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Abstract

Cells organize biochemical processes into biological condensates. P-bodies are cytoplasmic
condensates enriched in enzymes important for mMRNA degradation and have been identified as
sites of both storage and decay. How these opposing outcomes can be achieved in condensates
remains unresolved. mMRNA decapping immediately precedes degradation and the Dcp1/Dcp?2
decapping complex is enriched in P-bodies. Here, we show Dcpl/Dcp?2 activity is modulated in
condensates and depends on the interactions promoting phase separation. We find Dcpl/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 Angstroms. 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
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interactions to enforce reaction directionality!~10. The emergent properties afforded by
formation of extensive interaction networks in condensates can also enhance enzymatic
activity beyond local concentration effects!1:12, 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 and stressed conditions'314. P-bodies are a conserved class of biomolecular
condensates enriched in proteins involved in 5’-3° mRNA decay®-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 Ajternatively, P-bodies may function as
sites of MRNA storage due to the absence of decay intermediates in sequencing and live cell
imaging datal®21.22_ Moreover, mMRNAs 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)?’. Many 5°-3’ decay proteins contain structured domains flanked by

IDRs important for interaction with RNA and protein cofactors?®. This includes the
conserved decapping complex—comprised of the catalytic subunit Dcp2 and its obligate
activator Dcpl—responsible for removing the 7-methylguanosine (m7G) cap from mRNA,
committing the transcript to degradation?%-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 Dcp?2 that affect decapping
in vitroand in vivo3®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 autoinhibition3°36:39.40 Edc3
localizes to P-bodies and forms multivalent interactions with RNA and the Dcp-2 C-
terminus to promote liquid-liquid phase separation334142_nitial studies suggested Edc3-
mediated phase separation of Dcpl/Dcp2 inhibited decapping®2. These studies indirectly
measured Dcpl/Dcp2 activity in condensates as monitoring decapping in condensates is
challenging. It remains unclear how phase separation regulates decapping.
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In this study, we address the relationship between molecular organization and function

in minimal decapping condensates containing Dcpl/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 Dcpl/Dcp? is inactive in condensates and addition

of Edc3 reorganizes the underlying network of interactions to activate Dcpl/Dcp2 90-fold.
Activation in condensates is greater than in solution because of increased repression of
Dcpl/Dep?2 activity in the absence of Edc3, not because enzyme turnover is accelerated.

We show Edc3 promotes a Dcpl/Dcp2 conformational change to enhance decapping and
suggest the condensate environment biases an equilibrium in Dcpl/Dcp?2 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.

Phase separation of Dcpl/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. 1a and Supplementary Table 1)36. Dcp2ey; contains structured, N-
terminal regulatory (NRD) and catalytic (CD) domains and regulatory motifs in a C-terminal
IDR. In the absence of activators, Dcpl/Dcp2eyt is autoinhibited by inhibitory motifs (IMs)
and Edc3 interacts with flanking helical leucine rich motifs (HLMSs) to promote decapping
(Fig. 1a,b). Dcpl/Dep2e4; Undergoes phase separation at higher concentrations (Fig. 1c).
Because prior studies examined Dcpl/Dcp2 condensates using a construct lacking 1Ms, we
characterized how these elements contribute to phase separation of Dcpl/Dcp2qy; in parallel
with those formed in complex with Edc33342,

Droplets containing Dcpl/Dcp2ey: underwent fusion and varied in size from <50 pm? to
>500 um?, indicative of a liquid-like biomolecular condensate (Supplementary Fig. 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 Dcpl (Supplementary Fig. 1c,d). Dcpl/Dep2ey droplets are able
to recruit RNA (Supplementary Fig. 1e). Our data demonstrate Dcpl/Dcep2q4: can form
large, microscopic condensates mediated by the C-terminus.

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 Dcpl/Dcp2qy: phase separation 20-fold (Fig. 1c,d). Dcpl/Dep2ext
and Edc3 colocalized to droplets, were homogenously distributed, undergo fusion and
recruit RNA (Fig. 1le and Supplementary Fig. 1a,e). Droplets containing Edc3 did not exceed
100 pm2, in contrast to the numerous >100 pum? droplets observed for Dcpl/Dep2ey; (Fig.

1c and Supplementary Fig. 1b). Edc3 altered Dcpl/Dcp2q4: €Xchange in condensates in

a concentration-dependent manner (Supplementary Fig. 2a,b and Supplementary Table 2).
These data indicate the properties of Dcpl/Dcp2q4: condensates change upon addition of
Edc3, raising the possibility that protein interactions promoting droplet formation differ.
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Edc3 alters interactions driving Dcpl1/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 Dcpl/Dcp2eyt
condensation in the absence or presence of Edc3 (Fig. 2a). To test this, we developed a series
of truncations in Dcp2 and Edc3 and looked for the presence of droplets using microscopy
(Fig. 2b).

If Dcpl/Dep2ext phase separation is driven by interactions between IMs and the structured
regions of Dcpl/Dcep2eqy: /1 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 Dcpl/Dcp2/Edc3 should be independent
of IMs (Fig. 2a). In support, a construct lacking IMs, Dcp2p m1/2, abolished phase
separation of Dcpl/Dcep2 but not Depl/Dep2/Edce3 (Fig. 2¢).

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

an interface for the multivalency required for Dcpl/Dep2ey phase separation (Fig. 2a)36:43,
This predicts excess Dcpl would outcompete intermolecular Dcpl—Dcp?2 interactions to
prevent phase separation of Dcpl/Dcep2ext, but not affect Edc3-driven phase separation
because Edc3—HLM interactions are independent of Dcpl. Indeed, four-fold molar
excess Dcpl prevented Dcpl/Dep2q4: phase separation while addition of Edc3 resulted

in droplet formation (Fig. 2d). Moreover, Edc3-dependent phase separation required Edc3
dimerization (Fig. 2e). Thus, Dcp2 IMs and Dcpl are crucial for Dcpl/Dcp2qy; phase
separation while Dcp2 HLMs and Edc3 promote Dcpl/Dep2q4/Edc3 droplet formation. This
suggests molecular composition changes the network of interactions critical for condensate
formation.

Edc3 activates decapping in droplets

Since the molecular organization of Dcpl/Dcp2qy: and Depl/Dep2qy/Edc3 droplets involves
interactions important for autoinhibition and activation, we asked whether condensates
exhibit different decapping activity. To directly quantify Dcpl/Dcp2eyt decapping in
droplets, we synthesized a 38mer-RNA substrate containing a 5’-m’GDP conjugated to
fluorescein and 3’ adenosine conjugated to Cy5, allowing for simultaneous monitoring of
the 5’-cap and RNA body by microscopy (Fig. 3a and Extended Data Fig. 1a—d). We mixed
this substrate with a concentration of Dcpl/Dcep2e,; 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. 3b,c). However, droplet formation with excess
Edc3 resulted in a decrease in m’GDP from droplets at a rate of 0.56 min~1 (Fig. 3d,e).
Thus, Edc3 enhanced Dcpl/Dep2ey; in droplets 90-fold and m’GDP loss from droplets is
dependent on enzyme catalysis (Extended Data Fig. 1e,f). Addition of substoichiometric
Edc3 to pre-formed Dcpl/Dcep2ey; droplets caused a dose-dependent loss of m’GDP

signal from droplets at rates up to 22-fold greater than Dcpl/Dcp2ey; droplets (Fig. 3f,g).
Localization of the RNA body did not change, suggesting it is retained within condensates
(Fig. 3c,e). Changes in RNA abundance from limiting amounts to excess relative to Dcpl/
Dcp2e4t had a two-fold effect on initial decapping rates in Dcpl/Dep2q4/Edc3 droplets
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(Extended Data Fig. 1g). We conclude decapping can occur within droplets but critically
depends on Edc3.

Edc3 activates decapping 90-fold in droplets, suggesting Dcpl/Dcep2ey/Edc3 condensates
increase decapping activity relative to the surrounding solution. Alternatively, Dcpl/Dep2qxt
condensates may repress activity. To distinguish these possibilities, we measured the
maximal rate of decapping of dual-labeled substrate using Dcpl/Dcp2core, Which is not
autoinhibited and does not undergo phase separation36. The rate observed in Depl/Dep2ey/
Edc3 droplets does not greatly differ from that observed for Dcpl/Dcp2gqre in solution
(Supplementary Fig. 3a,b). However, the rate of decapping determined in Dcpl/Dcp2eyt
droplets is 30-fold slower than Dcpl/Dcp2qqre- Thus, we conclude the droplet environment
leads to repression of Dcpl/Dcep2ey: in the absence of Edc3 and does not favor enhanced
decapping activity by Edc3. Furthermore, our results suggest a high concentration of Dcpl/
Dcp2ex: in droplets is not sufficient for active decapping but requires interaction with Edc3.

Edc3 couples activation of decapping to phase separation

To differentiate between Dcpl/Dcep2eqy; activity inside and outside condensates, we
performed two single-turnover decapping experiments using capped, radiolabeled RNA (Fig.
4a). First, we measured decapping in a mixture containing Dcpl/Dcp2qy; 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 Dcpl/
Dcp2eyt Sequestered in droplets.

We used this activity partitioning assay to determine the contribution of Dcpl/Dcp2eyt
phase separation to overall activity in the absence or presence of Edc3. Decapping rates
were comparable in Dcpl/Dep2ey; dilute and bulk phases, demonstrating Dcpl/Dep2ey; in
droplets does not significantly contribute to overall activity and confirms Dcpl/Dcp2ext
droplets are inactive (Fig. 4b and Supplementary Table 3). Enhanced repression is not
observed using this assay because it is masked by Dcpl/Dcep2qy: decapping in the dilute
phase. This is in contrast to droplets containing Edc3 and Dcpl/Dcp2eqyt, Whereby activity
in bulk solution is three-fold greater than the dilute phase (Fig. 4b and Supplementary Table
3). Because Dcpl/Dcep2qy; 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. 4c, Extended Data Fig. 2a,b, Supplementary Tables 4 and 5). In contrast to bulk
solution, increasing Edc3 concentration did not change rates of decapping in the dilute
phase, indicating Edc3 strongly activates Dcpl/Dcp2eyt through condensate formation (Fig.
4c).
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We characterized the ability of Edc3 to enrich Dcpl/Dcp2qy: and RNA in droplets using a
pelleting assay in conjunction with fluorescence microscopy. A decrease in Dcpl/Dcp2eyt
from dilute phase occurred at Edc3 concentrations coinciding with condensate formation
(Fig. 4d and Extended Data Fig. 2¢,d). The Kj» of Dcpl/Dep2ey: depletion (4.3 M)
agrees with the Kj» of Edc3 activation (3.3 uM), indicating decapping activation and phase
separation are coupled. Depletion of Edc3 from the dilute phase was not responsible for the
differential activity observed because Edc3 accumulated in the dilute phase (Extended Data
Fig. 2c). Edc3 did not affect RNA partitioning but did increase RNA mobility in condensates
and enhance Dcpl/Dcp2e,¢ partitioning with RNA (Extended Data Fig. 3a—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 Dcpl/Dcp2

Dcpl/Dcp?2 is dynamic and exists in multiple states preceding formation of a catalytically
active complex (Fig. 5a)*4. 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
decapping#>~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 Dcpl/Dcp2eqy: 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 Dcpl/Dcep2eqy; that retains activity and gives a well-dispersed spectrum,
allowing for transfer of assignments from Dcpl/Dcp2qqre (Supplementary Fig. 4a—c and

5a). The Dcp2 C-terminus caused global chemical shift perturbations in Dcpl/Dep2core,
suggesting it interacts with or reorganizes Dcpl/Dcp2qore (Supplementary Fig. 6a,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 Dcpl, suggesting the C-terminus influences the inactive—precatalytic equilibrium (Fig.
5b and Extended Data Fig. 4a). 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 the precatalytic state,
we conclude the C-terminus increases the population of the inactive form (Fig. 5¢)*>4°.
Additionally, Dcpl/Dcp2ey: interaction with RNA is disfavored relative to Depl/Dep2¢ore as
shown by a ten-fold increase in the Ky (Fig. 5¢c, Extended Data Fig. 5a, and Supplementary
Table 6). Together, these results implicate stabilization of the inactive state as the mechanism
for autoinhibition.

We next asked if Edc3 alleviates autoinhibition by shifting the conformational equilibrium of
Dcpl/Dep2e: 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. 2¢)3¢. Globally, Edc3(Lsm) reduced the
perturbations observed in Dcpl/Dep2q4: to more closely resemble Depl/Dep2cqre, indicating

Nat Chem Biol. Author manuscript; available in PMC 2021 September 27.
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fewer interactions or rearrangements between the Dcp2 C-terminus and core domains
(Supplementary Fig. 6a,b). In addition, Edc3(Lsm) caused migration of Dcpl/Dcp2ext
resonances along the linear trajectory toward Dcpl/Dcp2qqre, SUggeSting an increase in

the fraction of precatalytic Dcpl/Dcp2qy: complex (Fig. 5b,c and Extended Data Fig. 4a).
Edc3(Lsm) also decreased Dcpl/Dcp2qyt Ky for RNA 100-fold (Fig. 5¢, Extended Data Fig.
5a, and Supplementary Table 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 m’G recognition
(W43 and D47) (Fig. 5d)36. Supporting this, mutating Y220 to glycine (Y220G) alleviates
autoinhibition and bypasses Edc3 activation38. We evaluated whether this gain-of-function
arises from changes in the precatalytic—inactive equilibrium in Dcpl/Dcp2. Chemical shifts
reporting on this equilibrium underwent significant perturbations toward the precatalytic
state, indicating Y220G disrupts formation of the inactive conformation (Fig. 5b,c and
Extended Data Fig. 4a). In addition, the Y220G mutation increased RNA binding in
Dcpl/Dep2ex:, making it largely insensitive to Edc3 (Fig. 5¢, Extended Data Fig. 5a,

and Supplementary Table 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 Dcpl/Dcp2gy; droplet formation
(Fig. 2c,d). We next used the Y220G mutation to ask if Dcpl/Dcp2eyt phase separation and
conformational equilibrium are coupled. Dcpl/Dep2eq4:(Y 220G) 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. 5e, Extended
Data Fig. 5b, Supplementary Videos 1,2). This suggests the conformational equilibrium of
Dcpl/Dcp?2 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 Dcpl/Dcp2 and alters Dcpl/Dep2eyt
droplets. These observations predict the Y220G mutation may activate decapping in
condensates because interactions important for Dcpl/Dcp2ey; droplet formation promote
the inactive state. Dcpl/Dep2ey+(Y220G) decaps the dual-labeled RNA in droplets at 0.05
min~1, 10-fold faster than wild-type (Fig. 5f, Extended Data Fig. 5¢). We conclude the
formation of the inactive state is crucial for repressing decapping activity in Dcpl/Dep2ex;
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 Dcpl/Dep2eyi(Y220G)
enhanced decapping 8-fold and Edc3 minimally activated decapping (Fig. 5g and
Supplementary Table 7). In addition, Edc3-mediated activation and phase separation were no
longer correlated (Extended Data Fig. 5d). Thus, the Y220G mutant decouples activation
from phase separation to stimulate Dcp2 catalysis inside or outside condensates. We
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conclude Dcp2 conformation is crucial for proper regulation and compartmentalization of
mMRNA decapping activity in condensates.

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. 5a)364. 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. 6a and Supplementary Table 8).
Additionally, Edc1 increases the critical concentration of Dcpl/Dcp2ey: and Edc3 phase
separation. While Edcl increased the rate of Dcpl/Dcp2ey: Catalysis in condensates, full
activation required both Edcl and Edc3 (Fig. 6b). Thus, Edc3-mediated rearrangements are
necessary to overcome the repressed catalytic environment of Dcpl/Dcp2ey: cOndensates to
promote maximal activation.

DISCUSSION

We addressed the influence of phase separation on RNA decapping by Dcpl/Dep2. We
found decapping can be both repressed and activated in condensates (Fig. 6¢). We explain
this differential activity by demonstrating changes in Dcpl/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 Dcpl/Dcp?2 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 and

4). The amplification of decapping activation in condensates is greater than in the
surrounding solution because phase separation strongly inhibits Dcpl/Dcp2 activity. Our
results demonstrate the C-terminus of Dcp?2 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 Dcpl/Dcp2 condensates (Fig. 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 condensates6:7:9, 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 Y220G mutation and Edc1 decouple activation from phase separation to cause
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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 yeast*’. Furthermore, Edc1-like activators
may co-opt this allosteric regulation under conditions of cellular stress to target mMRNA

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/Dep2/Edc3 condensates and excess RNA*2, We observed similar inhibition of
initial decapping rates in condensates when RNA is in excess, however decapping was

still activated 25-fold relative to Dcpl/Dep2q4: condensates (Extended Data Fig. 1g). 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 motifs#2.
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 regulatable sites of
enzyme activity that may explain why P-bodies and other biomolecular condensates can give
rise to multiple biochemical outcomes.

ONLINE METHODS

Protein Expression and Purification

See Supplementary Table 1 for protein constructs, solubility tags, and expression vectors
used in this study. Dcpl/Dcp?2 constructs were expressed in £. coli BL21(DE3) (New
England Biolabs) grown in LB medium. Cells were grown at 37°C until ODgpg = 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 x 1 min), and clarified at 16,000¢g. 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 NacCl, 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 Dcpl1/Dcp?2 constructs lacking a C-terminal Strepll tag, a HisTrap column (GE
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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 25 mM HEPES pH 7.5, 150 mM NacCl, 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(A59) construct from S. aureus with
improved activity (eSrtA) was obtained from Addgene (plasmid #75144) and expressed in
LB medium at 18°C for 16 hours®C. Cells were pelleted at 5000¢ and resuspended in lysis
buffer containing 50 mM Tris pH 8, 300 mM NaCl, 10 mM imidazole, 1 mM MgCl,, and
protease inhibitors (Roche). Following sonication (50% duty cycle, 4 x 1 min) the lysate was
clarified at 16000¢. 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 Dcpl/Dcp2qy: 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

B-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 using 20 mg/mL PEG-Silane (Laysan Bio, MPEG-SIL-5000) and passivated with
100 mg/mL BSA as described®L. Prior to addition of samples, the wells were washed 3x
with 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT. Dcp1/Dcp?2 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. Dcpl/Dep2/Edc3 droplets were
prepared by incubating Dcpl/Dcp2 and Edc3 prior to removal of the N-terminal MBP tag
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from Dcpl/Dcep2ey:. Imaging was performed after 30 minutes to ensure TEV cleavage and
droplet. Image analysis was performed using ImageJ®2. For localization and enrichment of
Dcpl/Dep2ext, EAC3, 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 (Igropiet) to average intensity in surrounding solution (lgjjute)-

Fluorescence recovery after photobleaching (FRAP) assays

For experiments examining Dcpl/Dcp2cx: recovery, condensates were formed with 40 uM
Dcpl/Dep2eyt. Experiments monitoring the effects of Edc3 were performed with 5 uM
Dcpl/Dcp2 and 5 uM or 80 uM Edc3. For analysis of RNA recovery, condensates were
formed with 40uM Dcpl/Dcp2ey: 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 to account for photobleaching
during image acquisition®3. Recovery t;» 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-m’Gp3AmpG and pAp-SCy5, were synthesized by
modifications of previously reported methods®*°. FAM-m’G-capped RNA was generated
on the template of annealed oligonucleotides, which contained a T7 A$2.5 promoter
sequence (CAGTAATACGACTCACTATT) and encoded a 35-nt-long sequence (AGG
GAAGCG GGCATG CGGCCA GCCATA GCCGAT CA). Typical in vitro transcription
reaction (100 pL) was carried out at 37 °C for 4 h and contained RNA Pol buffer (40

mM Tris-HCI pH 7.9, 6 mM MgCl,, 1 mM DTT, 2 mM spermidine), 10 U/uL T7
polymerase (ThermoFisher Scientific), 1 U/uL RiboLock RNase Inhibitor (ThermoFisher
Scientific), 0.5 mM CTP/GTP/UTP, 0.125 mM ATP, 0.625 mM FAM-m’GpsAmpG cap and
0.1 uM annealed oligonucleotides as a template. Following 4 h incubation, the template
was removed by treatment with 1 U/uL DNase | (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 L) was carried out at 16 °C overnight
and contained 5’ capped RNA (1 uM), 1 U/uL T4 RNA ligase 1 (New England Biolabs),
1.3 U/pL Ribolock RNase inhibitor (ThermoFisher Scientific), 100 pM pAp-SCy5 analogue,
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0.1 volumes of DMSO (3 pL), 0.03 volumes of 0.1 M DTT (1 pL) and 0.1 volumes of 10
mM ATP (3 pL). The resulting dually labelled RNA was first purified using RNA Clean &
Concentrator-5 (Zymo Research) followed by the final HPLC purification (Clarity® 3 pM
Oligo-RP phenomenex column, linear gradient from 5% to 35% ACN in 50 mM TEAAc pH
7 over 15 min at 50 °C, Agilent 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 (Figure S3), whereas the concentration was determined
spectrophotometrically.

Visualization of Decapping by Microscopy

60 UM Dcpl/Dep2eyt and Depl/Dep2eq4:(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 MgCl,
and control reactions were performed without addition of metal. To study the effects of
Edc3, condensates were formed with 5 uM Dcpl/Dcp2eyt and 80 uM Edc3. For experiments
visualizing Edc3 activation in pre-formed Dcpl/Dcp2 condensates, 60 UM Dcpl/Dep2ext
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:Dcpl/Dep2ey:. For RNA limiting experiments, 1 pM
Dcpl/Dcp2 and 15 pM 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 uM capped, unlabeled 35mer. Experiments evaluating Edcl and Edc3 coactivation
were performed at pH 6.5 to slow catalysis, which allowed for adequate image acquisition.
Dcpl/Dep2ey: Was kept at 40 pM and 80 uM Edcl and Edc3 were added individually or in
combination prior to initiation of decapping with 5 mM MgCl,. 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.

Monitoring of decapping using fluorescence polarization

Serially-diluted Dcpl/Dep2ggre 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 MgClI, and rapid mixing. Time-dependent changes in signal were
monitored for 30 minutes and curves were fit to the equation:

-kt

mP = (Yo = Yin, Cap)e + (Ymin, obs — Ymin,cap)(l - e_th) + Y in, cap) 1)

where Y, is the mP value at time zero, Y}, c4p is the background mP from free
FAM-m’GDP, Y min,obs 1S the minimum observed mP observed during the course of the
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experiment, and k3, k»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-m’GDP with rate ;.
However, m’GDP product can also interact with Dcp1/Dcp2 with an observed rate of 4 to
cause a concentration-dependent elevation in the endpoint mP. Determined k; 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 described®®. Reactions were carried out in 25 mM HEPES pH 7.5,

150 mM NaCl, 5 mM MgCl,, 0.1 mg/mL acetylated BSA with 4U RNase inhibitor. For
monitoring decapping in Dcpl/Dcp2eyt condensates, 100 UM total concentration was used.
Prior to assays monitoring Edc3 activation, the MBP tag was removed from Dcpl/Dcp2eyt
using TEV and separated using Amylose resin. For reactions monitoring Edc3 activation,
Dcpl/Dep2eyt Was kept constant at 5 uM while Edc3 was varied from 78.1 nM to 80 uM. For
reactions examining coordinated activation of decapping by Edcl and Edc3, Edcl was kept
constant at 150 UM. Dcpl/Dcp2ey: 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 Dcpl/Dcp2ey; 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 pL 1.5x protein and 7.5 pL 3x
RNA solutions. Time points were taken by quenching the reaction with excess EDTA and
TLC was used to resolve m’GDP product from capped RNA. The formation of product

was quantified using a GE Healthcare Typhoon 9410 scanner and ImageQuant 7 software.
Observed rates, ks Were determined by fitting to a first-order exponential. Relative activity
was determined by normalizing the observed rates to the dilute phase (Fig. 4b) or to 5 uM
Dcpl/Dcp?2 in solution (Fig. 4c, 5g, 6a, Supplementary Fig. 5a). To examine Edc3 activation,
Kops Versus Edc3 concentration was fit to the model:

kmax| E]"
kops = L]n @
Kipon+ [E]

in order to obtain Anax, K12, and 7. See Supplementary Tables 3-5, and 7-8 for absolute
decapping rates.

Dcpl/Dep2e4: pelleting assay

Loss of Dcpl/Dep2ey; from solution due to phase separation as a function of Edc3
concentration was monitored by loss of fluorescent Dcpl/Dcep2ey Signal. Briefly, 5 uM
Dcpl/Dep2ext (250 nM Cy5-labeled) was incubated with Edc3 concentrations used in the /n
vitro decapping assay experiments. Following a 30-minute incubation at room temperature,
droplets were pelleted by centrifugation at 13000¢g 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
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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.

Expression of labeled Dcpl1/Dcp2 for NMR

ILVMA methyl labeling of Dcp2 or Dcpl/Dcep?2 constructs was carried out in D,O M9
minimal media with 15NH,ClI and 2H /22C-glucose as the sole nitrogen and carbon sources,
respectively. Labeled precursors (lle: 50 mg L™1, Leu/Val: 100 mg L1, Met: 100 mg L1,
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 Dcpl1/Dcp2 for NMR

Dcpl/Dep2(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 Hisg-MBP-G3-
Dcp2(274-504)-Strepll expressed in LB medium and purified using GE StrepTrap and Q
ion exchange columns. eSrtA equal to 0.5 molar equivalent of Dcpl/Dcp2(1-266) and 2
mM CaCl, were added to the solution prior to initiation of the reaction with TEV protease,
which cleaves the Hisg-MBP tag from G3z-Dcp2(274-504)-Strepll to expose the required N-
terminal glycine for ligation. The reaction was dialyzed against 25mM HEPES pH 7.5, 150
mM NaCl, 2 mM CaCl, overnight at 4°C%7. Ligated Dcp1/Dcp2eyt, CONtaining a mutational
scar from (267STAPSDL 73 in wild-type to 67LPETGGGo73), 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 D,O 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 Dcpl/Dep2e,: Was kept below its critical concentration and

the Edc3 Lsm domain was used to prevent confounding effects from phase separation.
NMR experiments were performed on an 800 MHz Bruker Avance 111 or Avance NEO
spectrometer equipped with a cryoprobe and Topspin3. Spectra were recorded at 298K,
processed using NMRPipe, and analyzed using NMRFAM-Sparky®8. Chemical shift
perturbations (A8, ppm) between Dcpl/Dep2eyt Or Depl/Dep2qyi/Edc3(Lsm) and Dcpl/
Dcp2.qre Were calculated from the Euclidian equation:

2 2
\/(5Hext - 5Hcore) + (0'2(5Cext - 5Ccore)) ®)

where 0.2 is a scaling factor for the carbon spectral width. CSPs were depicted on the
inactive structure of Dcpl/Dcp2qqre Using PyYMOL. For calculation of the inactive state
population (pnactive), 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 Dcpl/Dep2gy:, respectively:
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Qops = pprecatalyticQCD + PinactiveQDcpI/DCPZext (©)]

From this relationship, the population of the inactive state can be calculated as:

Qx - Qcp
QDCpl/DcpZext - 'QCD

®)

Dinactive =

where Qx is the chemical shift for a given construct of Dcpl/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 MgCls,, 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 (Ky) were fit to the Hill equation for
single-site binding:

Y o] X1
mP=Y, + Ymax XT . 6)
Kgn+ [X]

where [X] represents the concentration of protein, Yy is the mP for the probe alone, Y nax
is the mP value at saturation, and nis the Hill coefficient. To prevent scattering effects
from phase separation, the MBP tag was not cleaved from Dcpl/Dcp2qy;: and the 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 Dcpl/Dep2eyt,
time lapse images were collected every one second while images for Dcpl/Dep2ey(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, <. Plotting Tt as a
function of initial length ((Aong — khort)* khor) /2 gives a linear relationship where the slope
represents the inverse capillary action—the ratio of condensate viscosity to surface tension

(m/v)*°.
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The data supporting the findings of this study are presented within the paper and its
supplementary information. Source data of uncropped gels are provided with this paper.
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Extended Data
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Extended Data Fig. 1. 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-m’GpzAmpG).
d, Labelling of the 3’ end of FAM-m’Gp3A,pG-RNA with pAp-SCyS5 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 Dcpl/Dep2q4t/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 uM Dcpl/Dcp2ey: and 15

UM Edc3. Total RNA concentration is 100 nM when limiting and 20 UM when in excess.
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Representative micrographs and data in f, g are presented as mean + 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.
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Extended Data Fig. 2. Edc3 sequesters Dcpl/Dcp2eqyt 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 Dcpl/Dcp2eqy; 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. ¢, Depletion of Dcpl/Dcp2ey: from the
dilute phase at increasing concentrations of Edc3 visualized by SDS-PAGE. (Top) Instant
Blue 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 Dcpl/Dcp2gy; 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.
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Extended Data Fig. 3. Edc3 alters Dcpl/Dep2qyt enrichment and RNA mobility in liquid
droplets.

a, Superstoichiometric Edc3 enriches Dcpl/Dcp2ey; in droplets and causes causes droplets
to be more sensitive to presence of RNA. Images below graph correspond to representative
Cy5-labelled Dcpl/Dcep2q4: 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 Dcpl/Dcp2q4: 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. Dcpl/Dcp2qy: concentration is 40
UM in absence and 5 uM in presence of 80 uM 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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Extended Data Fig. 4. 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 227C, lle 22361, and Ile 19681 were used in
addition to lle 10281 (Fig. 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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Extended Data Fig. 5. Dcpl/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. Dcpl/
Dcp2ey: 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 Dcpl/Dcp2ex:(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. ¢, Decapping of dual-labeled RNA substrate by Dcpl/Dep2e,:(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 Ky, of activation three-fold.
Hill coefficients and K7y, are presented as mean + s.e.m. for experimental fits from two
independent experiments shown in Fig. 5g.
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Fig. 1 |. Edc3 enhances Dcpl/Dep2qxt phase separation.
a, Schematic for Dcpl, Dcp2, and Edc3. Domains and motifs are labeled and white space

is indicative of disordered regions. Dcp2 contains structured core domains, Dcp2.qre, and
the construct used in this study, Dcp2ext, cONtains regulatory elements in the C-terminal

IDR. b, Cartoon of Dcpl/Dcp2e,: and Edc3 highlighting interactions between 1Ms and core

domains of Dcpl/Dep2qy: and between HLMs and Edc3. Cartoons are colored as shown in
a. ¢, Dcpl/Dep2gy; 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 Dcpl/Dcp2eyt and

Edc3 /n vitro. e, Dcpl/Dep2q4: and Edc3 are equally enriched and homogenously distributed

in droplets. Protein concentration is 50 pM. Representative micrographs are shown from
three independent experiments with similar results.
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Fig. 2 |. Interactions underlying Dcpl/Dcep2qyt and Depl/Dep2qxi/Ec3 phase separation differ.
a, Interaction between IMs of one Dcp2 molecule and a neighboring Dcpl/Dep2eyin trans

mediates Dcpl/Dcp2qy: 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. ¢, Removal of inhibitory motifs in the C-terminus of Dcp2
ablates phase separation of the decapping complex but Dcpl/Dep2y may2 can still undergo
phase separation when Edc3 is added. Concentration of Dcpl/Dep2 pm1s2 is 300 pM,
Dcpl/Dep2eyt is 100 UM, Depl/Dep2h mi/2/Ede3 and Depl/Dep2qy/Edc3 are at 50 uM.

d, Addition of four-fold molar excess Dcpl disrupts Dcpl/Dcp2ey; phase separation but

not Dcpl/Dep2q,/Edce3 droplet formation. Concentration of Dcpl is 200 uM, Dcpl/Dep2ey;
and Dcpl/Dep2ey/Edc3 is 50 uM. e, Dimerization of Edc3 is necessary to promote phase
separation of Dcpl/Dcp2 containing a single or multiple HLMs. Dcpl/Dep2p m1 and Edc3
were stoichiometrically mixed at 150 uM. Dcpl/Dcp2ex: and Edc3 were mixed at 50 pM.
Representative micrographs are shown from three independent experiments with similar
results.
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Fig. 3 |. The ability of phase-separated Dcpl/Dcp2eqyt to decap RNA is modulated by Edc3.
a, Synthesis scheme for two-color fluorescent 38mer RNA capped with fluorescein m’G cap

(FAM-m’GDP) and labeled at the 3’ end with Cy5-adenosine. b, ¢, Addition of dual-labeled
RNA to Dcpl/Dep2qy: (60 UM total protein concentration) droplets shows minimal signal
loss in both FAM-m’GDP and Cy5-RNA over twenty minutes. d, e, Time-dependent loss

of FAM-m’GDP and Cy5-RNA signal from droplets formed by 5 uM Dcpl/Dcp2ey; and

80 uM Edc3. f, Addition of substoichiometric Edc3 to preformed Dcpl/Dep2qy; droplets
(60 UM total Dcpl/Dep2ey: concentration) results in dose-dependent loss of FAM-m/GDP
signal from droplets. m’GDP intensity is normalized to initial fluorescence signal. g, Edc3
activates Dcpl/Dcep2q4: 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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Fig. 4 |. Edc3 couples activation of decapping to phase separation.
a, Schematic of /n vitro decapping assay to determine contribution of decapping activity

from Dcpl/Dep2qy: in droplets (Dense Phase) and outside droplets (Dilute Phase). b,
Dcpl/Dep2ey localized in droplets does not strongly contribute to overall activity (blue
bars) but removal of Dcpl/Dep2q4:/Edc3 droplets strongly diminishes activity (pink bars).
Concentration of Dcpl/Dep2qy; is 100 uM and 5 pM in absence pr presence of 80 uM
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 Dcpl/Dcp2ey; (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 Dcpl/Dcep2ey: 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.
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Fig. 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 Edcl and Edc3 stabilize the active state (PDB: 6AMO0). Dcpl/
Dcp2qore 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 11e102 undergoes linear chemical shift
changes toward the inactive state when the Dcp2 regulatory domain, Dcpl, and the Dcp2
C-terminus are added. Edc3 and Y220G mutation in the Dcp2 catalytic domain revert the
chemical shift toward the precatalytic state. ¢, 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 m’G recognition (W43 and D47)

in the inactive state. e, Dcpl/Dcp2q4(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 Dcpl/Dcp2q: droplets. Protein concentration is 100 pM. Reported
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error is standard error of the fit to data in Extended Data Fig. 5c. f, Dcpl/Dep2ei(Y220G)
increases decapping of dual-labeled RNA substrate 10-fold in droplets. Wild-type Dcpl/
Dcp2ey; data from Fig. 3g is reproduced for comparison. m’GDP 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 Dcpl/Dep2ey; in absence of Edc3. Representative micrographs are from three
independent experiments with similar results.
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Fig. 6 |. Maximum activation of Dcpl/Dcp2ey; in condensates requires Edc3.
a, Edcl activates Dcpl/Dcep2q: 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
Dcpl/Dep2e: in absence of Edcl and Edc3. Representative micrographs are from three
independent experiments with similar results. b, Edc1 activates Dcpl/Dep2ey: in droplets but
requires Edc3 for maximal activation. Data represents mean + s.e.m from twenty droplets
examined over two independent experiments. ¢, Model showing how Edc3 mediates a
conformational change in Dcp1/Dcp?2 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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