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ABSTRACT

The removal of the 5'-cap structure by the decap-
ping enzyme DCP2 and its coactivator DCP1 shuts
down translation and exposes the mRNA to 5'-to-3'
exonucleolytic degradation by XRN1. Although
yeast DCP1 and DCP2 directly interact, an additional
factor, EDC4, promotes DCP1-DCP2 association in
metazoan. Here, we elucidate how the human
proteins interact to assemble an active decapping
complex and how decapped mRNAs are handed
over to XRN1. We show that EDC4 serves as a
scaffold for complex assembly, providing binding
sites for DCP1, DCP2 and XRN1. DCP2 and XRN1
bind simultaneously to the EDC4 C-terminal
domain through short linear motifs (SLiMs).
Additionally, DCP1 and DCP2 form direct but weak
interactions that are facilitated by EDC4. Mutational
and functional studies indicate that the docking of
DCP1 and DCP2 on the EDC4 scaffold is a critical
step for mRNA decapping in vivo. They also revealed
a crucial role for a conserved asparagine-arginine
containing loop (the NR-loop) in the DCP1 EVH1
domain in DCP2 activation. Our data indicate that
DCP2 activation by DCP1 occurs preferentially on
the EDC4 scaffold, which may serve to couple
DCP2 activation by DCP1 with 5'-to-3' mRNA deg-
radation by XRN1 in human cells.

INTRODUCTION

The removal of the mRNA 5'-cap structure by DCP2 is a
critical step in both bulk mRNA turnover and in specific
mRNA decay pathways triggered by the presence of AU-
rich elements, a nonsense codon or miRNA-binding sites
(1). Decapping inhibits translation initiation and commits
the mRNA to full degradation by the 5'-to-3" exonuclease

XRNI1 (1-3). Although DCP2 is catalytically active
in vitro (4-7), its activity is stimulated by additional
proteins termed decapping activators or enhancers of
decapping (1-3). In metazoan, these proteins include
DCPI1, EDC3, EDC4 (also known as Hedls or Ge-1),
RAPS55 (also known as LSml4A), Pat, the LSmI-7
complex and the RNA helicase RCK (also known as
DDX6/p54) (1,3). These activators may facilitate
decapping directly or indirectly by inhibiting translation
and/or promoting mRNP rearrangements that expose the
cap structure for cleavage by DCP2 (1,3).

DCP2 belongs to the Nudix family of pyrophosphatases
and catalyzes the hydrolysis of the cap structure, releasing
m’GDP and a 5 monophosphorylated mRNA (4-7).
DCP2 orthologs feature a catalytic Nudix domain
flanked on the N-terminus by an o-helical regulatory
domain (NRD) and on the C-terminus by a highly diver-
gent extension (Figure 1A) (4,5,8-10). The NRD of yeast
Dcp2 interacts directly with Dcpl and is required for
decapping both in vivo and in vitro (10,11).

Structural studies of the Schizosaccharomyces pombe
(Sp) Dcp2 revealed that the NRD and the Nudix
domain are connected by a flexible hinge region and can
adopt multiple conformations relative to each other.
These conformations can be classified as open or closed
and represent transition states between inactive and active
catalysis (3,10,12—-14). In the open conformation, the two
domains are far apart, and the active site is incomplete. In
the closed conformation, the NRD and the Nudix
domains interact, forming a composite active site. Dcp2
closure is promoted by cap analogs and Dcpl, leading to
the model that Dcpl enhances decapping by binding to
the NRD and stabilizing the closed Dcp2 conformation
(1-3,10,12-14). However, how this is achieved in molecu-
lar terms remains unresolved (14).

Surprisingly, the DCP1 residues involved in DCP2
binding are not well conserved (10). Accordingly, it has
been suggested that human DCP1 and DCP2 do not
interact directly, and an additional, metazoan-specific
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Figure 1. DCP2 interacts with EDC4 via a C-terminal phenylalanine-rich (FEB) motif. (A) The domain organization of human DCP2, DCPla,
EDC4 and XRNI1. DCP2 consists of an N-terminal regulatory domain (NRD, dark green), a catalytic Nudix domain (light green) and a C-terminal
variable region (white). The FEB motif is shown in black. DCPla consists of an N-terminal EVH1 domain and a C-terminal extension containing a
short helical leucine-rich motif (HLM) and a TD. EDC4 consists of a WD40 domain and a a-helical domain connected by a serine-rich linker. XRN1
consists of a catalytic domain and a C-terminal variable region. The EDC4-binding motif (EDC4-BM) in XRNI1 is shown in red. The numbers below
the protein outlines indicate the residues at the domain boundaries. (B) The interaction of GFP-tagged DCP2 (wild type or truncations) with
HA-tagged EDC4. The proteins were immunoprecipitated using anti-GFP antibodies. GFP-MBP served as a negative control. Inputs (1%) and
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factor, EDC4, is required to bridge their interaction (15).
Furthermore, EDC4 depletion inhibits decapping in
human cells (15).

In addition to the requirement for EDC4, several lines
of evidence indicate that the assembly of the decapping
complex differs between uni- and multicellular eukaryotes.
For example, yeast Dcpl consists only of an EVHI
domain, whereas in metazoans the DCP1 EVHI domain
is followed by a C-terminal extension (Figure 1A) (4,5,11).
This C-terminal extension contains a trimerization
domain (TD), which is required for DCP1 binding to
DCP2 and EDC4 (16,17), although it is not known how.

Decapping is typically followed by 5'-to-3’ exonucleoly-
tic degradation of the mRNA body by XRNI (18-20).
XRNI consists of a highly conserved N-terminal catalytic
domain and a less conserved C-terminal region
(Figure 1A) (21,22). We have previously shown that
XRNI1-mediated degradation and decapping are coupled
through direct interactions between short motifs in the
XRNI1 C-terminal region and decapping factors (23). In
insects, XRNI1 interacts with the DCP1 EVHI1 domain
through a proline-rich DCPI-binding motif (DBM). In
vertebrates, XRN1 binds to EDC4 through a C-terminal
EDC4-binding motif (EDC4-BM; 23).

The acquisition of EDC4 and of the DCP1 TD, along
with the observations that EDC4 oligomerizes (17,24,25),
and that XRNI1 directly interacts with decapping factors
(23), indicates that the composition and stoichiometry of
the metazoan decapping complex significantly differs from
that of the yeast complex (3). However, until now, studies
on the assembly and activation of the decapping complex
have been mostly restricted to yeast (1-3). As a result, the
molecular basis for the assembly of EDC4, DCP1, DCP2
and XRNI1 complexes have not been fully elucidated, and
it is not known whether these proteins interact simultan-
eously or consecutively and whether the mechanism of
DCP2 activation is conserved.

To shed light on the assembly of the metazoan
decapping complex, we investigate the interactions
between DCPI, DCP2, EDC4 and XRNI1 in human
cells. We show that EDC4 functions as a modular
scaffold to provide binding sites for DCP1, DCP2 and
XRNI1. Thus, EDC4 plays a central role in the assembly
of the decapping complex and may facilitate the coordin-
ation of decapping with 5'-to-3’ mRNA degradation. We
further show that the DCP1 EVH1 domain and the DCP2
NRD form weak but direct interactions that are enhanced
by EDC4 and thus, preferentially occur between DCPI1
and DCP2 molecules bound on the same EDC4 scaffold.
Structural modeling combined with mutagenesis and func-
tional studies identified residues required for complex
assembly and mRNA decapping and revealed a role for
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a conserved loop (which we termed the NR-loop) in the
DCP1 EVHI domain in DCP2 activation.

MATERIALS AND METHODS
DNA constructs

The plasmids for expression of the B-globin-6xMS2bs and
the control B-globin-GAP mRNAs were kindly provided
by Dr J. Lykke-Andersen and were described previously
(26). The plasmids for the expression of DCPla, DCP2,
EDC4, PNRC2, XRNI and MS2-HA-SMG7 in human
cells were described previously (16,23,27). Protein
mutants were generated by site-directed mutagenesis
using the QuikChange Site-Directed Mutagenesis kit
(Stratagene). All constructs were fully sequenced to
confirm the presence of the mutations and the absence
of additional mutations. Protein mutants used in this
study are listed in Supplementary Table S1.

To express the DCP2 395-420 protein fragment with the
glutathione S-transferase (GST) and maltose-binding
protein (MBP) tags in Escherichia coli, the corresponding
DNA was inserted between the BamHI and Notl restric-
tion sites in the pGEX-6P-1 vector (GE Healthcare) and
the Xhol and BamHI sites in the pNEK-NvHM vector
(28), respectively. The DNA sequences coding for the
XRNI1 amino acids 1650-1706 and the EDC4 amino
acids 974-1401 were inserted between the EcoRI and
Xhol sites of the pGEX-6P-1 vector and the EcoRI and
Notl sites of the pETM-41P vector (derived from pETM-
41; Novagen), respectively. The DNA sequence coding for
DCP2 residues 1-245 was cloned between the Xhol and
BamHI sites of the vector pnEA-NpG (28), resulting in an
N-terminal GST fusion protein. The DNA coding for the
DCP1 EVHI1 domain (amino acids 1-130) was cloned
behind a Hisg-NusA tag between the Ndel-BamHI sites
of the vector pnYC-NpHN (28), which already contained
a MBP-tagged PNRC2 (amino acids 102—115), resulting in
a bicistronic vector.

Structural modeling

To obtain a structural model of the Hs DCP1-DCP2
complex, the Hs DCP2 sequence was modeled onto the
Sp Dcp2 structure (PDB code 2QKM) using Phyre (29).
The structure of the isolated human EVHI domain (PDB
code 4B6H) was placed relative to DCP2 by superposition
with Sp Dcpl from the Sp Dcpl-Dcp2 complex structure
(PDB code 2QKM). The N-terminal helix of Hs DCP1
was superimposed separately onto the Sp Dcpl
N-terminal helix. The NR-loop of Hs DCP1 formed by
amino acids 72-75 was partially unstructured in the
isolated human EVH1 domain crystal structure. It was

Figure 1. Continued

bound fractions (IP; 30% and 40% for GFP- and HA-tagged proteins, respectively) were analyzed by western blotting using anti-GFP and anti-HA
antibodies. (C) A sequence alignment of the FEB motif. The residues conserved in all aligned vertebrate sequences are shown with a salmon
background, and residues with >70% similarity are highlighted in green. The asterisks indicate the residues mutated in the 3xF-A mutant. The
species abbreviations are as follows: Hs (Homo sapiens), Gg (Gallus gallus), Xt (Xenopus tropicalis), Dr (Danio rerio), Ce (Caenorhabditis elegans), Dm
(Drosophila melanogaster), Aa (Aedes aegypti), At (Arabidopsis thaliana). (D) The interaction of GFP-DCP2 (wild type or mutants) with endogenous

EDC4. The size markers (kDa) are shown on the right of each panel.
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therefore modeled based on Sp Dcpl using Phyre. The
ATP molecule was taken from the Sp Dcpl-Dcp2
complex structure and placed by superimposition.

Coimmunoprecipitation assays and western blotting

For coimmunoprecipitation assays, HEK293T cells were
grown in 10-cm dishes and transfected using either the
calcium phosphate method or Lipofectamine 2000
(Invitrogen). The cells were transfected with 15 to 24 ug
of total plasmid DNA. Two days after transfection, the
cells were washed with phosphate-buffered saline and
lysed on ice for 15min in 1 ml of NET buffer (50 mM
Tris (pH 7.5), 150mM NaCl, 1mM EDTA, 0.1%
Triton-X-100 and 10% glycerol and supplemented with
protease inhibitors) per dish. Immunoprecipitations were
performed as described previously (23). The cell lysates
were treated with RNase A prior to immunoprecipitation
in all experiments. Antibodies used in this study are listed
in Supplementary Table S2. All western blots were de-
veloped with the ECL western blotting detection system
(GE Healthcare), as recommended by the manufacturer.

Pulldown assays

The recombinant proteins used in pulldown assays were
separately expressed in E. coli BL21 (DE3) STAR cells
using ZY autoinduction media at 20°C overnight (30).
The pulldown assays were performed as described previ-
ously (23) in RB100 buffer (25mM HEPES (pH 7.5),
100mM KOAc, 10mM MgCl,, 1 mM 1,4 Dithiothreitol
(DTT), 0.05% Triton-X-100 and 10% glycerol) containing
RNase A (10 pg/ml). The purified proteins were incubated
with 10 ul (50% slurry) of Protino Glutathione Agarose
4B beads (Macherey Nagel). The bound proteins were
washed with RB100 buffer, eluted with 2x protein sample
buffer and analyzed by 12% sodium dodecyl sulphate-
polyacrylamide  gel  electrophoresis  (SDS-PAGE)
followed by Coomassie brilliant blue staining.

For the pulldown of purified DCP1 by DCP2 shown in
Figure 5C, GST or GST-DCP2 (amino acids 1-245; wild
type or the DISA,R19A mutant) were expressed in BL21
(DE3) STAR cells in LB medium at 20°C overnight. After
cell lysis by sonication in buffer containing 50 mM HEPES
(pH 7.5), 200mM NaCl, 5% glycerol and 2mM DTT
supplemented with lysozyme, DNase I and protease in-
hibitors, proteins were affinity purified using glutathione
agarose beads. Finally, contaminating proteins were
removed by size exclusion chromatography using a
superdex 200 column (GE Healthcare). Hisg—NusA—
DCP1 (amino acids 1-130) was coexpressed with MBP—
PNRC2 (amino acids 102-115) to stabilize DCP1 (31).
Cells were lysed by sonication in a buffer containing
50mM HEPES (pH 7.5), 200mM NaCl, 20mM imid-
azole, 2mM [-mercaptoethanol, lysozyme, DNase I and
protease inhibitors. After initial Ni-affinity purification
using an IMAC-column (GE Healtcare) the two proteins
were finally copurified using a superdex 200 column.

GST-pulldowns using these purified proteins were carried
out in pulldown buffer (PD) containing S0 mM HEPES
(pH 7.5), 200mM NaCl, 2mM DTT. Mixtures of 25l
glutathione agarose beads, 10uM NusA-DCP1/MBP-

PNRC2 complex and 10uM GST or GST-DCP2 (wild
type or mutant) in 75 pul PD buffer were incubated at 4°C
for 30 min. The beads were washed three times with 750 pl
of pulldown buffer. Bound proteins were subsequently
eluted with 30 ul PD buffer containing 25 mM glutathione
and analyzed by SDS-PAGE.

Tethering assays

Tethering assays using the MS2-reporter system were per-
formed as described previously (27). Briefly, HEK293T
cells were cultured in 6-well plates and transiently trans-
fected with a mixture of four plasmids: 0.5ug of the
control plasmid (B-globin-GAP), 0.5ug of the plasmid
encoding the p-globin-6xMS2bs, 0.5ug of plasmids
expressing the MS2-HA fusion protein (SMG7 or the
TNRCO6A silencing domain, amino acids 925-1709) and
2ug of plasmids encoding GFP-DCP2 (wild type or
mutant) or GFP-DCP1 (wild type or mutant). RNase H
(New England Bioloabs) digestion was carried out as
described previously (27).

Decapping assays

The decapping assays were performed as described previ-
ously (16) in decapping buffer containing 50 mM Tris—
HCl (pH 7.5), 50mM ammonium sulfate and 5mM
MgCl,. Reactions were stopped by adding up to 50 mM
EDTA and analyzed on PEI cellulose thin-layer chroma-
tography plates (Merck) in 0.75M LiCl (1 pl/sample).
The in vitro synthesized RNA (127 nucleotides) probe
was labeled with [y-*P]JGTP using the ScriptCap m’G
Capping System and the ScriptCap 2’-O-Methyltrans-
ferase kit (EPICENTRE Biotechnologies).

RESULTS

A conserved phenylalanine-rich motif in DCP2 mediates
binding to EDC4

The decapping enzyme DCP2 interacts with DCP1 and
EDC4 in human cells (15). Using a fluorescence-based
two-hybrid assay, it has been shown that DCP2 and
EDC4 interact via their C-terminal regions (17). Using
coimmunoprecipitation as an alternative method, we
identified a short DCP2 C-terminal motif comprising
residues 395-420 to be both necessary and sufficient for
binding to EDC4 in an RNA independent manner in
human cells (Figure 1B, lane 8). The remaining DCP2
fragment (residues 1-395) did not interact with EDC4 at
detectable levels (Figure 1B, lane 7).

Analysis of the DCP2 sequence revealed that residues
395-420 are highly conserved in vertebrates and feature
three invariant phenylalanine residues (F404, F407 and
F409; Figure 1C). Remarkably, alanine substitution of
these three phenylalanine residues (3xF-A) in the full
length DCP2 abolished the interaction with endogenous
EDC4 as efficiently as the deletion of the entire motif
(Figure 1D, lane 8 vs. 7). We conclude that DCP2 interacts
with EDC4 via a conserved C-terminal phenylalanine-
containing motif comprising residues 395-420, which we
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termed the phenylalanine-rich EDC4-binding (FEB)
motif (3).

The FEB motif interacts directly with the EDC4
C-terminal o-helical domain

Next, we used a similar deletion analysis for EDC4 to
define the minimal region required for DCP2 binding.
EDC4 consists of a predicted N-terminal WD40 domain
and a C-terminal a-helical domain connected by a serine-
rich linker (Figure 1A) (15,24,25,32). In agreement with
previous studies (17,24), DCP2 interacted with the EDC4
C-terminal  o-helical domain (residues 974-1401;
Figure 2A, lane 16).

To investigate whether the interaction of the DCP2
FEB motif with the EDC4 o-helical domain is direct, we
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performed pulldown assays with purified recombinant
proteins expressed in E. coli. The DCP2 FEB motif
(residues 395-420) was expressed with a GST tag, and
the a-helical domain of EDC4 (974-1401) was fused to
the MBP. We observed that GST-FEB, but not GST
alone, pulled down MBP-EDC4 on glutathione—agarose
beads (Figure 2B, lane 3 vs. 2), indicating that the inter-
action is direct.

EDCA4 interacts directly and simultaneously with DCP2
and XRNI1

In our previous work, we demonstrated that the EDC4
C-terminal domain interacts directly with a short motif
in the vertebrate XRNI C-terminal region (termed
EDC4-BM, Figure 1A) (23). We therefore asked whether
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Figure 2. EDC4 interacts simultaneously with the DCP2 FEB motif and the XRN1 EDC4-BM. (A) The interaction of GFP-DCP2 with HA-EDC4
(full length or the indicated fragments). The proteins were immunoprecipitated using anti-GFP antibodies and analyzed as described in (Figure 1B).
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MBP-EDC4 (residues 974-1401) and MBP-FEB motif. GST served as a negative control. The size markers (kDa) are shown on the right of each

panel.
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EDC4 binds DCP2 and XRNI simultaneously. We
observed that a GST-tagged version of the XRN1 motif
(residues 1650—-1706) pulled down the MBP-tagged EDC4
a-helical domain (EDC4 residues 974-1401; Figure 2C,
lane 5), as expected (23). Furthermore, the XRNI1 motif
also pulled down the purified DCP2 FEB motif in the
presence of EDC4 but not in its absence (Figure 2C,
lane 7 vs. 6). These results indicate that EDC4 bridges
the DCP2-XRNI1 interaction. We conclude that the
DCP2 FEB motif and the XRN1 EDC4-BM bind simul-
taneously to the EDC4 a-helical domain and thus do not

A EDC4-XRN1

compete for the same binding surface, in agreement with
the observation that these motifs do not exhibit sequence
similarity (Figure 1C; Supplementary Figure S1A).
Structural information is only available for the distal
portion of the EDC4 a-helical domain (Figure 1A) (295).
To determine whether this region binds to XRNI1 and
DCP2 we performed coimmunoprecipitation assays with
two non-overlapping EDC4 C-terminal fragments.
Notably, both XRN1 and DCP2 interacted with the
proximal portion of the domain (EDC4 residues 974—
1265; Figure 3A and B, lanes 8), for which no structure
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Figure 3. EDC4 multimerization and its interaction with XRNI1, DCP2 and DCPI1. (A-D) The interactions of HA-EDC4 (full-length or the
indicated fragments) with GFP-XRNI (A), GFP-DCP2 (B), GFP-EDC4 (C) and GFP-DCPla (D). The proteins were immunoprecipitated using
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is available. Additionally, this region mediated EDC4
homo-oligomerization (Figure 3C, lane 8), as reported
previously (17,24).

In summary, the proximal portion of the EDC4
a-helical domain is an oligomerization domain that
binds directly and simultaneously to DCP2 and XRNI
and thus may link decapping to 5'-to-3 mRNA degrad-
ation in human cells.

DCP1 interacts with the EDC4 WD40 domain
independently of DCP2

In addition to its interaction with DCP2 and XRNI,
EDC4 also interacts with DCP1, although it is not clear
how (15-17,24,25). Studies in human cells indicated that
the EDC4 C-terminal o-helical domain binds to DCPI
and therefore this interaction could be mediated by
DCP2 (17). However, in Arabidopsis thaliana, the EDC4
C-terminal region was not sufficient for DCP1 binding
in vitro (24).

To resolve this apparent discrepancy, we tested which
domains of EDC4 are required for DCP1 binding in
human cells. We observed that the N-terminal WD40
domain interacted with DCP1, although not as efficiently
as full length EDC4 (Figure 3D, lane 8 vs. 4). In contrast,
the EDC4 C-terminal region, which binds directly DCP2
(Figure 2B), did not detectably interact with DCP1
(Figure 3D, lane 16). Collectively, our results indicate
that EDC4 provides independent binding sites for
DCP1, DCP2 and XRNI1 and thus functions as a
scaffold for complex assembly (see model in Figure 9).

The interaction of DCP2 with DCP1 requires the NRD
and the FEB motif

Having defined how EDC4 interacts with DCP1 and
DCP2, we next investigated the DCP1-DCP2 interaction.
We observed that GFP-DCP2 coimmunoprecipitated with
HA-tagged DCP1 in an RNA-independent manner
(Figure 4A, lane 10) (4). This interaction was reduced
when the DCP2 NRD was deleted (DCP2 residues 97—
420), indicating that this domain contributes to DCPI
binding (Figure 4A, lane 11). Remarkably, the deletion
of the FEB motif or the 3xF-A substitutions also
strongly impaired DCP2 binding to DCP1 (Figure 4A,
lanes 12 and 15, respectively). The residual binding to
DCP1 observed for these DCP2 mutants may reflect a
weak interaction mediated by the DCP2 NRD.
Consistent with this hypothesis, a DCP2 fragment
lacking both the NRD and the FEB motif did not
interact with DCP1 at detectable levels (residues 97-395;
Figure 4A, lane 13).

Our results indicate that in contrast to the interaction
between the yeast proteins, the interaction between human
DCP1 and DCP2 requires both the DCP2 NRD and the
FEB motif. Because the FEB motif directly binds EDC4
(Figure 2B), its contribution to DCPI1 binding is most
likely indirect and mediated by EDC4.

The DCP2 NRD interacts with the DCP1 EVH1 domain

Because of the poor sequence conservation of DCPI inter-
face residues it has been proposed that DCP1 does not
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bind DCP?2 directly in metazoans but that this interaction
is bridged by EDC4 (1,3). However, our observation that
the DCP2 NRD contributes to DCP1 binding suggests
that this domain may interact with the DCP1 EVHI
domain using a binding mechanism similar to that
described for the yeast proteins (10). Nevertheless, this
binding may be weak and may require stabilization by
EDC4 (3,15), as evidenced by the weak interaction
observed for DCP2 mutants impaired in EDC4 binding
(Figure 4A, lanes 12 and 15). To test this hypothesis, we
generated a model based on the high-resolution structure
of the Sp Dcpl-Dcp2 complex (10). The NRD and the
Nudix domain of human and Sp DCP2 exhibit 41% and
45% identity, respectively, and the DCP1 EVH1 domains
are 30% identical and share good structural homology
(RMSD =14A over 105 Ca atoms) (10,31). Thus, a
reliable model for the human complex can be obtained.

Sp Dcp?2 uses residues in helices a1 and o2 and in loop
L3 of the NRD to interact with Dcpl residues in helix o1
and in a conserved loop of the EVHI1 domain that we
termed the NR-loop (Figure 4B and C, Supplementary
Figure S1B and C) (10,31). The main interaction interface
is between the ol helices of both Sp Dcpl and Dcp2
(Figure 4D and E). The Dcp2 interface residues are
highly conserved (Figure 4B and E). Specifically, human
DCP2 residues D15 and R19 in helix a1 (corresponding to
Sp Dcp2 D14 and R18) are predicted to form hydrogen
bonds with the DCP1 residues H19 in helix o1 and N77 in
the NR-loop (Sp Dcpl HI19 and N76), respectively
(Figure 4B, C and E).

In contrast to DCP2, the DCPI residues in helix ol
involved in DCP2 binding are not well conserved
(Figure 4C; Supplementary Figure S1C). Nevertheless,
the residues at structurally equivalent positions are likely
to contact DCP2 through a network of hydrogen bonds
and hydrophobic interactions. For example, in addition to
residue H19, residues S12 and Q18 are predicted to form
hydrogen bonds with residues H23 and S11, respectively,
in the DCP2 a1 helix (Figure 4E). However, several inter-
molecular hydrogen bonds and hydrophobic contacts
present in the Sp structure are lost in the human
proteins, which might explain the weaker binding of the
human orthologs. In particular, the Sp Dcp2 residue K77
(in loop L3), which makes two hydrogen bonds to Dcpl, is
replaced by a proline residue in human DCP2 (P78,
Figure 4B and E). Instead of the two hydrogen bonds
between the Sp Dcp2 N22 and the Dcpl NI12 residues,
only one bond could be formed in the human proteins
between the equivalent H23 and SI12 residues
(Figure 4E). Sp Dcpl Ql4, which makes a hydrogen
bond to Dcp2 D13, is substituted with alanine in human
DCPI (Figure 4C). Furthermore, the Sp Dcpl L7 and V15
residues involved in hydrophobic interactions are replaced
by alanine residues in the human DCP1 (Figure 4C and E).

To validate the structural model, we generated muta-
tions in DCP2 to disrupt the predicted interface. We
observed that alanine substitution of the DCP2 residues
D15 and R19 reduced the binding to DCPI1 to a similar
extent as the deletion of the entire NRD (Figure 4A, lane
14 vs. 11; D,R). These results indicate that the DCP2
NRD contacts DCP1 using equivalent residues in the
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Figure 4. The interaction of DCP2 with DCPI1 requires the NRD and the FEB motif. (A) The interaction of GFP-DCP2 (wild type or mutant) with
HA-DCPla. The samples were analyzed as described in Figure 1B. (B and C) Sequence alignments of the regions of DCP2 (B) and DCPI1 (C)
involved in complex formation. The colors and species abbreviations are as indicated in Figure 1C. The secondary structure elements of the Sp Dcp2
and Hs DCPI structures are indicated above the alignments. The residues at the DCP1-DCP2 interface are marked by black and red asterisks. The
red asterisks mark the interface residues mutated in this study. The ‘gatekeeper’ tryptophan (W44) is labeled with a cyan asterisk. The NR-loop
residues mutated in this study are indicated with orange asterisks. The alignments including additional species are shown in Supplementary Figure
S1. (D) A model of the human DCP1-DCP2 complex based on the Sp Dcpl-Dcp2 co-crystal structure (10). The DCP1 EVHI domain is shown in
blue, the DCP2 NRD is shown in dark green, and the Nudix domain is shown in light green. The rectangle indicates the view shown in panel (E).
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human and yeast proteins. DCP2 binding to DCP1 was
abolished when the D15A and RI19A mutations in the
NRD were combined with mutations in the FEB motif
that disrupt EDC4 binding (Figure 4A, lane 16; mutant
D,R+3xF-A). These combined mutations had a similar
effect as the deletion of the NRD and the FEB motif
(Figure 4A, lanes 16 and 13). Thus, the DCP2 NRD
contacts the DCPl EVHI domain using equivalent
amino acids in human as in yeast, and this binding is
enhanced by EDC4, which provides a major contribution
to the interaction.

DCP1 and DCP2 directly interact

Next, we generated mutations in the DCP1 EVH1 domain
to disrupt DCP2 binding. We observed that the DCP1-
DCP2 interaction was strongly impaired when at least two
proposed interface residues (i.e. Q18 and H19 or S12 and
H19) were substituted by alanine (Figure 5A; lanes 12 and
13; Q,H and S,H), whereas the HI9A substitution alone
was ineffective (Figure 5A, lane 11). The combined S12A,
QI8A and HI9A substitutions abolished DCP2 binding
(Figure 5A, lane 14) and slightly reduced EDC4 binding
(Figure 5B, lane 14). As a negative control, we used
mutations that prevent DCPI1 trimerization (Mutl),
which abolished DCP2 binding and strongly reduced
EDC4 binding as previously reported (Figure 5A and B,
lane 10) (16). It is not known how the trimerization
mutant affects DCP2 binding (3,16).

To further validate the structural model, we substituted
residues in human DCP2 and DCP1 to mimic the yeast
interface. In particular we introduced a P78K substitution
in DCP2 and a L4E,A14Q substitution in DCP1. These
substitutions increased the affinity of the DCP1-DCP2
interaction (Supplementary Figure S1E), but only when
they were combined by mutations that disrupt EDC4
binding. These results indicate that the interaction
mediate by EDC4 provides a major contribution to the
formation of the DCP1-DCP2 complex.

To investigate whether human DCP1 and DCP2 indeed
bind each other directly, we performed pulldown assays
in vitro with purified recombinant proteins expressed in
E. coli. The DCP2 fragment containing the NRD and
the Nudix domain (residues 1-245) was expressed with a
GST tag. The DCP1 EVHI1 domain (residues 1-130) was
expressed with a hexa-histidine tag fused to NusA (as a
solubility tag) and was further stabilized by coexpressing
the PNRC2 binding peptide (residues 102—115) fused to
MBP. The PNRC?2 peptide binds to the hydrophobic cleft
of the DCP1 EVHI1 domain and facilitates its purification
(31). DCP2 and the DCP1-PNRC2 complex were purified
separately and mixed in a 1:1 ratio (Figure 5C, lanes 1-3).
The protein complexes were pulled down with glutathi-
one—agarose beads.
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Figure 5. DCP1 and DCP2 directly interact. (A and B) The
Interactions of GFP-DCPla (wild type or mutants) with HA-DCP2
(A) and HA-EDC4 (B). Inputs (1.5% and 1% for the GFP- and HA-
tagged proteins, respectively) and bound fractions (IP; 30% and 20%
for the GFP- and HA-tagged proteins, respectively) were analyzed by
western blotting. (C) A GST pulldown assay showing the interaction of
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DCPla EVHI domain (residues 1-130) bound to MBP-tagged PNRC2
(residues 102—-115). GST served as a negative control. The asterisk in-
dicates a protein copurifying with GST.

Figure 4. Continued

(E) A model of the human DCP1-DCP2 interface (left panel) based on the Sp Dcpl-Dcp2 co-crystal structure (right panel) (10). The putative
interface residues for the human proteins are shown as sticks in cyan (DCP1) or green (DCP2). The residues mutated in this study are labeled with a
cyan (DCPI1) and yellow (DCP2) background. DCP1 residues QI8 and HI19 are highlighted in purple. DCP2 residues D15, R19 and W44 are
highlighted in orange (DCP2). The ‘gatekeeper’ tryptophan (W44) is shown in the orientation observed in the closed conformation. Secondary

structural elements are indicated in italics.
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We observed that DCP2 pulled down the DCPI1-
PNRC2 complex (Figure 5C, lane 5). The interaction
was weak, and only sub-stoichiometric amounts of the
DCP1 complex were pulled down. Nevertheless, the
interaction was specific, as it was strongly reduced by
the D15A and R19A substitutions in DCP2 (Figure 5C,
lane 6). Collectively, our results indicate that the inter-
action between the DCP1 EVHI domain and the DCP2
NRD is direct, but the binding affinity is low, presumably
due to substitutions of the interface residues in human
DCP1. This loss of affinity is, at least in part, compensated
by an additional indirect interaction mediated by EDC4.

DCP2 activation by DCP1 requires interface residues
and the FEB motif

To further investigate the relevance of the interactions
involving DCP1 and EDC4 for DCP2 function, we
tested the decapping activity of the aforementioned
DCP2 mutants in vitro. Immunopurified GFP-DCP2
exhibited decapping activity (Figure 6A, lanes 2—4 and
Figure 6B), as reported previously (4,16). This activity
was specific because a DCP2 protein variant that carries
a glutamine substitution in one of the four catalytic glu-
tamates (E148Q) was strongly impaired (Figure 6A, lanes
5-7 and Figure 6B), as expected (4,9,33). A western blot
carried out with the corresponding samples showed that
wild-type DCP2 and the E148Q mutant interacted with
DCP1 and EDC4 to comparable levels and that equivalent
amounts of immunoprecipitated DCP2 were present in the
decapping reaction (Figure 6C, lanes 2 and 3).

The disruption of the DCP2 interaction with EDC4 had
a modest effect on the decapping activity in vitro
(Figure 6A, lanes 11-13 and Figure 6B, mutant 3xF-A).
Accordingly, a reduced amount of DCP1 was detectable in
the reaction (Figure 6C, lane 5). In contrast, the decapping
activity was strongly impaired when DCPI1 binding was
prevented by the combined DISA and R19A mutations
(Figure 6A, lanes 8—10; Figure 6B; mutant D,R), although
the amount of endogenous EDC4 present in the reaction
was not affected (Figure 6C, lane 4). DCP2 decapping
activity was further inhibited when the D15A and R19A
mutations were combined with the 3xF-A mutations
(D,R+3xF-A; Figure 6A, lanes 14-16 and Figure 6B).
These results indicate that DCP2 activation by DCPI
requires the interaction between the DCP2 NRD and
the DCP1 EVHI1 domain.

Conservation of the DCP2 catalytic mechanism

Given that the EVHI domain of human DCP1 interacts
with the DCP2 NRD, that this interaction contributes to
DCP2 decapping activity and that DCP2 is highly
conserved, we expected that the mechanisms underlying
catalysis and DCP2 activation by DCPI1 are conserved.
To test this hypothesis, we designed mutations that are
predicted to interfere with catalysis and activation
without affecting the DCP1-DCP2 interaction.

In particular, a structural feature in Sp Dcp?2 that plays
a key role in activation is the hinge region (Hs DCP2
residues K94 to V97) between the NRD and the Nudix
domain that allows for conformational changes between

the two domains (Figure 6D and E; Supplementary Figure
S1D) (10,13,14). Accordingly, the substitution of any of
the hinge residues with proline in the Sp and Sc¢ Dcp2
rigidifies the hinge region, prevents the open-to-closed
transitions and inhibits decapping both in vitro and
in vivo (10).

Therefore, we substituted residues G96 and V97 in
human DCP2 with proline residues and tested for
decapping activity in vitro and for binding to DCP1 and
EDC4 in coimmunoprecipitation assays. We observed
that the DCP2 G96P,V97P mutant inhibited decapping
activity to a similar extent as the E148Q mutation
(Supplementary Figure S2A and B). This mutant
retained EDC4 binding (Figure 6F, lane 11; G,V) but
surprisingly, was consistently impaired in DCP1 binding
(Figure 6G, lane 11 and data not shown). Thus, the
flexibility of the hinge region is required for binding and
activation by DCPI.

Another feature required for catalysis and DCP2
activation by DCPI in yeast is the invariant W44 residue
(Sp Dcp2 W43) a component of the active site located in
the DCP2 helix o2 (Figures 4B and E and 6H). This
residue flips the orientation between the open and closed
DCP2 conformations (Figure 6H, in yellow and orange,
respectively) (10). NMR studies indicated that the substi-
tution of Sp Dcp2 W43 with alanine abolishes the
open-to-closed transitions and hence prevents DCP2
activation by DCP1, suggesting that it functions as a ‘gate-
keeper’ residue (14).

We observed that alanine substitution of W44 in human
DCP2 abolished decapping activity as efficiently as the
E148Q mutation (Supplementary Figure S2A and B). A
western blot analysis demonstrated that comparable
amounts of DCP2 were present in the decapping
reaction (Supplementary Figure S2B). Because the
W44A mutation did not interfere with DCP1 or EDC4
binding (Figures 6F and 6G, lanes 10) but did inhibit
decapping, we conclude that W44 is required for DCP2
catalytic activity as observed for the yeast protein (14).

Finally, we also substituted the invariant K130 residue
in the Nudix domain with alanine, as this residue was
shown to play a key role in catalysis, most likely by con-
tacting one of the phosphates of the cap and positioning it
for catalysis (Figure 6H) (10,12,33). This substitution
abolished DCP2 decapping activity and also slightly
reduced DCP1 but not EDC4 binding (Supplementary
Figure S2A and B; Figure 6F and G). Collectively, these
results indicate conservation of the catalytic and
activation mechanisms.

A conserved loop in the DCP1 EVH1 domain is required
for DCP2 activation

Next, we sought to design mutations in DCP1 that do not
affect DCP2 binding but may affect its DCP2-activation
function. Residues in the NR-loop of the DCP1 EVHI1
domain have been proposed to promote conformational
changes in DCP2 that favor the active closed conform-
ation (10). Consistent with an important role for this
loop, residues N71 and R72 are invariant (Figure 4C;
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Figure 6. Decapping by DCP2 requires an interaction with DCP1 and EDC4. (A,B) GFP-DCP2 proteins (wild type or mutants) were expressed in
human HEK?293T cells. The proteins were immunopurified using anti-GFP antibodies and tested for decapping activity in vitro. GFP-MBP served as
a negative control. The decapping reaction was terminated at the indicated time points by addition of EDTA and analyzed on PEI cellulose thin-
layer chromatography plates. The m’GDP signal was quantified and normalized to that of the total signal (capped RNA+ m’GDP signal) for each
protein. In (B) these normalized values were plotted against time. Gpp is produced in the reactions due to incomplete methylation of the capped
mRNA. (C) The samples corresponding to panel (A) were analyzed by Western blotting using the indicated antibodies. (D) An overview of the
model of the human DCPI-DCP2 complex. The small and large rectangles indicate the views shown in (E) and (H), respectively. The colors are
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Supplementary Figure S1C), and thus we termed this loop
the NR-loop (asparagine—arginine loop).

By analogy to the Sp Dcpl-Dcp2 structure, the peptide
backbone of N71 likely establishes hydrogen bonds with
DCP2 residue R19 in helix ol (Supplementary Figure
S2C) and thus could contribute to the DCP1-DCP2 inter-
action. Furthermore, the conformation and flexibility of
the NR-loop are constrained by a number of intra- and
intermolecular hydrogen bonds (Supplementary Figure
S2C). The side chain of residue N71 is predicted to bind
to the backbone of the NR-loop residue L73. Residue R72
is predicted to form two hydrogen bonds to DCP2, one
with residue Q38 in helix a2 and one with the backbone
oxygen of the F20 residue in helix a1. Finally, residue N77
at the end of the loop is predicted to interact with the
DCP2 R19 (Supplementary Figure S2C). In this fixed con-
formation, the side chains of loop residues L73, N74 and
H76 project toward the RNA substrate-binding channel
(Figure 6H).

To investigate the role of the NR-loop, we substituted
residues R72 and N74 with glycine residues individually or
in combination. We also replaced four loop residues (R72
to M75) with a GSSG linker, which forms a flexible loop
and is unlikely to adopt a fixed conformation. None of
these substitutions affected the interactions of DCP1 with
DCP2 or EDC4 (Figure 7A and B), indicating that they
do not disrupt the DCP1 fold and that the NR-loop does
not provide a major contribution to these interactions.
Furthermore, the substitutions in the NR-loop did not
prevent the interaction with PNRC2 (Supplementary
Figure S2D), indicating that the EVH1 domain fold was
not affected.

To test the effects of the NR-loop mutations on the
activity of the decapping complex, we performed decapping
assays in vitro. DCP1 coimmunopurifies with decapping
activity (Figures 7C, lanes 2-4 and Figure 7D). This
activity likely comes from DCP2 because the DCPI
trimerization mutant (Mutl), which does not interact
with DCP2 and EDC4, does not copurify with decapping
activity (Supplementary Figure S2E and F) (16).

Strikingly, the DCP1 GSSG mutant was strongly
impaired (Figure 7C, lanes 5-7, and Figure 7D),
although this mutant interacts with both DCP2 and
EDC4 and coimmunoprecipitates with endogenous
DCP2 and EDC4 (Figure 7A, B and E). The double mu-
tations (R72G,N74G) also reduced decapping activity
(Supplementary Figure S2E.F; mutant R,N), despite the
ability of these mutants to interact with DCP2. As a
control, we also tested mutations in DCP1 helix ol that
reduced DCP2 binding (S,Q,H). This mutant exhibited
reduced decapping activity, as expected (Supplementary
Figure S2E and F). We conclude that mutations in the

NR-loop interfere with DCP2 activation by DCPI,
without affecting the assembly of the DCP2-DCPI1-
EDC4 complex.

The docking of DCP1 and DCP2 on the EDC4 scaffold is
crucial for decapping in vivo

Next, we investigated the functional relevance of the inter-
faces described in this study for decapping in vivo.
To monitor mRNA decapping, we targeted a reporter
mRNA for decapping-dependent degradation using a
MS2-based tethering assay. MS2-tagged SMG7 protein
was tethered to a B-globin reporter containing six MS2
binding sites in the 3’ UTR (B-globin-6MS2) (26). SMG7
is an effector protein in the nonsense-mediated mRNA
decay pathway that directs bound mRNAs to the 5'-to-
3’ decay pathway and thus causes deadenylation, followed
by decapping and ultimately, 5'-to-3" exonucleolytic deg-
radation of the mRNA by XRNI1 (27,34). Consequently,
inhibiting decapping results in the accumulation of
capped, deadenylated mRNA decay intermediates
(because deadenylation precedes decapping), which can
be detected on denaturing gels by their increased
mobility (23,27).

Tethered MS2-SMG7 reduced B-globin-6MS2 mRNA
levels relative to the MS2 protein alone (Figure §A, lane 2
vs. 1, and Supplementary Figure S3A). The expression of
the B-globin control mRNA lacking the MS2-binding sites
was not affected (Figure 8A, lane 2 vs. 1; control). The
overexpression of a catalytically inactive DCP2 mutant
(E148Q) inhibited decapping in a dominant-negative
manner, resulting in the accumulation of a deadenylated
decay intermediate (Figure 8A, lane 6 vs. 5) (27). As a
control, overexpression of wild type DCP2 had no effect
(Figure 8A, lane 4). We confirmed that the change in
mobility of the B-globin-6MS2 mRNA was caused by
deadenylation using an oligo(dT)-directed ribonuclease
H (RNase H) cleavage assay (Supplementary Figure S3B).

The overexpression of the DCP2 D15A,R19A mutant
also inhibited decapping as efficiently as the
overexpression of the catalytically inactive mutant
(Figure 8A, lane 8, and Supplementary Figure S3A; D,R
mutant), indicating that DCP2 activation by DCP1 is es-
sential for decapping in human cells. Remarkably, the
dominant negative effect of the DISA and R19A muta-
tions was abolished when these mutations were combined
with mutations in the FEB motif (Figures 8A, lane 10;
D,R+3xF-A). The simplest explanation for this result is
that the combined mutant does not interact with DCP1
and EDC4 and thus, cannot displace endogenous DCP2
from active decapping complexes. In contrast, the DCP2
DI5A,R19A mutant competes with endogenous DCP2 for
binding to EDC4 but fails to interact productively with

Figure 6. Continued

as in Figure 4D. The hinge region is shown in red. (E) A close up view of the hinge region observed in the closed conformation. (F and G) The
interactions of GFP-DCP2 (wild type or mutants) with HA-EDC4 (F) and HA-DCPla (G) were analyzed as described in Figure 1B. (H) A close up
view of the catalytic site and the RNA binding groove. Selected residues are shown as sticks in cyan (DCP1) or green (DCP2). The residues mutated
in this study are highlighted in purple (DCP1) and orange (DCP2) and labeled with a cyan and yellow backgrounds, respectively. Tryptophan W44 is
shown in yellow and orange in the orientation observed in the open and closed Dcp2 conformations, respectively. The ATP molecule mimics the cap
analog and was transferred from the Sp Dcpl-Dcp2 co-crystal structure to indicate the active site. Two nucleotides of RNA were modeled to

indicate the putative binding path of the mRNA.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
-
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
s
7
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
-
-
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
MS2 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku129/-/DC1

—130

- 95
Anti-GFP 72

— 55

Anti-HA (e s s oe v a —_— |

1.2 3 456 7 8 9101112
Input IP

B HA-EDC4
NA OGO

L2 D a2
PP

—130

Anti-GFP — 95
— 72

— 55

Anti-HA | 685 8 S o o o - eseaes

1234586 789101112
Input P

C GFP- DCP1 GSSG E N o
Lyeeseses | p— Q
45 "5 15 45 ' 5 15 45 min &Oc'qoé’

w " au -

Anti-GFP

m’Gpp

- 72
— 55

Anti-DCP2| ===

Gpp + .' 'l .
Anti-EDC4| s wnl
s ) 0 00| X

DCP1

GSSG

0 T T
5 15

4|5 min

Figure 7. The DCP1 NR-loop plays a critical role in DCP2 activation.
(A and B) The interaction of GFP-DCPla (wild type or mutants) with
HA-DCP2 (A) and HA-EDC4 (B). Inputs (1.5% and 1% for the GFP-
and HA-tagged proteins, respectively) and bound fractions (IP; 30%
and 20% for the GFP- and HA-tagged proteins, respectively) were
analyzed by western blotting. (C,D) The GFP-DCPI (wild type or
the GSSG mutant) was expressed in HEK293T cells. The proteins
were immunopurified using anti-GFP antibodies and tested for
decapping activity in vitro as described in Figure 6A and B.
(E) The samples corresponding to (C) were analyzed by western
blotting using anti-GFP, anti-DCP2 and anti-EDC4 antibodies.
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DCPI and is therefore not activated, inhibiting decapping
in a dominant negative manner.

Consistent with the above interpretation, the overex-
pression of the DCP2 C-terminal extension (residues
245-420), which is sufficient for EDC4 binding,
also inhibited decapping and the degradation of the
B-globin-6MS2 mRNA in a dominant manner, resulting
in the accumulation of the deadenylated decay intermedi-
ate (Figure 8A, lane 14). Again, this effect was suppressed
by mutations in the FEB motif (Figure 8A, lane 16). Thus,
binding to EDC4 is required for the DCP2 mutants to
exert a dominant negative effect. Accordingly, the
dominant negative effect of the catalytically inert DCP2
mutant E148Q was abolished by mutations in the FEB
motif (Figure 8B, lanes 8 vs. 6). The isolated FEB could
not be tested because it was not stably expressed in human
cells (Figure 1B). All proteins were expressed at compar-
able levels (Supplementary Figures S3C and D).

Finally, the G96P,V97P mutations in the hinge region
and the W44A and K130A substitutions also inhibited
decapping in a dominant negative manner (Figure 8B,
lanes 10, 12, 14), consistent with the lack of catalytic
activity in vitro, whereas a DCP2 fragment containing
the NRD and the Nudix domain (1-244) was ineffective
(Figure 8A, lane 12), most likely because it lacks the
ability to bind EDC4.

To further validate our conclusions, we investigated the
effects of the aforementioned mutants in decapping
induced by the silencing domain of TNRC6A (6 A-SD),
which is involved in the miRNA pathway and triggers
deadenylation-dependent ~ decapping  (35,36). We
observed that the DCP2 DI15A,R19A mutant and the
C-terminal extension inhibited decapping of the reporter
as efficiently as the E148Q mutation (Figure 8C, lanes 6, 8
and 14). The inhibitory effect of these mutations was sup-
pressed when they were combined with the 3xF-A muta-
tions (Figure 8C, lanes 10 and 16).

We conclude that DCP2 mutants that bind EDC4 but
are catalytically inert or fail to be activated by DCPI
inhibit decapping in a dominant negative manner inde-
pendently of the mechanism by which the decapping
complex is recruited to the mRNA target. The results
also indicate that DCP2 binding to EDC4 is required for
decapping in vivo.

Next, we tested for dominant negative effects of the
GSSG substitution in the NR-loop of the DCP1 EVHI
domain, because this substitution exhibited the strongest
inhibitory effect on DCP2 activity in vitro (Figure 7C and
D). We observed that the DCP1 GSSG mutant inhibited
decapping induced by SMG7 or TNRC6A-SD (Figure 8D
and E, lane 6; Supplementary Figure 3F). Because this
mutant binds both DCP2 and EDC4, it likely competes
with endogenous DCP1 for incorporation into decapping
complexes but fails to activate DCP2 in these complexes.
These results indicate that the DCP1 NR-loop is required
for DCP2-mediated decapping in vivo.

DISCUSSION

In this study, we show that EDC4 functions as a binding
platform for DCPI, DCP2 and XRNI1 and therefore
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Figure 8. The DCP2 interaction with DCP1 and EDC4 is required for
decapping in vivo. (A and B) Human HEK293T cells were transfected
with a mixture of four plasmids: one expressing B-globin-6xMS2bs
mRNA, another expressing MS2-HA or MS2-HA-SMG7, a third ex-
pressing a transfection control lacking the MS2 binding sites (control),
and a fourth expressing GFP-MBP or GFP-DCP2 (wild type or the
indicated mutants). (A) and (B) show northern blots of representative
RNA samples. The positions of the polyadenylated (4,) and
deadenylated (4,) PB-globin-6xMS2bs reporter are indicated on the
right. The B-globin-6xMS2bs mRNA levels were normalized to those
of the control mRNA. These normalized values were set to 100 in cells
expressing MS2-HA. The mean values & standard deviations from
three independent experiments are indicated below the panels and

orchestrates the assembly of the decapping complex and
likely coordinates DCP2 activation with 5'-to-3" degrad-
ation by XRNI1 in human cells. Collectively, our results
suggest a model for the assembly of the decapping
complex wherein DCP1 and DCP2 dock on the EDC4
N- and C-terminal domains, respectively (Figure 9).
These interactions bring the DCP1 EVHI domain and
the DCP2 NRD into close proximity so that they can
directly interact. This interaction activates decapping by
a mechanism that involves the NR-loop in the DCPI
EVH1 domain. The binding of XRNI to the same
EDC4 scaffold positions XRN1 at the location where
decapped mRNAs are produced, thereby accelerating
their degradation.

The assembly of the human decapping complex

The observation that EDC4 is required to bridge the
DCP1 and DCP2 interaction in metazoan (15,24) has
raised the question of whether the assembly of the
decapping complex and the mechanism underlying
DCP2 activation by DCP1 are conserved. Our results
indicate that the DCP1 EVHI1 domain and the DCP2
NRD interact in a similar manner as observed in the
yeast complex (10). However, this interaction is weak,
and an additional interaction bridged by EDC4 is
required to strengthen the DCPI-DCP2 association.
Thus, the DCPI-DCP2 interaction is likely to be
favored when these molecules are bound to the same
EDC4 scaffold in vivo. Consistent with this model,
DCP2 mutants that are catalytically inert (e.g. E148Q)
or that do not interact with DCP1 (e.g. D,R) inhibit
decapping in a dominant negative manner only if they
bind to EDC4, suggesting that binding to EDC4 is an
obligatory step for decapping in vivo. Accordingly,
EDC4 depletion inhibits decapping in human and
Drosophila melanogaster cells (15,37). Whether EDC4
functions merely as a scaffold to bring DCP1 and DCP2
in close proximity or has a more direct role in promoting
conformational changes in DCP2 remains unclear. The
stabilization of the DCP1-DCP2 interaction by EDC4
may have allowed the DCP1-DCP2 interface to diverge,
leading to a decrease in the affinity of DCP1 for DCP2
and consequently making EDC4 binding essential for the
assembly of active decapping complexes.

shown in Supplementary Figures S3A and E. The western blots
demonstrating equivalent expression of the GFP-tagged proteins are
shown in Supplementary Figures S3C and D. (C) A tethering assays
using the B-globin-6xMS2bs reporter was performed as described
above, with the exception that MS2-HA-SMG7 was replaced by
MS2-HA-TNRC6A-SD. The numbers below the panel indicate the
normalized B-globin-6xMS2bs mRNA levels. (D and E) Tethering
assays using the B-globin-6xMS2bs reporter and MS2-SMG7 (D) or
TNRC6A-SD (E) were performed as described in (A), with the excep-
tion that plasmids expressing GFP-DCP1 (wild type or GSSG mutant)
were included in the transfection mixtures as indicated. The normalized
values of the B-globin-6xMS2bs mRNA levels are indicated below the
panels and shown in Supplemental Figure S3F. A western blot analysis
demonstrating equivalent expression of the GFP-tagged proteins is
shown in Supplementary Figure S3G.
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Figure 9. Model for the assembly of the human decapping complex. EDC4 provides binding sites for DCP1 trimers at its N-terminal WD40 domain
and for DCP2 and XRNI1 at its C-terminal o-helical domain. The DCP1 EVH1 domain can then interact with the DCP2 NRD and promote the
active, closed DCP2 conformation by a mechanism that involves the NR-loop in the DCP1 EVHI domain. The binding of XRNI1 to the same EDC4
scaffold ensures that decapped mRNAs are transferred to XRN1. DCPI1 trimerization is required for binding to EDC4 and DCP2, although it is not
clear how. Furthermore EDC4 oligomerizes but the stoichiometry of the oligomers is unknown. Symbols are as described in Figure 1A.

The EDC4 binding motif in DCP2 (the FEB motif) is well
conserved in vertebrates and appears to be also present in
some invertebrate species and plants (Figure 1C). However,
whether it mediates binding to EDC4 in these organisms
needs to be tested experimentally. In contrast, the EDC4
binding motif (EDC4-BM) in XRNT1 is restricted to verte-
brates (Supplementary Figure S1A) (23). Nevertheless, an
equivalent complex containing DCP1, DCP2, EDC4 and
XRNI1 assembles in insects wherein XRNI interacts with
DCPI1 through a short proline-rich sequence (23). Thus, it
is possible that a DCP1-DCP2-EDC4-XRN1 complex as-
sembles in other metazoan species, although the individual
interactions between orthologs might not be conserved.
Indeed, some of the interactions in this complex are
mediated by short linear motifs (e.g. FEB, EDC4-BM),
which tend to evolve rapidly (38), rewiring the interaction
network during evolution (3,38).

The conserved NR-loop in the DCP1 EVHI1 domain plays
a critical role in DCP2 activation

It has been proposed, but not tested, that residues in the
DCP1 NR-loop play a role in DCP2 activation by
inducing conformational changes in DCP2 residues that
contact the substrate and position it for catalysis (10).
Accordingly, substitutions of residues in the DCP1 NR-
loop have been previously shown to cause decapping
defects both in vivo and in vitro (10,11). However,
because residues in the NR-loop also contact the DCP2
NRD, it has remained unclear whether they also contrib-
ute to the DCP1-DCP2 interaction.

In a study by She et al. (9), a sextuple Sc DCP1 mutant
was generated with mutations in both the NR-loop and
helix ol of the EVH1 domain. These mutations disrupted
DCP2 binding and decapping in yeast cells, but the
specific contribution of the NR-loop to these effects was
not investigated. On the other hand, a double alanine
substitution of S¢ Dcpl residues R147 and D151 (corres-
ponding to Hs DCP1 R71 and H76, respectively) was
reported to not result in a decapping defect in vivo (39).
In contrast, a substitution of loop residue P74 with serine
(corresponding to human M75) conferred a temperature-
sensitive phenotype in S. pombe, and yeast strains carrying

the mutation were defective in mRNA decapping at the
non-permissive temperature, although the interaction with
DCP2 was not affected (11). Our results indicate that
amino acid substitutions that render the NR-loop
flexible do not prevent the interaction of DCP1 with
DCP2 or its incorporation in decapping complexes but
do interfere with DCP2 activation in a dominant manner.

How is the NR-loop involved in DCP2 activation? One
possible model is that the NR-loop stabilizes the ‘gate-
keeper’ W44 residue in the active conformation (10,14).
Our study confirms an essential role for Hs DCP2 W44
in the catalytic mechanism. However, the NR-loop is
more than 4A apart from Sp Dcp2 W43 in the co-
crystal structure of the Sp Dcpl-Dcp2 complex
(Figure 4E), and it is unclear whether it can contact this
residue directly (14,33).

An alternative possibility is that the NR-loop is
involved in the binding of the RNA substrate and/or the
positioning of the RNA in the active site to allow the
hydrolysis of the cap structure. Indeed, the NR-loop is
located at the channel through which the RNA has been
proposed to thread toward the active site (10), and it
contains polar/hydrophilic residues that could bind the
RNA backbone. The substitution of this well-defined
loop with a flexible GSSG loop might obstruct the
entrance to the RNA binding channel, explaining the in-
hibitory effect of this substitution.

In summary, we show that the basic DCP2 catalytic and
activation mechanisms have been maintained throughout
evolution. However, the acquisition of EDC4, the rapid
evolution of protein-binding motifs in the C-terminal ex-
tensions of DCP2 and XRNI and the presence of oligo-
merization domains in both DCPl1 and EDC4 have
increased the connectivity and complexity of the
metazoan decapping complex (3), which in turn enhance
opportunities for regulating the assembly and activity of
the decapping complex and may enable coupling of
decapping to 5-to-3' mRNA degradation. An important
challenge for future studies is the elucidation of the stoi-
chiometry of the human decapping complex and of the
molecular basis for the interactions between its
components.
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