosity-to-surface tension ratio relative to wild-
type Dcp1/Dcp2ext droplets. Protein concentration is 100 µM. Reported error is standard error of the fit to 
data in Extended Data Fig. 5c. f, Dcp1/Dcp2ext(Y220G) increases decapping of dual-labeled RNA 
substrate 10-fold in droplets. Wild-type Dcp1/Dcp2ext data from Fig. 3.3g is reproduced for comparison. 
m7GDP intensity is normalized to initial fluorescence signal. Data are presented as mean ± s.e.m for 
twenty droplets examined over two independent experiments. g, The Y220G mutation activates 
decapping and minimizes contribution from decapping in condensates. Data presented are from two 
independent experiments and relative activity is determined by ratio of observed rates to wild-type 
Dcp1/Dcp2ext in absence of Edc3. Representative micrographs are from three independent experiments 
with similar results. 

We next asked if Edc3 alleviates autoinhibition by shifting the conformational equilibrium 

of Dcp1/Dcp2ext to the precatalytic form. To prevent NMR resonance broadening, we assayed 

activation using the Edc3 Lsm domain, Edc3(Lsm), which is sufficient to enhance Dcp2 catalysis 

and abrogates phase separation (Fig. 3.2c)36. Globally, Edc3(Lsm) reduced the perturbations 

observed in Dcp1/Dcp2ext to more closely resemble Dcp1/Dcp2core, indicating fewer interactions 

or rearrangements between the Dcp2 C-terminus and core domains (Fig. S3.9a,b). In addition, 

Edc3(Lsm) caused migration of Dcp1/Dcp2ext resonances along the linear trajectory toward 

Dcp1/Dcp2core, suggesting an increase in the fraction of precatalytic Dcp1/Dcp2ext complex (Fig. 

3.5b,c and Fig. S3.10a). Edc3(Lsm) also decreased Dcp1/Dcp2ext Kd for RNA 100-fold (Fig. 

3.5c, Fig. S3.11a, and Table S3.6). We conclude Edc3 activates decapping by favoring the 

precatalytic conformation and enabling RNA recognition and hydrolysis.  

Conformational changes control decapping in condensates 

We previously predicted a conserved aromatic residue in the Dcp2 catalytic domain 

(Y220) stabilizes the inactive state by contacting residues critical for m7G recognition (W43 and 

D47) (Fig. 3.5d)36. Supporting this, mutating Y220 to glycine (Y220G) alleviates autoinhibition 

and bypasses Edc3 activation36. We evaluated whether this gain-of-function arises from 

changes in the precatalytic—inactive equilibrium in Dcp1/Dcp2. Chemical shifts reporting on this 

equilibrium underwent significant perturbations toward the precatalytic state, indicating Y220G 

disrupts formation of the inactive conformation (Fig. 3.5b,c and Fig. S3.10a). In addition, the 
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Y220G mutation increased RNA binding in Dcp1/Dcp2ext, making it largely insensitive to Edc3 

(Fig. 3.5c, Fig. S3.11a, and Table S3.6). These observations confirm Edc3 favors the 

precatalytic conformation of Dcp1/Dcp2 and demonstrates how the Y220G mutation bypasses 

Edc3 activation. 

Interactions important for autoinhibition are also crucial for Dcp1/Dcp2ext droplet 

formation (Fig. 3.2c,d). We next used the Y220G mutation to ask if Dcp1/Dcp2ext phase 

separation and conformational equilibrium are coupled. Dcp1/Dcp2ext(Y220G) forms droplets 

with altered physicochemical properties that contain substructures and fail to properly relax after 

fusion, with a 10-fold increase in inverse capillary action relative to wild-type (Fig. 3.5e, Fig. 

S3.11b). This suggests the conformational equilibrium of Dcp1/Dcp2 is coupled to the liquid-like 

properties of condensates and Y220 may be required for interactions promoting phase 

separation. 

The Y220G mutation destabilizes the inactive state of Dcp1/Dcp2 and alters 

Dcp1/Dcp2ext droplets. These observations predict the Y220G mutation may activate decapping 

in condensates because interactions important for Dcp1/Dcp2ext droplet formation promote the 

inactive state. Dcp1/Dcp2ext(Y220G) decaps the dual-labeled RNA in droplets at 0.05 min-1, 10-

fold faster than wild-type (Fig. 3.5f, Fig. S3.11c). We conclude the formation of the inactive 

state is crucial for repressing decapping activity in Dcp1/Dcp2ext condensates. 

Similar to Edc3, the Y220G mutation promotes the precatalytic conformation. If Edc3 

cannot conformationally regulate Dcp1/Dcp2, then its ability to couple activation and phase 

separation may be impaired. Activity partitioning experiments show Dcp1/Dcp2ext(Y220G) 

enhanced decapping 8-fold and Edc3 minimally activated decapping (Fig. 3.5g and Table 

S3.7). In addition, Edc3-mediated activation and phase separation were no longer correlated 

(Fig. S3.11d). Thus, the Y220G mutant decouples activation from phase separation to stimulate 

Dcp2 catalysis inside or outside condensates. We conclude Dcp2 conformation is crucial for 

proper regulation and compartmentalization of mRNA decapping activity in condensates. 
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Strong activation of Dcp2 requires condensate rewiring 

Edc1 promotes the active conformation of Dcp2 through a mechanism distinct from Edc3 

and activates decapping to a greater extent than Edc3 in solution (Fig. 3.5a)36,45. Because Edc1 

disrupts the inactive state, we hypothesized it acts similar to the Y220G mutation and activates 

decapping in both the bulk and dilute phases. We found Edc1 activated decapping >10-fold and 

Edc3 did not further enhance catalysis (Fig. 3.6a and Table S3.8). Additionally, Edc1 increases 

the critical concentration of Dcp1/Dcp2ext and Edc3 phase separation. While Edc1 increased the 

rate of Dcp1/Dcp2ext catalysis in condensates, full activation required both Edc1 and Edc3 (Fig. 

3.6b). Thus, Edc3-mediated rearrangements are necessary to overcome the repressed catalytic 

environment of Dcp1/Dcp2ext condensates to promote maximal activation. 
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Figure 3.6: Maximum activation of Dcp1/Dcp2ext in condensates requires Edc3. a, Edc1 activates 
Dcp1/Dcp2ext independent of Edc3-mediated phase separation and abrogates contribution of decapping 
in condensates. Data from two independent experiments are shown and relative activity reflects ratio 
between observed rates and rates for Dcp1/Dcp2ext in absence of Edc1 and Edc3. Representative 
micrographs are from three independent experiments with similar results. b, Edc1 activates Dcp1/Dcp2ext 
in droplets but requires Edc3 for maximal activation. Data represents mean ± s.e.m from twenty droplets 
examined over two independent experiments. c, Model showing how Edc3 mediates a conformational 
change in Dcp1/Dcp2 that is coupled to an alteration of the protein-protein interactions promoting higher-
order assemblies found in condensates. These changes in interactions switch decapping activity from an 
off to on state. Edc1 stabilizes the active conformation to activate Dcp1/Dcp2 inside and outside 
condensates. 
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DISCUSSION 

We addressed the influence of phase separation on RNA decapping by Dcp1/Dcp2. We 

found decapping can be both repressed and activated in condensates (Fig. 3.6c). We explain 

this differential activity by demonstrating changes in Dcp1/Dcp2 conformation are coupled to 

alterations in the protein network underlying condensate formation. IMs in Dcp2 stabilize an 

autoinhibited conformation and drive self-association into condensates repressed in decapping 

activity. The activator Edc3 rectifies this inhibited environment to promote mRNA decapping in 

condensates by rewiring interactions and causing a conformational change in Dcp1/Dcp2 

important for substrate recognition. Edc1 and a mutation in Dcp2 destabilize the inactive 

conformation of Dcp1/Dcp2 to activate decapping inside and outside condensates. Our work 

suggest IDRs of enzymes  can couple phase separation to conformational control of activity.

Edc3 activates decapping 90-fold in droplets, which is in contrast to the three-fold 

stimulation determined in bulk experiments (Fig. 3.3 and 3.4). The amplification of decapping 

activation in condensates is greater than in the surrounding solution because phase separation 

strongly inhibits Dcp1/Dcp2 activity. Our results demonstrate the C-terminus of Dcp2 favors an 

inactive state and it is possible this equilibrium is further shifted in condensates to repress 

enzyme activity. Consistent with this view, a mutation in Dcp2 (Y220G) disfavors the 

autoinhibited state to activate decapping and alters the material properties of Dcp1/Dcp2 

condensates (Fig. 3.5). These observations suggest active site conformation is coupled to long-

range interactions in condensates to directly regulate activity. Evaluating enzyme dynamics in 

condensates is an exciting challenge for the future.  

Macromolecular composition and conformation are important for regulating specificity in 

biochemical processes in condensates1,6,7,9. We propose composition and the underlying 

interactions serve as a mechanism to allosterically inhibit or activate enzymatic activity. In the 

framework of 5’-3’ mRNA decay, cells may leverage this feature to minimize aberrant 

degradation events that would result from widely distributed decay mRNPs. In support, the 
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Y220G mutation and Edc1 decouple activation from phase separation to cause rapid decapping 

with rates indistinguishable inside or outside condensates. The widespread, accelerated 

decapping could explain the conditional lethality observed for both the Y220 mutation and 

removal of the Dcp2 C-terminus in yeast47. Furthermore, Edc1-like activators may co-opt this 

allosteric regulation under conditions of cellular stress to target mRNA for degradation 

independent of phase separation. Future examination of the cooperation between cofactors will 

be critical to understanding how enzymatic activity is regulated in biochemical pathways 

enriched in condensates. 

 Our reconstitution of condensates containing the eukaryotic decapping machinery 

largely recapitulates the micromolar concentrations observed in P-bodies32. Previous in vitro 

analysis indicated decapping activity in bulk solution was two-fold inhibited in the presence of 

Dcp1/Dcp2/Edc3 condensates and excess RNA42. We observed similar inhibition of initial 

decapping rates in condensates when RNA is in excess, however decapping was still activated 

25-fold relative to Dcp1/Dcp2ext condensates (Fig. S3.3g). This activation arises from the 

presence of inhibitory motifs in Dcp2 that increase repression of activity in condensates, which 

was not observed in prior studies that lacked these motifs42. The data presented here 

underscore the complementarity of monitoring both the phase-separated environment and bulk 

solution to uncover mechanistic insights into the regulation of enzymatic activity in condensates. 

Furthermore, the fluorescent probes developed here can be used to examine molecular 

mechanisms in other condensates important for RNA biology.  

 Phase separation is important for regulating numerous enzymatic processes. We 

demonstrate the importance of mesoscale phase-separated assemblies in regulating mRNA 

decapping. The interplay between composition, molecular interactions, and active site 

conformation in Dcp2 condensates underscore the complexity of phase separation in cellular 

processes. The emergent properties afforded by phase separation equip cells with highly 
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regulatable sites of enzyme activity that may explain why P-bodies and other biomolecular 

condensates can give rise to multiple biochemical outcomes. 

METHODS 

Protein Expression and Purification 

  See Table S1 for protein constructs, solubility tags, and expression vectors used in this 

study. Dcp1/Dcp2 constructs were expressed in E. coli BL21(DE3) (New England Biolabs) 

grown in LB medium. Cells were grown at 37°C until OD600 = 0.6–0.8 and transferred to 4°C for 

30 min before induction with 0.75 mM IPTG. Cells were induced for 16–18 hours at 20-25°C. 

Cells were harvested at 5000g, resuspended in lysis buffer (25 mM HEPES pH 7.5, 400 mM 

NaCl, 10 mM 2-mercaptoethanol, 0.1% Triton X-100) supplemented with lysozyme and 

protease inhibitor cocktail (Roche), lysed by sonication (50% duty cycle, 4 × 1 min), and clarified 

at 16,000g. Clarified lysate was loaded onto a StrepTrap column (GE Healthcare), washed with 

10 column volumes (CV) lysis buffer without detergent followed by a second wash with 10 CV 

25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM 2-mercaptoethanol. Step elution of target proteins 

was performed with 25 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT, 5 mM desthiobiotin. For 

Edc3 and Dcp1/Dcp2 constructs lacking a C-terminal StrepII tag, a HisTrap column (GE 

Healthcare) was used in place of the StrepTrap. For purification by HisTrap, the lysis and wash 

buffers described above were supplemented with 10 mM imidazole and contained 10 mM 2-

mercaptoethanol in place of DTT. Proteins were eluted from the HisTrap column in 10CV wash 

buffer supplemented with 250 mM imidazole and incubated overnight with TEV protease. 

Following Strep purification or TEV digestion, target proteins were loaded onto a HiTrap Heparin 

column (GE Healthcare) and washed with 10CV low salt buffer (25 mM HEPES pH 7.5, 100 mM 

NaCl, 1 mM DTT). Protein ellution then occurred over a 10CV gradient to 100% high salt buffer 

(25 mM HEPES pH 7.5, 1 M NaCl, 1 mM DTT). Proteins were purified with a final size-exclusion 

chromatography step using a Superdex75 or 200 16/60 column (GE Healthcare) equilibrated in 
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25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT. Proteins were analyzed by SDS-PAGE, 

concentrated, and flash frozen in liquid nitrogen for storage at -80°C.  

A pET29 plasmid encoding a pentamutant SortaseA(D59) construct from S. aureus with 

improved activity (eSrtA) was obtained from Addgene (plasmid #75144) and expressed in LB 

medium at 18°C for 16 hours50. Cells were pelleted at 5000g and resuspended in lysis buffer 

containing 50 mM Tris pH 8, 300 mM NaCl, 10 mM imidazole, 1 mM MgCl2, and protease 

inhibitors (Roche). Following sonication (50% duty cycle, 4 ´ 1 min) the lysate was clarified at 

16000g. Clarified lysate was passed over a HisTrap Nickel affinity purification column, and 

eSrtA was eluted in 25 mM HEPES pH 7.5, 150 mM NaCl, 250 mM imidazole. A final dialysis 

against 25 mM HEPES pH 7.5, 150 mM NaCl was performed overnight at 4°C. Dialyzed eSrtA 

was concentrated to 1 mM final concentration and flash frozen for storage and later use. 

Fluorescent-labeling of purified proteins and RNAs 

Fluorescent Dcp1/Dcp2ext and Edc3 were generated by diluting the protein to 0.5 mg/mL 

and dialyzing at 4°C for four hours in size exclusion buffer without DTT. Cy5 or Fluorescein 

maleimide (Thermo-Fisher) was added to the protein solution in 5-fold molar excess and 

incubated for one hour at room temperature. The reaction was quenched with 10 mM β-ME and 

free dye was separated from labelled protein by Illustra NICK columns (GE Healthcare). Labelled 

protein was exchanged back into size exclusion buffer containing DTT by concentrating and 

diluting 10-fold three times. Labelling efficiency and concentrations were calculated by UV-Vis 

spectroscopy. Labelled oligonucleotides were purchased from Integrated DNA Technologies with 

a 5’ 6-FAM modification.  

Brightfield and Fluorescence Microscopy 

Microscopy images were collected on an inverted widefield fluorescence Nikon Ti-E 

microscope equipped with a Hamamatsu Flash4.0 camera using PlanApo 20x or 40x air 

objectives. Samples were imaged in a Greiner Bio-One 384-well glass bottom plate PEGylated 
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using 20 mg/mL PEG-Silane (Laysan Bio, MPEG-SIL-5000) and passivated with 100 mg/mL 

BSA as described51. Prior to addition of samples, the wells were washed 3x with 25 mM HEPES 

pH 7.5, 150 mM NaCl, 1 mM DTT. Dcp1/Dcp2 constructs assayed for phase separation by 

microscopy were prepared by initiating removal of the N-terminal MBP solubility tag with 1:40 

molar equivalent TEV:Dcp1/Dcp2. Dcp1/Dcp2/Edc3 droplets were prepared by incubating 

Dcp1/Dcp2 and Edc3 prior to removal of the N-terminal MBP tag from Dcp1/Dcp2ext. Imaging 

was performed after 30 minutes to ensure TEV cleavage and droplet. Image analysis was 

performed using ImageJ52. For localization and enrichment of Dcp1/Dcp2ext, Edc3, or RNA in 

droplets, 1%-5% protein concentration was fluorescently labelled. Enrichment was estimated 

from the average ratio of intensity in at least twenty droplets (Idroplet) to average intensity in 

surrounding solution (Idilute). 

Fluorescence recovery after photobleaching (FRAP) assays 

 For experiments examining Dcp1/Dcp2ext recovery, condensates were formed with 40 

µM Dcp1/Dcp2ext. Experiments monitoring the effects of Edc3 were performed with 5 µM 

Dcp1/Dcp2 and 5 µM or 80 µM Edc3. For analysis of RNA recovery, condensates were formed 

with 40uM Dcp1/Dcp2ext with or without Edc3 and FITC-29mer RNA was added. The 

concentration of labeled protein or RNA was 250 nM across all samples. Samples were imaged 

in a passivated glass bottom 384-well plate (Greiner Bio-One). Imaging was performed at room 

temperature using an inverted Nikon Ti microscope equipped with an Andor Borealis CSU-W1 

spinning disk confocal, Plan Apo VC 100x/1.4 oil objective and Andor iXon Ultra DU888 

EMCCD camera. For each photobleaching experiment, a rectangular region of interest (ROI) 

was drawn around single condensates and irradiated for 1.5s with 7mW power at 473 nm with a 

Vortran laser between the fifth and sixth acquired frame. For analysis, three ROIs were used 

corresponding to the bleached droplet, an unbleached droplet, and background. Analysis was 

performed using ImageJ. Recovery traces were obtained by performing a double normalization 
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to account for photobleaching during image acquisition53. Recovery t1/2 and immobile fractions 

were determined from fits of single exponentials using Prism 8/9 (GraphPad) and are reported 

in Supplementary Table 2. 

Synthesis of dually labelled RNA probe 

 The reagents for RNA labelling, FAM-m7Gp3AmpG and pAp-SCy5, were synthesized by 

modifications of previously reported methods54,55. FAM-m7G-capped RNA was generated on the 

template of annealed oligonucleotides, which contained a T7 Aϕ2.5 promoter sequence 

(CAGTAATACGACTCACTATT) and encoded a 35-nt-long sequence (AGG GAAGCG GGCATG 

CGGCCA GCCATA GCCGAT CA). Typical in vitro transcription reaction (100 μL) was carried out 

at 37 °C for 4 h and contained RNA Pol buffer (40 mM Tris-HCl pH 7.9, 6 mM MgCl2, 1 mM DTT, 

2 mM spermidine), 10 U/μL T7 polymerase (ThermoFisher Scientific), 1 U/μL RiboLock RNase 

Inhibitor (ThermoFisher Scientific), 0.5 mM CTP/GTP/UTP, 0.125 mM ATP, 0.625 mM FAM-

m7Gp3AmpG cap and 0.1 μM annealed oligonucleotides as a template. Following 4 h incubation, 

the template was removed by treatment with 1 U/μL DNase I (ThermoFisher Scientific) for 30 min 

at 37 °C. The crude RNAs were purified using RNA Clean & Concentrator-5 (Zymo Research). 

Transcripts quality was checked on 15% acrylamide/7 M urea gels, whereas the concentration 

was determined spectrophotometrically. 

 The obtained transcripts were directly used in the ligation step with a Sulfo-Cy5 (SCy5) 

labelled pAp analogue. A typical ligation reaction (30 µL) was carried out at 16 °C overnight and 

contained 5’ capped RNA (1 µM), 1 U/µL T4 RNA ligase 1 (New England Biolabs), 1.3 U/µL 

Ribolock RNase inhibitor (ThermoFisher Scientific), 100 µM pAp-SCy5 analogue, 0.1 volumes of 

DMSO (3 μL), 0.03 volumes of 0.1 M DTT (1 μL) and 0.1 volumes of 10 mM ATP (3 μL). The 

resulting dually labelled RNA was first purified using RNA Clean & Concentrator-5 (Zymo 

Research) followed by the final HPLC purification (Clarity® 3 µM Oligo-RP phenomenex column, 

linear gradient from 5% to 35% ACN in 50 mM TEAAc pH 7 over 15 min at 50 °C, Agilent 
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Technologies Series 1200 HPLC). The collected fractions were freeze dried 3 times. RNA quality, 

before and after each purification step, was checked on 15% acrylamide/7 M urea gels (Fig. S3), 

whereas the concentration was determined spectrophotometrically. 

Visualization of Decapping by Microscopy 

 60 µM Dcp1/Dcp2ext and Dcp1/Dcp2ext(Y220G) droplets were prepared in 25 mM 

HEPES pH 7.5, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, and 4U RNase inhibitor. To these 

reactions, 100 nM dual-labeled RNA and initial images were collected in passivated glass 

bottom wells to observe droplet localization. Decapping was initiated with 5 mM MgCl2 and 

control reactions were performed without addition of metal. To study the effects of Edc3, 

condensates were formed with 5 µM Dcp1/Dcp2ext and 80 µM Edc3. For experiments visualizing 

Edc3 activation in pre-formed Dcp1/Dcp2 condensates, 60 µM Dcp1/Dcp2ext and 100 nM RNA 

were incubated with TEV for 30 minutes at room temperature. Next, Edc3 was added 10 

minutes prior to reaction initiation described above. To monitor the effects of RNA abundance 

on condensate decapping, experiments were performed at substoichiometric and 

superstoichiometric ratios RNA:Dcp1/Dcp2ext. For RNA limiting experiments, 1 µM Dcp1/Dcp2 

and 15 µM Edc3 were mixed together and 100 nM dual-labeled 35mer RNA was added. For 

experiments with excess RNA, the RNA probe was supplemented with 19.9 µM capped, 

unlabeled 35mer. Experiments evaluating Edc1 and Edc3 coactivation were performed at pH 

6.5 to slow catalysis, which allowed for adequate image acquisition. Dcp1/Dcp2ext was kept at 

40 µM and 80 µM Edc1 and Edc3 were added individually or in combination prior to initiation of 

decapping with 5 mM MgCl2. For all experiments, images were collected in both the fluorescein 

and Cy5 channels and the mean droplet intensity was background corrected and calculated in 

ImageJ. Mean intensity was plotted as function of time and fit to a first-order exponential decay 

function (GraphPad Prism 8/9) except in experiments examining the effects of RNA abundance, 

which were fit to a second-order exponential. 
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Monitoring of decapping using fluorescence polarization 

 Serially-diluted Dcp1/Dcp2core in 25 mM Hepes pH 7.5, 150 mM NaCl, 1 mM DTT was 

incubated with 5 nM RNA probe in in a low volume, low binding 384 well plate (Greiner Bio-One) 

for 10 minutes. Reactions were monitored using a SpectraMax plate reader (Molecular 

Dynamics). An initial FP reading was taken to represent time ‘0’ just prior to addition of 5 mM 

MgCl2 and rapid mixing. Time-dependent changes in signal were monitored for 30 minutes and 

curves were fit to the equation: 

mP =	%𝑌! − 𝑌"#$,&'((𝑒)*!+ + %𝑌"#$,!,- − 𝑌"#$,&'((%1 − 𝑒)*"+( +	𝑌"#$,&'( ) (1) 

where Yo is the mP value at time zero, Ymin,cap is the background mP from free FAM-m7GDP, 

Ymin,obs is the minimum observed mP observed during the course of the experiment, and k1, k2 

are constants free to vary in fitting. We assume a decrease in mP is a consequence of 

decapping, which results in release of product FAM-m7GDP with rate k1. However, m7GDP 

product can also interact with Dcp1/Dcp2 with an observed rate of k2 to cause a concentration-

dependent elevation in the endpoint mP. Determined k1 values at each concentration were 

plotted and fit to a single turnover Michaelis-Menten model to determine kmax. 

In Vitro Decapping Assays 

 Synthetic 5’-triphosphate 29mer RNA (TriLink BioTechnologies) derived from the MFA2 

gene of S. cerevisiae was enzymatically capped with GTP[a-32P] and S-adenosylmethionine 

(SAM) as previously described56. Reactions were carried out in 25 mM HEPES pH 7.5, 150 mM 

NaCl, 5 mM MgCl2, 0.1 mg/mL acetylated BSA with 4U RNase inhibitor. For monitoring 

decapping in Dcp1/Dcp2ext condensates, 100 µM total concentration was used. Prior to assays 

monitoring Edc3 activation, the MBP tag was removed from Dcp1/Dcp2ext using TEV and 

separated using Amylose resin. For reactions monitoring Edc3 activation, Dcp1/Dcp2ext was 

kept constant at 5 µM while Edc3 was varied from 78.1 nM to 80 µM. For reactions examining 

coordinated activation of decapping by Edc1 and Edc3, Edc1 was kept constant at 150 µM. 
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Dcp1/Dcp2ext concentrations were always at least 10-fold excess over RNA to prevent product 

inhibition. 1.5x protein and 3x RNA solutions were equilibrated separately for 30 minutes at 

room temperature to allow formation of liquid droplets. To evaluate Dcp1/Dcp2ext activity in dilute 

phase, the bulk solution was centrifuged for 10 minutes at 13000g after incubation to pellet 

droplets and the supernatant was removed for subsequent assays. Reactions were initiated by 

mixing 15 µL 1.5x protein and 7.5 µL 3x RNA solutions. Time points were taken by quenching 

the reaction with excess EDTA and TLC was used to resolve m7GDP product from capped 

RNA. The formation of product was quantified using a GE Healthcare Typhoon 9410 scanner 

and ImageQuant 7 software. Observed rates, kobs, were determined by fitting to a first-order 

exponential. Relative activity was determined by normalizing the observed rates to the dilute 

phase (Fig. 3.4b) or to 5 µM Dcp1/Dcp2 in solution (Fig. 3.4c, 3.5g, 3.6a, Fig. S3.8a). To 

examine Edc3 activation, kobs versus Edc3 concentration was fit to the model: 

𝑘!,- =
*#$%[/]&

1!/"&	3	[/]&
	(2)

in order to obtain kmax, K1/2, and n. See Tables S3-5, and S7-8 for absolute decapping rates. 

Dcp1/Dcp2ext pelleting assay 

Loss of Dcp1/Dcp2ext from solution due to phase separation as a function of Edc3 

concentration was monitored by loss of fluorescent Dcp1/Dcp2ext signal. Briefly, 5 µM 

Dcp1/Dcp2ext (250 nM Cy5-labeled) was incubated with Edc3 concentrations used in the in vitro 

decapping assay experiments. Following a 30-minute incubation at room temperature, droplets 

were pelleted by centrifugation at 13000g for 10 minutes. The supernatant was removed and 

placed in a Greiner Bio-One 384-well low volume, low binding plate. Fluorescence intensity was 

measured on a BioTek Synergy H4 plate reader and normalized to give a fractional amount 

remaining in solution. In addition, the supernatant was analyzed using denaturing 4-12% Tris-

glycine SDS-PAGE. Disappearance of Dcp2 was quantified using a region of interest of the 

same size in ImageJ and subtracting background signal. 
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Expression of labeled Dcp1/Dcp2 for NMR 

ILVMA methyl labeling of Dcp2 or Dcp1/Dcp2 constructs was carried out in D2O M9 

minimal media with 15NH4Cl and 2H /12C-glucose as the sole nitrogen and carbon sources, 

respectively. Labeled precursors (Ile: 50 mg L−1, Leu/Val: 100 mg L−1, Met: 100 mg L−1, Ala: 100 

mg L−1) were added 40 minutes prior to induction with 1 mM IPTG. Following overnight 

incubation at 20-25°C, cells were lysed and purified using nickel affinity purification, TEV 

digestion, heparin, and size exclusion chromatography as described above. 

SortaseA Ligation of segmentally-labeled Dcp1/Dcp2 for NMR 

Dcp1/Dcp2(1-266) containing a C-terminal LPETGGH S. aureus SortaseA recognition 

site and labeled at ILVMA terminal methyl groups was expressed and purified as described 

above. Purified protein was then mixed with at least five-fold molar excess His6-MBP-G3-

Dcp2(274-504)-StrepII expressed in LB medium and purified using GE StrepTrap and Q ion 

exchange columns. eSrtA equal to 0.5 molar equivalent of Dcp1/Dcp2(1-266) and 2 mM CaCl2 

were added to the solution prior to initiation of the reaction with TEV protease, which cleaves 

the His6-MBP tag from G3-Dcp2(274-504)-StrepII to expose the required N-terminal glycine for 

ligation. The reaction was dialyzed against 25mM HEPES pH 7.5, 150 mM NaCl, 2 mM CaCl2 

overnight at 4°C57. Ligated Dcp1/Dcp2ext, containing a mutational scar from (267STAPSDL273 in 

wild-type to 267LPETGGG273), was purified by heparin and StrepTrap chromatography as 

described. A final dialysis in 25 mM HEPES pH 7.5, 150 mM NaCl, 2 mM DTT was performed 

overnight at 4°C prior to NMR experiments. 

NMR Experiments 

NMR samples were exchanged into a buffered D2O solution containing 25 mM HEPES 

pD 7.1, 150 mM NaCl, and 2 mM DTT using either dialysis or a centrifugal concentrator. Note 

the concentration of Dcp1/Dcp2ext was kept below its critical concentration and the Edc3 Lsm 

domain was used to prevent confounding effects from phase separation. NMR experiments 
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were performed on an 800 MHz Bruker Avance III or Avance NEO spectrometer equipped with 

a cryoprobe and Topspin3. Spectra were recorded at 298K, processed using NMRPipe, and 

analyzed using NMRFAM-Sparky58. Chemical shift perturbations (Dd, ppm) between 

Dcp1/Dcp2ext or Dcp1/Dcp2ext/Edc3(Lsm) and Dcp1/Dcp2core were calculated from the Euclidian 

equation: 

-(𝛿𝐻45+ − 𝛿𝐻&!64)7 + %0.2(𝛿𝐶45+ − 𝛿𝐶&!64)(
7 (3)

where 0.2 is a scaling factor for the carbon spectral width. CSPs were depicted on the inactive 

structure of Dcp1/Dcp2core using PyMOL. For calculation of the inactive state population (pinactive), 

we focused on resonances undergoing linear perturbations indicative of fast exchange and 

suggest a two-state equilibrium. The observed chemical shift was taken as the weighted 

average of the resonances corresponding to the precatalytic and inactive states: the catalytic 

domain (CD) of Dcp2 and Dcp1/Dcp2ext, respectively: 

Wobs = pprecatalyticWCD + pinactiveWDcp1/Dcp2ext (4) 

From this relationship, the population of the inactive state can be calculated as: 

pinactive = 8()8)*
8*+,!/*+,"-%.)	8)*

 (5) 

where WX is the chemical shift for a given construct of Dcp1/Dcp2 (in ppm). 

Fluorescence Polarization 

Fluorescence polarization (FP) was performed in Greiner Bio-One 384-well low volume, 

low binding plates. Conditions for all binding assays was 25 mM HEPES pH 7.5, 100 mM NaCl, 

5 mM MgCl2, 0.02% Triton X-100, 0.1 mg/mL acetylated BSA and 4U RNase inhibitor with 5 nM 

5’-phosphorylated oligo 30U RNA with 3’ 6-FAM (IDT). Reactions were incubated for ten 

minutes before measuring polarization on a LJL Biosystems Analyst AD plate reader. 

Equilibrium dissociation constants (Kd) were fit to the Hill equation for single-site binding: 

mP = Y0 + 9#$%[:]&

1/&	3	[:]&
 (6) 
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where [X] represents the concentration of protein, Y0 is the mP for the probe alone, Ymax is the 

mP value at saturation, and n is the Hill coefficient. To prevent scattering effects from phase 

separation, the MBP tag was not cleaved from Dcp1/Dcp2ext and Edc3 Lsm domain was used. 

Condensate Fusion Experiments 

Brightfield images were collected on a Nikon Ti-E inverted microscope equipped with a 

PlanApo 40x air objective and Hamamatsu Flash4.0 camera. For wild-type Dcp1/Dcp2ext, time 

lapse images were collected every one second while images for Dcp1/Dcp2ext(Y220G) were 

collected at either one second or 15 second intervals. Fusion events were analyzed in ImageJ 

by drawing an ellipse around droplets of similar size at each time point and measuring the long 

and short axis. The aspect ratio (long/short axis) was plotted as a function of time in Prism 9 

(GraphPad) to determine the time of fusion, t. Plotting t as a function of initial length ((llong – 

lshort)•lshort)1/2 gives a linear relationship where the slope represents the inverse capillary action—

the ratio of condensate viscosity to surface tension (h/g)59. 
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SUPPLEMENTAL FIGURES 

Figure. S3.1: Edc3 alters physical properties of Dcp1/Dcp2ext liquid droplets. a, (Left) Fusion of 
Dcp1/Dcp2ext (Left) and Dcp1/Dcp2ext/Edc3 (Right) droplets demonstrate liquid behavior. b, (Left) 
Histogram of droplet area (in μm2) observed for Dcp1/Dcp2ext and stoichiometric Dcp1/Dcp2ext/Edc3 
droplets at concentrations 10-fold greater than csat, the concentration at which phase separation occurs. 
(Right) Cumulative Distribution Function of the data presented on the left demonstrates Dcp1/Dcp2ext 
droplets exhibit a wider distribution of sizes and cannot be adequately explained by only droplets ≤100 
μm2. c, Brightfield images of serial two-fold diluted Dcp2ext show it forms small liquid droplets at high 
concentrations. d, Brightfield images show the disordered C-terminus is sufficient to undergo phase 
separation in a concentration-dependent manner. e, Dcp1/Dcp2ext, Edc3, and RNA all colocalize to 
droplets. Dcp1/Dcp2ext concentration is 60 μM and 5 μM in absence and presence of 80 μM Edc3, 
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Supplementary Fig. 1 | Edc3 alters physical properties of Dcp1/Dcp2ext liquid droplets. a, (Left) Fusion of 

Dcp1/Dcp2ext (Left) and Dcp1/Dcp2ext/Edc3 (Right) droplets demonstrate liquid behavior. b, (Left) Histogram of 

droplet area (in μm2) observed for Dcp1/Dcp2ext and stoichiometric Dcp1/Dcp2ext/Edc3 droplets at concentrations 

10-fold greater than csat, the concentration at which phase separation occurs. (Right) Cumulative Distribution 

Function of the data presented on the left demonstrates Dcp1/Dcp2ext droplets exhibit a wider distribution of sizes 

         μm2. c, Brightfield images of serial two-fold diluted 

Dcp2ext show it forms small liquid droplets at high concentrations. d, Brightfield images show the disordered 

C-terminus is sufficient to undergo phase separation in a concentration-dependent manner. e, Dcp1/Dcp2ext, Edc3, 

and RNA all colocalize to droplets. Dcp1/Dcp2ext concentration is 60 μM and 5 μM in absence and presence of 80 

μM Edc3, respectively. RNA concentration is 100 nM. Micrographs shown in a, c-e are representative images from 

three independent experiments with similar results.

Dcp1/Dcp2ext Dcp1/Dcp2ext/Edc3
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respectively. RNA concentration is 100 nM. Micrographs shown in a, c-e are representative images from
three independent experiments with similar results. 

Figure S3.2: Edc3 alters Dcp1/Dcp2ext mobility in droplets. a, Edc3 reduces the mobility of 
Dcp1/Dcp2 in in vitro droplets as demonstrated by reduced fraction recovery after photobleaching 
(FRAP). b, Increasing the ratio of Edc3 increases the exchange of Dcp1/Dcp2ext and Edc3 in droplets. 
Data are reported as mean ± s.e.m. for twenty recovery profiles collected over two independent 
experiments. 
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Supplementary Fig. 2 | Edc3 alters Dcp1/Dcp2ext mobility in droplets. a, Edc3 reduces the mobility of Dcp1/
Dcp2 in in vitro droplets as demonstrated by reduced fraction recovery after photobleaching (FRAP). b, Increasing 
the ratio of Edc3 increases the exchange of Dcp1/Dcp2ext and Edc3 in droplets. Data are reported as mean ± 
s.e.m. for twenty recovery profiles collected over two independent experiments.
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Figure S3.3: Synthesis and decapping of dually labelled 5’ capped 35 nt RNA probe. a, Overview of 
the labelling procedure, IVT – in vitro transcription, c.t. – co-transcriptional, p.t. – post-transcriptional; b, 
structures of the reagents used for the 5’ and 3’ end labelling; c, Analysis of purified 5’ capped & labelled 
RNA after IVT: lane 1 – reference uncapped RNA, lane 2 – RNA capped co-transcriptionally with 
fluorescent cap analog (FAM-m7Gp3AmpG). d, Labelling of the 3’ end of FAM-m7Gp3AmpG-RNA with pAp-
SCy5 to yield dually labelled probe: lane 3 – crude dually labelled RNA after purification; lane 4 – HPLC-
purified RNA probe. e, f, Co-localization of m7G cap (fluorescein) and RNA body (Cy5) in 
Dcp1/Dcp2ext/Edc3 condensates over twenty minutes demonstrates decapping does not occur in the 
absence of Mg2+, which is required for catalysis. g, Excess RNA slows initial rate of decapping two-fold in 
droplets formed with 1 µM Dcp1/Dcp2ext and 15 µM Edc3. Total RNA concentration is 100 nM when 
limiting and 20 µM when in excess. Representative micrographs and data in f, g are presented as mean ± 
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s.e.m. for twenty droplets examined in two independent experiments with similar results. Error bars are 
not depicted when smaller than the data points. 
 

 
Figure S3.4: Monitoring decapping of dual-labeled 35mer RNA using fluorescence polarization. a, 
Decrease in mP over time as a result of more rapid tumbling of released FAM-m7GDP demonstrates 
RNA decapping by Dcp1/Dcp2core. b, Observed rates of decapping determined from a demonstrate 
Dcp1/Dcp2core is able to hydrolyze dual-labeled substrate at maximal rate of 0.2 min-1. 

 
Figure S3.5: Edc3 sequesters Dcp1/Dcp2ext in condensates to cooperatively activate decapping. a, 
Enhancement of decapping by Edc3 Lsm domain occurs in the absence of condensates. C-terminal Edc3 
YjeF N domain does not stimulate Dcp1/Dcp2ext activity or cause phase separation. Activation by full-
length Edc3 is reproduced from Fig. 4c for comparison. Two independent experiments are shown. 
Representative micrographs are from three independent experiments with similar results. b, Cooperativity 
of activation by dimeric Edc3 is five-fold greater than the Lsm domain. Hill coefficients are reported as 
mean ± standard error from fitting two independent experiments shown in a. c, Depletion of Dcp1/Dcp2ext 
from the dilute phase at increasing concentrations of Edc3 visualized by SDS-PAGE. (Top) Instant Blue 
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decapping by Dcp1/Dcp2core. b, Observed rates of decapping determined from a demonstrate Dcp1/Dcp2core is 
able to hydrolyze dual-labeled substrate at maximal rate of 0.2 min-1.
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staining reveals total protein remaining in dilute phase following pelleting of liquid droplets. (Bottom) In-gel 
fluorescence of Cy5-labelled Dcp2 shows its Edc3-dependent disappearance from the solution. d, 
Quantification of Dcp1/Dcp2ext from analysis of Dcp2 stained with Instant Blue or measured by in-gel Cy5 
emission. Cy5 fluorescence is reproduced from Figure 3d for comparison. Representative SDS-PAGE 
and quantification are from two independent experiments with data presented as mean ± s.e.m. Error 
bars are not shown when smaller than the data points. 

Figure S3.6: Edc3 alters Dcp1/Dcp2ext enrichment and RNA mobility in liquid droplets. a, 
Superstoichiometric Edc3 enriches Dcp1/Dcp2ext in droplets and causes causes droplets to be more 
sensitive to presence of RNA. Images below graph correspond to representative Cy5-labelled 
Dcp1/Dcp2ext micrographs and data presented are mean ± s.e.m. for five independent experiments with 
similar results. b, Enrichment of FAM-29mer RNA in droplets of varying Dcp1/Dcp2ext and Edc3 
concentrations. Representative micrographs and data presented are mean ± s.e.m. for ten independent 
experiments with similar results. c, Edc3 increases the mobile fraction of RNA in droplets. Dcp1/Dcp2ext 
concentration is 40 µM in absence and 5 µM in presence of 80 µM Edc3. Data presented are mean ± 
s.e.m. for twenty recovery profiles collected over two independent experiments. Error bars are not
depicted when smaller than the data point.
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Figure S3.7: Generation of segmentally-labeled Dcp1/Dcp2ext for NMR. a, Reaction scheme for 
ligation of ILVMA-labeled, NMR active Dcp1/Dcp2 core domains with NMR invisible C-terminus using an 
enhanced SortaseA (eSrtA, See Methods). b, SDS-PAGE for the ligation reaction. The left gel 
corresponds to the reaction and purification of ligation product while wild-type Dcp1/Dcp2ext is shown on 
the right gel image. *Indicates N-terminal MBP tag generated upon incubation with TEV. **Indicates 
unreacted C-terminus generated upon incubation with TEV. ***Indicates eSrtA band. c, Ligation product 
and wild-type Dcp1/Dcp2ext exhibit similar decapping activity on a capped 29mer RNA substrate. Data 
presented are mean ± s.e.m. for two independent experiments. 
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Figure S3.8: 1H/13C-HSQC of ligated Dcp1/Dcp2ext. a, Dcp1/Dcp2 core domains (orange), Dcp1/Dcp2ext 
(red), and Dcp1/Dcp2ext/Edc3(Lsm) (green) spectra are overlaid. Assignments correspond to positions for 
core domains of Dcp1/Dcp2 and demonstrate numerous assignments can be reliably transferred to 
Dcp1/Dcp2ext. 
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Figure S3.9: Edc3(Lsm) reduces chemical shift perturbations (CSPs) of Dcp1/Dcp2ext to more 
closely resemble the chemical shifts of Dcp1/Dcp2core. a, CSPs of Dcp1/Dcp2ext containing the C-
terminus in the absence (red) and presence (green) of Edc3 for ILVMA terminal methyl resonances in the 
structured catalytic core of Dcp2. CSPs are calculated relative to Dcp1/Dcp2core, which lacks the 
disordered C-terminus. The reduction in CSPs upon the addition of Edc3 indicates the structure of the 
core domains more closely resembles that of the uninhibited Dcp1/Dcp2core complex. The dotted line 
represents the standard deviation of observed CSPs plotted in the graph. b, CSPs for Dcp1/Dcp2ext (Left) 
and Dcp1/Dcp2ext/Edc3 (Right) mapped onto the inactive state of Dcp1/Dcp2 (PDB: 2QKM). ILVMA 
residues are shown as spheres. Dcp1 is shown as yellow ribbon structure. 
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Figure S3.10: Several resonances in the catalytic domain of Dcp2 report on the inactive—
precatalytic equilibrium. a, 1H/13C-methyl resonances in Dcp2 constructs predominantly fall along a 
linear trajectory (dotted line), indicative of fast interconversion between the inactive and precatalytic 
states on the NMR timescale. Resonances for Ala 227Cb, Ile 223d1, and Ile 196d1 were used in addition 
to Ile 102d1 (Fig. 3.5b) to calculate the relative population of the inactive state due to the observance of 
resonances for all constructs strictly lying along a linear trajectory. 
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Figure S3.11: Dcp1/Dcp2ext conformational equilibria is important for substrate recognition, liquid-
like behavior, and proper regulation of decapping in condensates. a, FP curves for various Dcp2 
constructs binding to U30mer RNA. Data are normalized to the span between minimum and maximum 
mP values for each protein tested. Dcp1/Dcp2ext was normalized to span between its minimum and 
average maximum for all proteins tested. Data are presented as mean ± s.e.m. for three independent 
experiments and error bars are not show when smaller than the data point. b, Fusion of 
Dcp1/Dcp2ext(Y220G) condensates occurs slower than wild-type droplets of similar size. Time (t) data 
presented are from fits of exponential decrease in droplet length following initial fusion event and error 
represents standard error of the fit and are not depicted when smaller than the data point. Representative 
micrographs are from three independent experiments with similar results. c, Decapping of dual-labeled 
RNA substrate by Dcp1/Dcp2ext(Y220G) by fluorescence microscopy. Representative micrographs are 
from twenty droplets collected over two independent experiments with similar results. d, The Y220G 
mutation does not affect the cooperativity of activation by Edc3 but increases the K1/2 of activation three-
fold. Hill coefficients and K1/2 are presented as mean ± s.e.m. for experimental fits from two independent 
experiments shown in Fig. 3.5g. 
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SUPPLEMENTAL TABLES 
Table S3.1: Protein constructs used in this study 

Protein 
Construct 

Amino Acid 
Boundaries 

Solubility/Purification 
Tags 

Plasmid 
Backbone Organism 

Dcp1/Dcp2ext Dcp1: 1-127 
Dcp2: 1-504 

Dcp1: N-terminal His6-
MBP-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Dcp1/Dcp2ext(Y220G) Dcp1: 1-127 
Dcp2: 1-504 

Dcp1: N-terminal His6-
MBP-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Dcp1/Dcp2core Dcp1: 1-127 
Dcp2: 1-243 

Dcp1: N-terminal His6-
MBP-TEV 

pRSF S. pombe

Dcp1/Dcp2core(Y220G) Dcp1: 1-127 
Dcp2: 1-243 

Dcp1: N-terminal His6-
MBP-TEV 

pRSF S. pombe

Dcp1/Dcp2HLM1/2 Dcp1: 1-127 
Dcp2: 1-318 

Dcp1: N-terminal His6-
MBP-TEV 
Dcp2: C-terminal StrepII 

pRSF S. pombe

Dcp1/Dcp2HLM1 Dcp1: 1-127 
Dcp2: 1-266 

Dcp1: N-terminal His6-
MBP-TEV 

pRSF S. pombe

Dcp1/Dcp2(eSrtA) Dcp1: 1-27 
Dcp2: 1-266 + 
LPETGGH  

Dcp1: N-terminal His6-
MBP-TEV 

pRSF S. pombe

Dcp1 Dcp1: 1-127 Dcp1: N-terminal His6-
MBP-TEV 

pRSF S. pombe

Dcp2ext Dcp2: 1-504 Dcp2: N-terminal His6-
MBP-TEV; C-terminal 
StrepII 

pRSF S. pombe

Dcp2core Dcp2: 1-243 Dcp2: N-terminal His6-
MBP-TEV 

pRSF S. pombe

Dcp2CD (Catalytic 
Domain) 

Dcp2: 96-243 Dcp2: N-terminal His6-
MBP-TEV 

pRSF S. pombe

Dcp2 C-terminus Dcp2: 244-504 Dcp2: N-terminal His6-
MBP-TEV; C-terminal 
StrepII 

pRSF S. pombe

Dcp2 C-terminus 
eSrtA 

Dcp2: G3 + 
274-504

Dcp2: N-terminal His6-
MBP-TEV; C-terminal 
StrepII 

pRSF S. pombe

Edc3 Edc3: 1-454 N-terminal His6-TEV pET30b S. pombe
Edc3 Lsm 
domain 

Edc3: 1-94 N-terminal His6-TEV pET30b S. pombe

Edc3 YjeF N 
domain 

Edc3: 188-454 N-terminal His6-TEV pET30b S. pombe

Edc1 Direct  
Activation Motif 
(DAM) 

Edc1: 155-180 None (synthesized by 
Peptide2.0) 

N/A S. pombe
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Table S3.2: Values for half-time of recovery and the fraction of mobile molecules 
obtained from fitting to FRAP curves 

 t1/2 (min) Mobile Fraction 
Dcp1/Dcp2 FRAP 
Dcp1/Dcp2 0.91 ± 0.06 0.28 ± 0.01 
Dcp1/Dcp2 + Edc3 1.62 ± 0.05 0.85 ± 0.01 
1:1 Edc3:Dcp1/Dcp2 
Dcp1/Dcp2 0.95 ± 0.07 0.28 ± 0.01 
Edc3 2.15 ± 0.04 0.39 ± 0.01 
17:1 Edc3:Dcp1/Dcp2 
Dcp1/Dcp2 1.9 ± 0.12 0.65 ± 0.02 
Edc3 1.4 ± 0.05 0.87 ± 0.02 
RNA FRAP 
Dcp1/Dcp2 0.40 ± 0.04 0.45 ± 0.01 
Dcp1/Dcp2/Edc3 0.29 ± 0.03 0.87 ± 0.02 

Table S3.3: Dcp1/Dcp2ext decapping rates in Bulk and Dilute phases 

Protein 
Bulk kobs 

(min-1) 
Supernatant 
 kobs (min-1) 

Dcp1/Dcp2ext 0.36 ± 0.14 0.51 ± 0.04 
Dcp1/Dcp2ext/Edc3 1.37 ± 0.13 0.43 ± 0.08 

Table S3.4: Dcp1/Dcp2ext decapping rates in Bulk and Dilute Phase with variable Edc3 

[Edc3] (µM) 
Bulk 

 kobs (min-1) 
Supernatant 
 kobs (min-1) 

80 1.06 ± 0.10 0.52 ± 0.03 
20 1.08 ± 0.06 0.62 ± 0.10 
5 0.91 ± 0.08 0.53 ± 0.08 
1.25 0.46 ± 0.06 0.53 ± 0.03 
0.3125 0.41 ± 0.04 0.58 ± 0.06 
0.078125 0.38 ± 0.06 0.52 ± 0.04 
0 0.35 ± 0.04 0.49 ± 0.06 

Table S3.5: Dcp1/Dcp2ext decapping rates with addition of Edc3 Lsm and YjeF N domains 

[Edc3] (µM) 
Lsm kobs 
(min-1) 

 YjeF N 
kobs (min-1) 

80 0.93 ± 0.14 0.43 ± 0.04 
20 0.79 ± 0.10 
5 0.68 ± 0.09 
1.25 0.53 ± 0.07 
0.3125 0.43 ± 0.01 
0.078125 0.37 ± 0.01 
0 0.37 ± 0.02 

Table S3.6: Equilibrium dissociation constants (KD) for various Dcp2 constructs 
determined by fluorescence polarization 

Protein KD (µM) 
Dcp2CD 0.0097 ± 0.0031 
Dcp1/Dcp2core 4.57 ± 1.04 
Dcp1/Dcp2ext 84.1 ± 62.5 
Dcp1/Dcp2ext + Edc3(Lsm) 0.837 ± 0.121 
Dcp1/Dcp2ext(Y220G) 8.58 ± 3.69 
Dcp1/Dcp2ext(Y220G) + Edc3(Lsm) 2.53 ± 0.24 
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Table S3.7: Dcp1/Dcp2ext(Y220G) and Dcp1/Dcp2ext WT decapping rates in Bulk and Dilute 
Phase at variable Edc3 concentrations 

[Edc3] (µM) 
Y220G Bulk 
kobs (min-1) 

Y220G 
Supernatant 
kobs (min-1) 

WT Bulk kobs  
(min-1) 

WT 
Supernatant 
kobs (min-1) 

80 4.68 ± 0.37 3.74 ± 0.26 1.10 ± 0.04 0.49 ± 0.03 
20 4.39 ± 0.24 3.01 ± 0.00 1.00 ± 0.08 0.47 ± 0.15 
5 3.45 ± 0.17  2.88 ± 0.34 0.87 ± 0.04 0.38 ± 0.14 
1.25 3.06 ± 0.02 3.25 ± 0.15 0.47 ± 0.01 0.42 ± 0.10 
0.3125 3.18 ± 0.10 3.43 ± 0.11 0.51 ± 0.09 0.44 ± 0.14 
0.078125 2.97 ± 0.40 3.02 ± 0.12 0.31 ± 0.07 0.40 ± 0.12 
0 2.81 ± 0.16 2.93 ± 0.20 0.35 ± 0.01 0.42 ± 0.07 

 
Table S3.8: Edc1/Dcp1/Dcp2 decapping rates in Bulk and Dilute Phase at variable Edc3 
concentrations 

[Edc3] (µM) 
Bulk 

 kobs (min-1) 
Supernatant 
 kobs (min-1) 

80 5.09 ± 0.25 5.69 ± 0.57 
20 4.65 ± 0.15 5.23 ± 0.23 
5 5.81 ± 0.24 5.85 ± 0.36 
1.25 4.75 ± 0.20 6.15 ± 0.36 
0.3125 4.19 ± 0.15 7.04 ± 0.35 
0.078125 4.65 ± 0.18 5.90 ± 0.40 
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CHAPTER 4 

Additional biochemical and biophysical studies of the decapping complex at 

ångstrom and mesoscopic scales 
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Aromatic residues in Dcp2 have different roles mRNA decapping 

The catalytic core of Dcp2 contains several surface-exposed aromatic residues that may 

be important for RNA recognition. Previously, Trp43 (W43) in the Dcp2 N-terminal regulatory 

domain (NRD) was identified as essential for decapping activity because it recognizes the m7G 

cap through pi-stacking interactions and ensures specificity for the methyl mark1,2. Additional 

structures of the Dcp1/Dcp2 decapping complex made use of non-hydrolyzable cap analogs 

that would mimic the cap and first-transcribed nucleotide of mRNA3,4. These analogs could 

provide information on other aromatic residues in Dcp2 that contact mRNA. Two crystal 

structures of the decapping complex were solved containing two m7G moieties linked by a 

tetraphosphate group (m7GpSpppSm7G). In addition to W43, m7G groups interacted with Tyr92 

(Y92), Trp117 (W117), and Tyr220 (Y220) (Fig. 4.1a). W117 and Y220 are in the catalytic 

domain (CD) of Dcp2 and may be important for substrate positioning. To determine whether 

these interactions are important for mRNA decapping, we individually mutated these residues to 

alanine and assayed decapping activity on both m7GpppRNA and GpppRNA. 

Wild-type Dcp1/Dcp2 exhibited four-fold specificity for the methylated, capped RNA and 

as expected, the W43A mutation reduced decapping activity 100-fold and abolished specificity 

for the methyl mark (Fig. 4.1b, Table 4.1). Mutation of Y92 and Y220 did not lead to defects in 

decapping or loss in specificity for m7GpppRNA (Fig. 4.1b, Table 4.1). Y92 has been shown to 

make contacts with the activator Edc1 and its mutation only slightly reduces Edc1 activation of 

decapping, suggesting it has a minor role in decapping5. While Y220 has a limited effect on 

decapping in the context of the structured domains, earlier chapters have demonstrated its role 

in stabilizing an autoinhibited conformation of Dcp2 and another study has shown it may play a 

role in specificity for the first-transcribed nucleotide5–7. Finally, the W117A mutation inhibited 

decapping of m7GpppRNA four-fold, eliminating Dcp2 specificity for methylated cap (Fig. 4.1b, 

Table 4.1).  
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Figure 4.1: Aromatic residues in Dcp2 that interact with m7G have different effects on activity and 
specificity. a, Interactions between mRNA substrate analog and Dcp2 with key aromatic residues 
contacting the m7G cap labeled (PDB: 5KQ4). W43 and Y92 are in the N-terminal Regulatory Domain 
(NRD) and W117 and Y220 are in the Catalytic Domain (CD) of Dcp2. b, Single-turnover decapping rates 
of RNA containing methylated (blue) and unmethylated (salmon) cap structures by Dcp1/Dcp2 complexes 
with point mutations to aromatic residues shown to be interacting with m7G moieties in a. 

The reason for this observed effect on decapping is difficult to explain. W117 is adjacent 

to the 190s loop in the CD, which contains residues important for Mg2+ coordination essential for 

catalysis and interacts with the m7G cap in the active state5,8–10. This predicts W117 may have a 

structural role in proper positioning of the 190s loop. In addition, the interaction between W117 

and m7G may represent an intermediate step that immediately precedes catalysis and ensures 

specific recognition of the methylated cap. While this intermediate step may be difficult to 

capture by structural methods, molecular dynamics simulations may provide useful information 

regarding the local structural rearrangements occurring during the Dcp2 catalytic cycle. 

Interdomain dynamics in Dcp2 are mediated through a regulatory helix 

Dcp2 has a bipartite active site formed by the Dcp2 NRD and CD. More specifically, 

there is contains a helix in the NRD (regulatory helix, residues 31-50) that contains residues 

Trp43 and Asp47 (W43 and D47) that are critical for cap recognition during catalysis1,2,11. In 

addition, different conformational states of Dcp2 have been structurally characterized showing 

W43 and D47 can interact with Y220 in the CD (Fig. 4.2a)3,9,12. This interdomain interaction 

results in burial of W43 and D47 and is incompatible with cap recognition. In order to adopt the 
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active state, the CD needs to be displaced to allow m7G interaction with W43 and D47 (Fig. 

4.2a). As a result, Dcp2 undergoes interdomain motions on the ms-µs timescale (~2000 s-1)9,13. 

Dynamic NMR studies revealed mutation of W43 quenched these interdomain motions and 

uncoupled Dcp1 activation of decapping, indicating this residue mediates the conformational 

switch necessary for catalysis13. Mutation of Y220 in the CD also quenches ms-µs motions and 

enhances enzymatic activity, demonstrating that interdomain motions are important for 

formation of the inactive state6,7. 

Figure 4.2: Resides along the interfacial helix of the Dcp2 NRD undergo coordinated movements 
that enable m7G recognition by W43. a, W43 and D47 residues in the interfacial helix of the Dcp2 NRD 
are occluded by Y220 in the Dcp2 CD in the inactive state (Left) but become accessible for cap binding in 
the active state (Middle). (Right) Sidechain rotameric changes are propagated along the regulatory helix 
in the inactive (light purple) and active (orange) states. b, W43 sidechain c1 and c2 dihedral angles 
determined from different Dcp2 conformations observed in published crystal structures. 

Closer inspection of the regulatory helix reveals that residues lining the interface 

between the NRD and CD adopt different states in the inactive and active states of Dcp2 (Fig. 

4.2a). These concerted motions led us to hypothesize additional mutations may abrogate ms-µs 

dynamics. In agreement, D47 reduced interdomain motions to the same extent as W43 and 

Y220 as indicated by the observance of additional crosspeaks in their 1H-15N HSQC NMR 

spectra (Table 4.2). Mutation of E39 also abrogated dynamics, albeit to a lesser extent than 

D47. Mutation of an aromatic residue at the NRD-CD interface but outside the regulatory helix, 

Y92, also quenched ms-µs motions. Y92 is part of the interdomain linker and may serve to 

allosterically enforce the CD in the precatalytic or active states. Finally, mutation of W117, which 
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is distal to the interface does not affect Dcp2 dynamics. Thus, there are several interfacial 

residues in the Dcp2 NRD that act in a coordinated way to regulate conformational changes in 

Dcp2. 

For W43 to engage with the cap, its sidechain must undergo a large rotational change as 

Dcp2 adopts the active conformation (Fig. 4.2a). This sidechain rotation establishes pi-pi 

interactions with m7G and promotes Watson-Crick-like base-pairing between the cap and D47 

(Fig. 4.2a). Intriguingly, despite the existence of multiple Dcp2 conformations, the sidechain 

dihedral angles of W43 can be classified into two orientations (Fig. 4.2b). While the dihedral 

angles for the precatalytic and active states are clustered, they are distinct from those observed 

for the inactive state. This suggests interdomain dynamics in Dcp2 are required to permit 

rotation of the W43 indole into the cap-binding state. Dcp1 alters the rate of exchange between 

the NRD and CD to stabilize the inactive state in solution and activate decapping9,13. This 

counterintuitive activation mechanism could be explained if Dcp1 serves to limit the rotameric 

states sampled by W43, thus increasing the likelihood of proper cap recognition. This biasing 

could be accomplished by the NR-loop of Dcp1 that contacts the Dcp2 regulatory helix and, 

when mutated, prevents activation14. In addition, Y220 makes edge-edge interactions with W43 

to stabilize the inactive rotamer and mutation of Y220 could activate decapping by permitting 

W43 to adopt its active rotamer even in the inactive state. NMR presents a useful method to test 

these predictions because the two states of the W43 sidechain would be distinguishable by their 

respective J-coupling constants. The results of this proposed work would lead to a more 

fundamental understanding of the mechanism of activation used by Dcp1, which has been 

poorly understood. 

Examining the conformation of the mRNA decapping complex in condensates 

Dcp1/Dcp2 sequestered in condensates has a 10-fold greater catalytic range than in 

solution due to enhanced repression of activity7. In solution, the Dcp2 C-terminus promotes 

formation of an inactive state, and it is possible this interaction is stabilized or kinetically trapped 
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due to the higher local concentration in condensates. Another possibility is that at these higher 

concentrations Dcp1/Dcp2 adopts structures and conformations that would otherwise not be 

observed. Similar emergent interactions have been observed for in vitro condensates consisting 

of proteins involved in mRNA translation and deadenylation15,16. Studying the structures of 

molecules in droplets is challenging because of their liquid-like properties and the lack of tertiary 

structure in many phase-separating proteins. Recent applications of NMR and XL-MS offer a 

promising method for studying interactions that occur specifically in condensates as well as 

time-resolved information on how these interactions may change over time or in the presence of 

additional factors17,18. Moreover, working with more well-behaved constructs of proteins at the 

concentrations observed in droplets but in the absence of phase separation provides an 

alternative approach that may still provide valuable hypotheses that can ultimately be tested in 

the context of condensate formation. 

The structured domains of Dcp1/Dcp2 do not undergo phase separation but can be 

purified to millimolar concentrations, which is predicted to be at or above what is observed in 

Dcp1/Dcp2 condensates in vitro. Thus, studying the biophysical properties of Dcp1/Dcp2 at 

these high concentrations could provide insights into what is occurring in condensates. 

Crystallization of proteins results in high local concentrations similar to phase separation and 

has led to the observation of two different Dcp1/Dcp2 dimers11. In one case, there are numerous 

intermolecular Dcp1—Dcp1, NRD—NRD and CD—CD interactions of adjacent Dcp2 molecules 

(Fig. 4.3a). However, this dimer is asymmetric because Dcp2 is different conformations: one 

molecule is in the inactive state while the other is in the precatalytic state. In contrast, the 

second observed dimer is symmetric and involves fewer contacts between the RNA binding and 

HLM-1 helices of interacting monomers (Fig. 4.3b). Interestingly, dimerization results in 

stabilization of states incompatible with catalysis and we hypothesize they may structurally 

explain the enhanced repression observed in condensates. 
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Figure 4.3: Dcp1/Dcp2 dimers observed in solved crystal structure 2QKM. a, One molecule of Dcp2 
is in the closed, inactive conformation (purple) and the other is in the extended, precatalytic conformation 
(dark grey). Contacts are dominated by intermolecular NRD-NRD and CD-CD interactions. b, Both 
molecules of Dcp2 are in the inactive state and dimerization contacts are mediated by intermolecular B-
Box (RNA binding) and HLM interactions. 

To determine whether these dimers exist in condensates, we first needed to see if 

dimerization occurs in solution. Analytical ultracentrifugation (AUC) of proteins is a powerful 

method to biophysically interrogate the oligomeric state of proteins and we employed it to look 

for dimerization of Dcp1/Dcp2. At concentrations below phase separation, we observed a single 

species for Dcp1/Dcp2ext that best matches to the monomer and confirms AUC as a viable 

method for studying Dcp1/Dcp2 (Fig. 4.4a).  

Figure 4.4: Analytical ultracentrifugation (AUC) of Dcp1/Dcp2(1-504) and Dcp1/Dcp2(1-266). a, Plot 
of sedimentation coefficient for 15 µm Dcp1/Dcp2(1-504) is indicative of monomeric species (expected 
MWmonomer ~72kDa). b, Two peaks are observed for AUC of 20 µm Dcp1/Dcp2(1-266), with the species at 
lower sedimentation coefficient corresponding to unbound Dcp1 (MWmonomer ~14kDa) and the species at 
higher sedimentation coefficient corresponding to monomeric Dcp1/Dcp2(1-266) (MWmonomer ~44kDa). c, 
AUC of 40 µm Dcp1/Dcp2(1-266) gives rise to peak at ~9S, which most closely fits with a dimeric species 
(MWdimer ~88kDa). 

Because phase separation at higher concentrations of Dcp1/Dcp2ext may confound AUC 

analysis, we studied Dcp1/Dcp2HLM-1. At concentrations below the critical concentration, 

Dcp1/Dcp2HLM-1 is also monomeric (Fig. 4.4b). Increasing Dcp1/Dcp2HLM-1 concentration to near 

the critical point for Dcp1/Dcp2ext phase separation still resulted in a predominantly monomeric 

Inactive
Precatalytic

a b

MW = 40 kDa

20 μM Dcp1/Dcp2(1-266)

MW = 15 kDa

40 μM Dcp1/Dcp2(1-266)

MW = 40 kDa

6 8 10 120

0.01

0.02

MW = 100 kDa

MW = 63 kDa

15 μM Dcp1/Dcp2(1-504)
a b c

101



state, a small fraction of dimeric species is observed (Fig. 4.4c). This species may become 

more populated as the concentration is increased to recapitulate that observed in droplets. 

Targeted mutations predicted to destabilize dimerization of Dcp1/Dcp2HLM-1 can be tested and 

then made in Dcp1/Dcp2ext to look for defects in phase separation. The results of these 

experiments have broad implications for understanding how phase separation can be utilized by 

enzymes to establish new mechanisms of regulation. 

mRNA decapping maintains fluidity in condensates and causes structural 

rearrangements 

Biomolecular condensates are characterized by the exchange of molecules between the 

dense droplet environment and surrounding dilute solution19. The rate of exchange between 

these phases is often used to describe how liquid-like a condensate is with more rapid 

exchange corresponding to a more liquid-like environment. Condensates studied both in vitro 

and in vivo exhibit a wide range of exchange behavior and it can change over time for a given 

droplet20. An oft-observed phenomenon of condensates is that the exchange of molecules 

between the dense and dilute phase slows as they age, resulting in a more viscous droplet21. 

The functional consequences of condensate aging are context-dependent but are meaningful to 

understand the arrestation of cellular processes and progression of pathogenic aggregation. 

P-bodies exhibit properties consist with increased viscosity in vivo and decapping

condensates undergo aging in vitro22–24. Mutations that inhibit decapping cause an increase in 

P-body size and abundance in vivo, and is predicted to arise from increased RNA abundance in

the cell22,25. A study examining the direct effects of decapping on the rheological properties is 

lacking. Therefore, we sought to use catalytically active Dcp1/Dcp2/Edc3 condensates to study 

how aging effects their ability to decap mRNA. We performed two independent experiments 

using the fluorescent mRNA probe: Mg2+ was added 1) 0.5 hours after Dcp1/Dcp2/Edc3 droplet 

formation and 2) after 20h incubation of the condensates to initiate catalysis and fluorescence 
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was monitored by microscopy. Decapping rates observed in droplets were indistinguishable 

between condensates initiated at 0.5 or 20 hours after formation (0.19 ± 0.02 min-1 and 0.23 ± 

0.02 min-1, respectively) as indicated by loss of Fluorecein-m7GDP intensity in droplets (Fig. 

4.5a). Localization of the RNA body was also unchanged in both instances as shown by Cy5 

fluorescence (Fig. 4.5b). We conclude aging does not affect the ability of Dcp1/Dcp2/Edc3 

condensates to perform catalysis. 

Figure 4.5: Decapping in aged Dcp1/Dcp2/Edc3 condensates restores size and RNA exchange to 
resemble liquid-like condensates more closely. a, Fluorescein-m7GDP intensity in condensates 
formed with 5 µM Dcp1/Dcp2ext and 80 µM Edc3 following initiation of catalysis with Mg2+ after 0.5h 
(purple) or 20h (gold) incubation of condensates with 100 nM dual-labeled mRNA probe. b, As in a, but 
monitoring RNA-Cy5 fluorescence. c, Average size of droplets incubated with 100 nM mRNA probe for 
0.5h (purple) or 20h (gold) following initiation of decapping with Mg2+. d, Fluorescence recovery after 
photobleaching (FRAP) of dual-labeled mRNA localized to Dcp1/Dcp2/Edc3 droplets and incubated for 
20h in the absence (dark blue) and presence (pink) of Mg2+. 

Following initiation of decapping, we noticed droplet size decrease during image 

acquisition. Plotting the average droplet diameter as a function of time shows droplets incubated 

for 20h have an initial average diameter of seven micrometers, 1.75x larger than droplets 
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imaged after 0.5h (Fig. 4.5c). During catalysis, the average size decreased to 4.8 um, 

plateauing near the size observed for droplets imaged 30 minutes after formation, which did not 

exhibit any change in average size. The rate of the size decrease (0.07 ± 0.01 min-1) observed 

for aged droplets is slower than the measured rate of decapping, suggesting rearrangements in 

the droplet environment occur after catalysis and are rate-limiting. While it is unknown what the 

nature of these rearrangements are, we predict it could be the result of an alteration to the 

interactions promoting phase separation and a change in partitioning that reflects restored 

exchange of molecules in condensates. This latter prediction is supported by the observation 

that the RNA becomes more mobile in condensates following initiation of decapping (Fig. 4.5d). 

More work is needed to better understand this phenomenon, but it is tempting to speculate 

catalysis is important for maintaining and restoring the liquid-like behavior of decapping 

condensates. Consequently, P-body morphological and rheological properties could reflect their 

enzymatic state and dictate their functional roles in mRNA storage and decay. 

Table 4.1: Effect of Dcp2 aromatic mutations on decapping rates and specificity for 
methylated cap 

Construct kmax (min-1) 
m7GpppRNA 

kmax (min-1) 
GpppRNA 

Specificity 
(km7GpppRNA/kGpppRNA) 

Dcp1/Dcp2 1.2 0.3 4 
Dcp1/Dcp2(W43A) 0.03 0.02 1.2 
Dcp1/Dcp2(Y92A) 1.6 0.4 3.8 
Dcp1/Dcp2(W117A) 0.3 0.2 1.5 
Dcp1/Dcp2(Y220A) 1.7 0.3 5.8 

Table 4.2: Qualitative evaluation of mutations in Dcp2 on ms-µs dynamics 
Dcp2 construct ms-µs dynamics 

WT +++ 
E39A ++ 
W43A - 
D47A - 
Y92A + 

W117A +++ 
Y220G - 
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CHAPTER 5 

CONCLUDING REMARKS 

Our work into the mechanisms regulating eukaryotic mRNA decapping has illuminated a 

link between mesoscopic organization, atomic structure, and enzymatic activity. We predict our 

results have implications for the localization of mRNA degradation to dynamic, highly regulated 

sites in cells. Phase separation sequesters the 5’-3’ mRNA decapping machinery, providing a 

robust mechanism to limit their cellular distribution. These sites can inhibit or activate decapping 

relative to the surrounding cytoplasm depending on the interactions promoting phase separation 

(Fig. 5.1). As a result, aberrant degradation events would be limited since the available pool of 

decapping factors are no longer widely distributed. The liquid-like behavior of condensates also 

allows for rapid reorganization of molecules, potentially altering the fate of localized mRNAs and 

providing an additional mechanism for ensuring degradation is only permitted when specific 

conditions are met. Conversely, when drastic changes to the mRNA pool are needed, the 

expression of Edc1-type activators co-opts the conformational regulation of decapping to 

promote decay independent of phase separation.  

Figure 5.1: Model of how phase separation regulates mRNA decapping. Molecular conformation and 
interactions dictate the functional state of Dcp1/Dcp2 in condensates to cause localized sites of mRNA 
storage (intermolecular Dcp1/Dcp2 IM—IM interactions) and decay (Dcp1/Dcp2 HLM—Edc3 interactions). 
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Edc1-type activators strongly activates decapping to override the localized regulation and cause 
widespread decay. 

While this dissertation provides a framework for understanding how intrinsically disordered 

regions and phase separation can lead to emergent regulatory mechanisms of enzymatic reactions, it 

does not capture the full complexity of cellular mRNA degradation. An exciting prospect for future 

research is the ability to reconstitute the complete 5’-3’ mRNA decay pathway in vitro, which is the result 

of tireless efforts by many researchers. Simultaneously studying these concerted processes will likely 

reveal additional modes of molecular crosstalk that may elucidate how the various complexes are 

assembled on mRNA to coordinate its destruction. With this information we can make incisive hypotheses 

about the interplay between stability and degradation. The challenges of working with this complexity are 

formidable, but the prospects of gleaning new insights into RNA biology are rich. 
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