MOLECULAR AND CELLULAR BIOLOGY, Mar. 2010, p. 1446-1456
0270-7306/10/$12.00  doi:10.1128/MCB.01305-09

Vol. 30, No. 6

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Identification and Analysis of the Interaction between Edc3 and Dcp2
in Saccharomyces cerevisiae't

Yuriko Harigaya," Brittnee N. Jones,” Denise Muhlrad," John D. Gross,” and Roy Parker'*

Department of Molecular and Cellular Biology and Howard Hughes Medical Institute, University of Arizona,
Tucson, Arizona 85721-0106," and Program in Chemistry and Chemical Biology,> Department of
Pharmaceutical Chemistry,® University of California, San Francisco, 600 16th Street,

San Francisco, California 94107

Received 26 September 2009/Returned for modification 4 November 2009/Accepted 5 January 2010

Cap hydrolysis is a critical control point in the life of eukaryotic mRNAs and is catalyzed by the evolution-
arily conserved Dcpl-Dcp2 complex. In Saccharomyces cerevisiae, decapping is modulated by several factors,
including the Lsm family protein Edc3, which directly binds to Dcp2. We show that Edc3 binding to Dcp2 is
mediated by a short peptide sequence located C terminal to the catalytic domain of Dcp2. This sequence is
required for Edc3 to stimulate decapping activity of Dcp2 in vitro, for Dcp2 to efficiently accumulate in
P-bodies, and for efficient degradation of the RPS28B mRNA, whose decay is enhanced by Edc3. In contrast,
degradation of YRAI pre-mRNA, another Edc3-regulated transcript, occurs independently from this region,
suggesting that the effect of Edc3 on YRA1 is independent of its interaction with Dcp2. Deletion of the sequence
also results in a subtle but significant defect in turnover of the MFA2pG reporter transcript, which is not
affected by deletion of EDC3, suggesting that the region affects some other aspect of Dcp2 function in addition
to binding Edc3. These results raise a model for Dcp2 recruitment to specific nRNAs where regions outside the
catalytic core promote the formation of different complexes involved in mRNA decapping.

mRNA degradation plays an important role in the control of
gene expression. Removal of the 5’ N’-methylguanosine
(m’G) cap structure is a critical step in several mRNA decay
pathways and occurs following deadenylation in one of the
major pathways of mRNA degradation (30). Decapping is cat-
alyzed by a decapping holoenzyme consisting of the catalytic
Dcp2 subunit and the coactivating Dcpl, which are conserved
throughout eukaryotes (16). Dcp2 contains a Nudix/MutT do-
main, which binds to both the m’G cap and mRNA body and
is critical for decapping catalysis (12, 28, 38, 39). Recent kinetic
and structural studies using the Dcp proteins from Saccharo-
myces cerevisiae and Schizosaccharomyces pombe have indi-
cated that Dcpl strongly stimulates Dcp2 catalytic activity by
binding the N-terminal region of Dcp2 (residues 1 to 101 in S.
cerevisiae) and inducing a conformational change in Dcp2 so
that the N-terminal region is brought to the proximity of the
C-terminal catalytic domain (residues 102 to 245 in S. cerevi-
siae), which contains the Nudix/MutT motif (10, 33, 34).

In principle, three sequential events are required for mMRNA
engaged in translation to be eventually routed to decapping.
First, the eukaryotic initiation factor eIF4E that protects the
m’G cap should be displaced from the mRNA (32). Subse-
quently, the Dcpl-Dcp2 decapping complex needs to be re-
cruited onto the mRNA. Finally, the decapping complex is
activated to catalyze the removal of the m’G cap structure.
Several factors are thought to function in these processes to
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promote decapping, including the DEAD-box helicase RCK/
p54/Me31B/CGH-1/Dhhl, the RNA binding Lsm1-7 complex,
the RNA binding protein Patl, and the Lsm family protein
Edc3, all of which are evolutionarily conserved (16). In yeast,
Dhhl1 and Patl appear to promote decapping at least in part by
eliciting translational repression, which either directly or indi-
rectly involves displacement of eIF4E (6). Other proteins ap-
pear to affect decapping by directly activating the decapping
enzyme. For example, the Edcl and Edc2 proteins can directly
activate the decapping enzyme by unknown mechanisms (13,
31, 35). Similarly, the Edc3 protein does not appear to function
in translation repression and instead directly binds and acti-
vates Dcp2 (P. Rajyaguru, T. Nissan, and R. Parker, submitted
for publication).

In Saccharomyces cerevisiae, Edc3 is dispensable for efficient
decapping of certain reporter transcripts (24) and also for
maintenance of steady-state levels of most transcripts (1, 11).
However, Edc3 becomes critical for efficient mRNA degrada-
tion of reporter transcripts when the decapping enzyme is
compromised by mutations either in Dcpl or in Dcp2 (24).
Deletion of EDC3 also causes a synthetic growth defect when
combined with another Lsm protein, Scd6 (9, 40), suggesting
some redundancy in Edc3 function. Edc3 is also required for
the specific degradation of some mRNAs. For example, the
efficient degradation of the RPS28B mRNA and YRAI pre-
mRNAs requires Edc3 (1, 11). Moreover, in Drosophila S2
cells, Edc3 is required for the degradation of a subset of
microRNA (miRNA) targets (14). Edc3 contains three functional
domains: an N-terminal divergent Lsm (Sm-like) domain,
which binds Dcp2 (8; Rajyaguru et al., submitted), a central
FDF domain, which binds Dhhl (8, 37), and a C-terminal
YjeF-N domain, which self-interacts and promotes Edc3
dimerization (8, 26). Taken together, these results indicate that
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TABLE 1. Yeast strains used in this study

Strain Genotype Reference
yRP840  MATa leu2-3,112 trpl ura3-52 his4-539 cupl::LEU2/PGKIpG/MFA2pG 19
yRP841  MAT« leu2-3,112 trpl ura3-52 lys2-201 cupl::LEU2/PGKIpG/MFA2pG 19
YRP1346 MATa leu2-3,112 trpl ura3-52 his4-539 lys2-201 cupl:LEU2/PGKIpG/MFA2pG dcp2A::TRPI 12
yRP1515 MAT« leu2-3,112 trpl ura3-52 his4-539 lys2-201 cupl::LEU2/PGKIpG/MFA2pG dcpl-2::TRPI 12
yRP1745 MATa leu2-3,112 trpl ura3-52 his4-539 cupl::LEU2/PGK1pG/MFA2pG edc3A::kanMX6 24
yRP2745 MATa leu2-3,112 trpl ura3-52 lys2-201 cupl::LEU2/PGKIpG/MFA2pG dcp2(A301-970)::kanMX6 This study
yRP2746 MATo leu2-3,112 trpl ura3-52 lys2-201 cupl::LEU2/PGK1pG/MFA2pG dcp2(A248-970)::kanMX6 This study
yRP2747 MATo leu2-3,112 trpl ura3-52 his4-539 lys2-201 cupl::LEU2/PGKIpG/MFA2pG dcpl-2::TRPI1 dcp2(A301-970)::kanMX6  This study
yRP2748 MATo leu2-3,112 trpl ura3-52 his4-539 lys2-201 cupl:LEU2/PGKIpG/MFA2pG dcpl-2::TRP1 dcp2(A248-970)::kanMX6  This study
yRP2749 MAT« leu2-3,112 trpl ura3-52 lys2-201 cupl::LEU2/PGKIpG/MFA2pG DCP2::kanMX6 This study
YRP2751 MATa leu2-3,112 trpl ura3-52 lys2-201 cupl::LEU2/PGKIpG/MFA2pG DCP2-3HA::kanMX6 This study
yRP2752 MATo leu2-3,112 trpl ura3-52 lys2-201 cupl::LEU2/PGKIpG/MFA2pG dcp2(A301-970)-3HA::kanMX6 This study
YRP2753  MATa leu2-3,112 trpl ura3-52 lys2-201 cupl::LEU2/PGKIpG/MFA2pG dcp2(A248-970)-3HA::kanMX6 This study
yRP2792 MAT« leu2-3,112 trpl ura3-52 lys2-201 cupl::LEU2/PGKIp2/MFA2pG dcp2A::-TRPI This study
yRP2793  MATa leu2-3,112 trpl ura3-52 cupl::LEU2/PGKIpG/MFA2pG dcp2A::TRP1 This study
yRP2794  MATa leu2-3,112 trpl ura3-52 cupl::LEU2/PGKIpG/MFA2pG dcp2A::TRPI edc3A::kanMX6 This study

the Edc3 is a component of the decapping machinery that can
both generally affect the activity of the decapping enzyme and
be recruited for the regulation of specific mRNAs. An unre-
solved question is how Edc3 interacts with Dcp2 and the con-
sequences of that interaction for general mRNA decapping
and the control of specific mRNAs.

In this work, we demonstrate that a short peptide sequence
just C terminal of the Nudix domain of Dcp2 interacts with
Edc3. This peptide region is required for the binding of Dcp2
to the Lsm-FDF domain of Edc3, for the stimulation of Dcpl/
Dcp2 decapping activity by Edc3 in vitro, and for efficient
accumulation of Dcp2 into P-bodies (PBs) in vivo. Deletion of
the peptide sequence, as well as mutations at residues within
this region, causes a significant upregulation of a known sub-
strate of Edc3-mediated decay, RPS28B mRNA. Surprisingly,
degradation of the YRAI pre-mRNA, whose decay is enhanced
by Edc3, is not affected by removal of or mutations in this
region, suggesting that the effect of Edc3 on YRAI is indepen-
dent of its interaction with Dcp2. Deletion of this region also
results in a subtle but significant defect in decapping of the
MFA2pG reporter mRNA, whereas the transcript is not no-
ticeably affected by deletion of EDC3. This result implies that
this region of Dcp2 has additional functions other than Edc3
binding and may represent an important site for the binding of
additional decapping regulators.

MATERIALS AND METHODS

Yeast strains. Yeast strains used in this study are listed in Table 1. All strains
are in the yRP840/yRP841 background (19). Strains yRP2745, yRP2746,
yRP2749, yRP2751, yRP2752, and yRP2753 were constructed from yRP841 by a
PCR-based method using oligonucleotides oRP1450, oRP1449, oRP1461,
oRP1463, oRP1464, o0RP1462, and oRP1451 (27). Strains yRP2747 and yRP2748
were constructed from yRP1515 using oligonucleotides oRP1450, oRP1449, and
oRP1451. Strains yRP2793 and yRP2794 were constructed from a cross between
yRP1745 and yRP2792.

Plasmids. Plasmids used in this study are listed in Table 2. Plasmids pRP1891,
pRP1892, and pRP1893 were constructed in multiple steps. First, pRP1667 (a
gift from C. J. Decker) was digested with restriction enzymes Sacl and HindIII
to isolate the DNA fragment containing the GPD promoter, the Nrul restriction
site, a green fluorescent protein (GFP) open reading frame, and the ADHI
terminator. The fragment was cloned into corresponding sites in pRS416 to
generate pRP1902. DNA fragments containing the 514-bp upstream region of
DCP2 and a sequence encoding residues 1 to 970, 1 to 300, and 1 to 247 of Dcp2
were PCR amplified from the genome using a forward primer oRP1440 and

reverse primers oRP1441, oRP1442, and oRP1443. The resultant fragments were
digested with restriction enzymes Sacl and BamHI and cloned into correspond-
ing sites in pRP1902 to generate pRP1891, pRP1892, and pRP1893.

To generate pRP1903, a DNA fragment containing the 514-bp upstream
region of DCP2 was PCR amplified from the genome using primers oRP1440
and oRP1458. The resultant fragment was digested with restriction enzymes Sacl
and Nrul and cloned into corresponding sites in pRP1902. Note that the plasmid
contains a 7-bp random sequence downstream of the Nrul site.

To generate pRP1894 and pRP1895, DNA sequences encoding residues 243 to
970 and 327 to 970 of Dcp2 were amplified from the genome with the initiation
codon using forward primers oRP1459 and oRP1460 and reverse primer
oRP1441. The resultant fragments were digested with restriction enzymes Sacl
and Nrul and cloned into the corresponding site in pRP1903. Note that the
plasmids contain a 6-bp random sequence upstream of the Nrul site.

To generate pRP1904, a DNA fragment containing the 514-bp upstream
region of DCP2, the initiation codon, and a sequence encoding residues 102 to
300 of Dcp2 were PCR amplified from the plasmid pRP1278 (a gift from C. J.
Decker) using primers oRP1440 and oRP1442. The resultant DNA fragment was
digested with restriction enzymes Sacl and BamHI and cloned into correspond-
ing sites in pRP1902. pRP1905 was constructed essentially in the same way using
primers oRP1440 and oRP1443.

pRP1896 was constructed in multiple steps. First, a DNA fragment was PCR
amplified from pRP1207 (33) using the primer pair oRP1447 and oRP1442. A
second PCR was performed using the primer pair oRP1440 and oRP1448. The
two PCR fragments were then mixed and fused by PCR amplification using
primers oRP1440 and oRP1442. The resultant fragment was digested with re-
striction enzymes Sacl and BamHI and cloned into corresponding sites in
pRP1902. pRP1906, pRP1908, and pRP1909 were constructed essentially in the
same way.

pRP1907 was constructed in multiple steps. First, a DNA fragment was PCR
amplified from pRP1207 (33) using the primer pair oRP1467 and oRP1442. A
second PCR was performed using the primer pair oRP1440 and oRP1468. The
two PCR fragments were then mixed and fused by PCR amplification using
primers oRP1440 and oRP1442. The resultant fragment was used as a template
in PCR amplification using the primer pair o0RP1465 and oRP1442. The resultant
fragment was then mixed with another fragment amplified from pRP1207 (33)
using oRP1466 and oRP1440, and the two fragments were fused by PCR using
primers oRP1440 and oRP1442. The resultant fragment was digested with re-
striction enzymes Sacl and BamHI and cloned into corresponding sites in
pRP1902. pRP1910 was constructed essentially in the same way.

To generate pRP1897 and pRP1898, DNA fragments encoding residues 1 to
300 and 1 to 247 of Dcp2 were PCR amplified from pRP1207 (33) using forward
primer oRP1444 and reverse primers oRP1445 and oRP1446, respectively; di-
gested with restriction enzymes Ndel and BamHI; and cloned into corresponding
sites in pRP784 (pPROEX-1; GibcoBRL).

Plasmids pRP1453, pRP1450, and pRP1449 were constructed in multiple
steps. First, the DNA fragment containing the 3’ region of the DCP2 gene was
PCR amplified from pRP1207 (33) using primers oRP1471 and oRP1472, di-
gested with restriction enzymes Sacl and BamHI, and cloned into corresponding
sites in pRP10 (21), to generate pRP1454. Second, the DNA fragment containing
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TABLE 2. Plasmids used in this study
Plasmid Description Source or
reference

pRP250 pRS416, centromeric vector with the URA3 marker Lab stock

pRP1667 pRS425 (lab stock) carrying a sequence encoding GFP and the ADH]I terminator C. J. Decker

pRP1902 pRS416 carrying a sequence encoding GFP and the ADH] terminator This study

pRP1903 pRP416 carrying the DCP2 promoter, a sequence encoding GFP, and the ADH]I terminator This study

pRP1891 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2-GFP, and the ADH]I terminator This study

pRP1892 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(1-300)-GFP, and the ADHI terminator This study

pRP1893 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(1-247)-GFP, and the ADHI terminator This study

pRP1894 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(243-970)-GFP, and the ADH]I terminator This study

pRP1895 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(327-970)-GFP, and the ADH]I terminator This study

pRP1278 YCplac33 (18) carrying the DCP2 promoter, a sequence encoding Dcp2(A2-101)-GFP and the ADHI C. J. Decker
terminator

pRP1904 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(102-300)-GFP and the ADHI terminator This study

pRP1905 pRS416 carrying the DCP2 promoter, a sequencne encoding Dcp2(102-247)-GFP and the ADHI terminator This study

pRP1896 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(1-300) L255A K256A-GFP, and the ADHI This study
terminator

pRP1906 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(1-300) R271A K273A-GFP and the ADHI This study
terminator

pRP1907 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(1-300) L255A K256A R271A K273A-GFP, This study
and the ADHI terminator

pRP1908 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(1-300) E252A-GFP, and the ADHI This study
terminator

pRP1909 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(1-300) D268A-GFP, and the ADHI This study
terminator

pRP1910 pRS416 carrying the DCP2 promoter, a sequence encoding Dcp2(1-300) E252A D268A-GFP, and the ADHI This study
terminator

pRP784 pPROEX-1 GibcoBRL

pRP1897 pPROEX-1 carrying a sequence encoding Dcp2(1-300), to express N-terminal His-tagged protein in E. coli This study

pRP1898 pPROEX-1 carrying a sequence encoding Dcp2(1-247), to express N-terminal His-tagged protein in E. coli This study

pRP1899 pPROEX-1 carrying a sequence encoding Dcp2(1-300) L255A K256A, to express N-terminal His-tagged This study
protein in E. coli

pRP1900 pGEX-6P-3, to express GST in E. coli GE Healthcare

pRP1444 pGEX-6P-3 carrying a sequence encoding the Lsm-FDF domain (aa 1-231) of Edc3, to express N-terminal C. J. Decker
GST-tagged protein in E. coli

pRP10 Centromeric vector with the URA3 marker 21

pRP1207 pRP10 carrying the DCP2 promoter, a sequence encoding full-length Dcp2, and the DCP2 terminator 33

pRP1453 pRP10 carrying the DCP2 promoter, a sequence encoding Dcp2(1-300), and the DCP2 terminator This study

pRP1450 pRP10 carrying the DCP2 promoter, a sequence encoding Dcp2(1-247), and the DCP2 terminator This study

pRP1449 pRP10 carrying the DCP2 promoter, a sequence encoding Dcp2(1-227), and the DCP2 terminator This study

pRP642 pRS200, centromeric vector with the TRPI marker Lab stock

pRP1432 pRS200 carrying the EDC3 promoter, a sequence encoding Edc3, and the EDC3 terminator C. J. Decker

the promoter region of DCP2 and N-terminal portions of the coding region
(residues 1 to 300, 1 to 247, and 1 to 227, designated hereafter as regions 1-300,
1-247, and 1-227, respectively) was PCR amplified using forward primer
oRP1473 and reverse primers oRP1474, oRP1475, and oRP1476; digested with
restriction enzymes Sacl and BglII; and cloned into corresponding sites in
pRP1454.

To generate pRP1899, a DNA fragment was PCR amplified from pRP1896
using primers oRP1444 and oRP1445, digested with restriction enzymes Ndel
and BamHI, and cloned into corresponding sites in pRP784.

Oligonucleotides. Oligonucleotides used in this study are listed in Table S1 in
the supplemental material.

Cell growth conditions. For the microscopy and Western blot analysis shown
here in Fig. 1B and C and 4B and C, as well as Fig. SIA and S1B in the
supplemental material, cells were grown at 30°C in synthetic complete (SC)
medium lacking uracil but containing 2% glucose as a carbon source, until an
optical density at 600 nm (ODg,) of 0.3 to 0.35 was reached. Cells were subse-
quently harvested by centrifugation, washed, resuspended in SC medium lacking
uracil and a carbon source, and incubated in a shaking water bath at 30°C for 10
min. For the Northern blot analysis shown here in Fig. 5, 6 to D, and 7, as well
as Fig. S4, S5B, and S6B in the supplemental material, cells were grown at 30°C
in SC medium lacking uracil or tryptophan but containing 2% galactose until an
ODg of 0.3 to 0.35 was reached. For Western and Northern blot analyses shown
in Fig. S3A, S3B, S3C, S3D, and S7 in the supplemental material, cells were
grown at 24°C in YP medium (1% yeast extract and 2% peptone) containing 2%
galactose until an ODg, of 0.3 to 0.35 was reached.

Microscopy. Microscopy was performed essentially as described previously (2).
All images were acquired using a Deltavision RT microscope system running
softWoRx 3.5.1 software (Applied Precision, LLC), using an objective (UPlan
sapo 100X, 1.4 NA; Olympus). They were collected using software (SoftWoRx)
as 1,024- by 1,024-pixel files with a camera (CoolSNAP HQ, Photometrics) using
1-by-1 binning. A Z-series with 10 to 11 image planes and a step size of 0.8 um
was taken. All images were deconvolved using standard softWoRx deconvolution
algorithms (enhanced ratio, medium noise filtering, 10 cycles). ImageJ (National
Institute of Health) was used to adjust all images to equal contrast ranges.

Protein purification, in vitro protein-protein interaction assays, and Western
blot analysis. His-tagged Dcp2(1-300), Dcp2(1-247), and Dep2(1-300) harbor-
ing the L255A K256A double mutation were expressed in Escherichia coli BL21
from plasmids pRP1897, pRP1898, and pRP1899. Purification of His-Dcp2(1-
300) and His-Dcp2(1-247) was performed essentially as described previously
(33). The glutathione S-transferase (GST)-tagged Lsm-FDF domain of Edc3 was
expressed in E. coli BL21 from plasmid pRP1444 (a gift from C. J. Decker) and
was purified using glutathione Sepharose 4B (GE Healthcare) after lysis in
phosphate-buffered saline (PBS) buffer containing 1 mM dithiothreitol (DTT),
1% Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and complete
protease inhibitor (Roche).

Binding experiments were performed at 4°C in 400 pl of binding buffer (50
mM HEPES, pH 7.0, 100 mM NaCl, 1 mM DTT, 2 mM MnCl,, 2 mM MgCl,,
1% Triton X-100, 10% glycerol, and 10 mg/ml bovine serum albumin [BSA]),
essentially as described previously (8). Each protein was added to the binding
reaction at a final concentration of approximately 0.5 wM. Glutathione Sepha-
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FIG. 1. Region 248-300 of Dcp2 mediates its accumulation in P-
bodies. (A) Domain architecture of S. cerevisiae Dcp2. The N-terminal
globular domain is shown in gray. The Nudix domain is shown in black.
Region 248-300 of Dcp2 is shown in light gray. (B) Localization of
truncated Dcp2 proteins. Wild-type cells (yRP840) expressing the full-
length (FL) or truncated Dcp2 protein (1-300, 1-247, 243-970, or
327-970) C-terminally tagged with GFP from plasmid pRP1891,
pRP1892, pRP1893, pRP1894, or pRP1895 were used. Cells were
cultured to mid-log phase and shifted to media lacking glucose for 10
min. A single focal plane image is shown. Bar, 5 um. (C) Levels of the
truncated Dcp2 proteins. The same strains as those described in the
legend to panel B were cultured to mid-log phase and shifted to media
lacking glucose for 10 min. pRP250 was used as a control vector (no
GFP). Anti-GFP antibody was used in Western blot to detect GFP-
tagged proteins. Anti-Pgkl antibody was used to detect the endoge-
nous Pgkl protein as a loading control. Arrowheads indicate GFP-
tagged proteins. Asterisks indicate nonspecific bands.

rose 4B was used to pull down GST-Lsm-FDF. Western analysis was performed
by a standard method using monoclonal anti-His antibody (1:2,000; Novagen
70796) and polyclonal anti-GST antibody (1:2,000; Pharmacia 27-4577-01).
For Western analysis of GFP- and hemagglutinin (HA)-tagged Dcp2, total
yeast extract was prepared as described previously (23). GFP- and HA-tagged
versions of Dcp2 proteins were detected using monoclonal anti-GFP antibody
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(1:1,000; Covance MMS-118P) and monoclonal anti-HA 12CAS antibody (1:
2,500; Roche 1666606), respectively. For a loading control, the endogenous Pgk1
proteins were detected using monoclonal anti-Pgk1 antibody (1:2,000; Molecular
Probes A-6457).

Northern blot analysis. Total RNA was extracted by a hot phenol method.
Northern blot analysis was conducted as previously described (4). The amount of
MFA2pG, CYH2, YRAI, and RPS28B mRNA was quantified by oRP140,
oRP1300, oRP1456, and oRP1439, respectively, using the Typhoon phospho-
imager (Molecular Dynamics). As a loading control, the signal recognition par-
ticle 7S RNA (SCR1I), a stable RNA polymerase III transcript, was detected by
oRP100.

In vitro decapping assays. Decapping reactions were carried out at 4°C under
single-turnover conditions where enzyme is in at least 10-fold excess of substrate.
The 343-nt 3?P cap-radiolabeled MFA2 RNA substrate was prepared as de-
scribed previously (25). Reaction buffer consisted of 50 mM Tris-Cl, 50 mM
NH,CI, 1 mM DTT, 0.1 mg/ml RNase-free BSA, and 0.01% NP-40 (pH 8.3)
containing roughly 0.05 to 5 nM substrate. Assays were performed using 50 nM
Dcp1-Dep2(1-245) and Depl-Dep2(1-315) in complex with 500 nM His-Edc3
(see Fig. S2 in the supplemental material). Decapping complexes in the presence
or absence of Edc3 were incubated at 4°C for 30 min prior to initiation of the
reactions. Time courses were monitored and analyzed as described previously
(22). Dcpl1-Dep2(1-245) and Depl-Dep2(1-315) were coexpressed in E. coli and
purified as described previously (10). The constructs contain an N-terminal GB1
tag on Dcpl and an N-terminal His tag on Dcp2.

RESULTS

Residues 248 to 300 of Dcp2 mediate its accumulation in
P-bodies. To identify the important functional domains of
Dcp2, we first examined the ability of Dcp2 proteins harboring
a series of deletions in the N terminus and/or C terminus to
assemble into P-bodies (PBs). Although yeast Dcp2 consists of
970 residues, it has been shown that residues 1 to 300 are
sufficient for decapping in vivo (12). Moreover, the N-terminal
globular domain and the Nudix domain contained within res-
idues 1 to 245 are known to be sufficient for decapping activity
in vitro (Fig. 1A) (10). The truncated Dcp2 proteins were
expressed from the DCP2 promoter with a C-terminal GFP tag
on low-copy centromeric plasmids in wild-type cells, in which
an intact genomic copy of DCP2 is present. We then observed
the location of Dcp2 during glucose depletion, which is known
to induce PB formation in yeast (36).

We observed that amino acids 1 to 300 of Dcp2 were suffi-
cient for recruitment into P-bodies, which were similar to foci
formed by full-length (FL) Dcp2 (Fig. 1B). In contrast, region
1-247 of Dcp2 was significantly impaired in accumulation in
foci (Fig. 1B), suggesting that residues 248 to 300 of Dcp2 are
important for its targeting and/or maintenance of Dcp2 in
P-bodies. Surprisingly, region 243-970 of Dcp2, which lacks
almost the entire domain sufficient for decapping in vitro, could
accumulate in foci, whereas region 327-970 was unable to do
so (Fig. 1B). We were not able to test if region 248-300 of
Dcp2 is sufficient for its PB accumulation, because region 248—
300 of Dcp2 fused to GFP was not stably expressed in yeast
cells (data not shown). Taken together, these observations
support the idea that region 248-300 of Dcp2 contains an
element that mediates its accumulation in P-bodies.

The absence of a given Dcp2 fusion protein in P-bodies
could be due either to a reduction in its cellular concentration
or to a loss of specific protein-protein or protein-RNA inter-
actions. To distinguish these possibilities, we examined the
fusion proteins by Western blot analysis (Fig. 1C). We did
observe that the level of Dcp2(1-247)-GFP was somewhat
reduced compared to that of Dcp2(1-300)-GFP. Likewise,
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Dcp2(327-970)-GFP was reduced compared to Dcp2(243-
970)-GFP. These observations raised the possibility that these
constructs retain the intrinsic property to efficiently accumu-
late in P-bodies but fail to do so simply due to the reduction in
their cellular concentration. However, we also observed that a
Dcp2(1-300) construct with a pair of point mutations (LAKA)
was impaired in its accumulation in P-bodies (see Fig. 4B
below) but was expressed at a level comparable to that of
Dcp2(1-300)-GFP (Fig. 4C). Moreover, both regions 102-300
and 102-247 of Dcp2 tagged with GFP were expressed well
(see Fig. S1A in the supplemental material), and only the GFP
fusion of region 102-300 accumulated in foci (Fig. S1B). Taken
together, we interpret these observations to indicate that re-
duction of Dcp2(1-247)-GFP in focus formation is due, at least
in part, to a loss of specific interactions that are dependent on
region 248-300 of the protein.

Region 248-300 of Dcp2 is required for binding to Edc3 in
vitro. One possible explanation for why residues 248 to 300 are
required for the accumulation of Dcp2 in P-bodies is that the
region mediates interaction of Dcp2 with other P-body com-
ponents. Because accumulation of Dcp2 in P-bodies is im-
paired by deletion of EDC3 and because region 1-300 of Dcp2
can interact with both the Lsm (amino acids 1 to 85) and FDF
(amino acids 86 to 231) domains of Edc3 in vitro (8), we
suspected that the lesion of residues 248 to 300 might affect the
interaction between Dcp2 and Edc3. We tested this possibility
by direct binding experiments with purified recombinant pro-
teins (Fig. 2A).

We observed that a purified His-tagged Dcp2(1-247) could
not be pulled down by GST-tagged Lsm-FDF of Edc3 (amino
acids 1 to 231), whereas His-tagged Dcp2(1-300) could be
efficiently pulled down, consistent with a previous result (Fig.
2B) (8). Together with the cytological data, the result suggests
that residues 248 to 300 of Dcp2 are critical, and may be
sufficient, for the interaction between Dcp2 and the decapping
activator Edc3.

Region 248 to 300 of Dcp2 is required for stimulation of
decapping activity by Edc3 in vitro. Purified Edc3 can stimulate
decapping by the Dcpl-Dcp2(1-300) complex in vitro (Rajya-
guru et al., submitted). If the interaction of residues 248 to 300
of Dcp2 with Edc3 is functionally important, we would predict
that Dcp2 lacking this region would no longer be stimulated by
Edc3 in vitro. To test this possibility, we examined the ability of
recombinant Edc3 to stimulate decapping in vitro of both the
Dcpl-Dep2(1-245) complex and the Depl-Dep2(1-315) com-
plex. In a single-turnover assay (see Materials and Methods),
we observed that Edc3 was unable to stimulate the activity of
Dcpl-Dep2(1-245), but did stimulate the activity of the Dcpl-
Dcp2(1-315) complex (Fig. 3; see Fig. S2 in the supplemental
material). We observed at least a 5-fold stimulation of activity
upon addition of excess Edc3. These results are consistent with
the idea that binding of Edc3 to Dcp2 through residues 248 to
300 of Dcp2 is required for Edc3 to stimulate the activity of
Dcp2.

Structural features and conservation of region 248-300. Al-
though yeast Dcp2 consists of 970 residues, the region outside
the N-terminal globular domain and the Nudix domain (resi-
dues 1 to 245 of S. cerevisiae Dcp2) is not highly conserved
among eukaryotes. To try to identify important functional res-
idues in this region, we performed a BLAST search of DCP2
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FIG. 2. Region 248-300 of Dcp2 is required for Edc3 binding in
vitro. (A) Coomassie blue-stained SDS-PAGE showing purified recom-
binant proteins used in the pulldown assay. (B) In vitro pulldown (PD)
assay between purified GST-tagged Lsm-FDF domain of Edc3 and
His-tagged Dcp2 (amino acids 1 to 300) or His-Dep2(1-247). Gluta-
thione Sepharose was used to pull down either the GST-tagged Lsm-
FDF of Edc3 or the GST portion alone as a control. Anti-His and
anti-GST antibody were used in a Western blot (WB) to detect His-
Dcp2 proteins and GST-tagged proteins, respectively. The amounts
corresponding to the same volume in the binding reaction were loaded
for all samples: T, total; S, supernatant; and P, pellet. The asterisk
indicates partial degradation products of GST-Lsm-FDF.

across several fungal species (Saccharomyces cerevisiae, Can-
dida glabrata, Ashbya gossypii, Kluveromyces waltii, Debaryomy-
ces hansenii, Pichia stipitis, and Candida albicans). This analysis
revealed that the conservation extends to the 280th residue of
S. cerevisiae Dcp2 and abruptly disappears in the region C
terminal to the 280th residue (Fig. 4A). Interestingly, the con-
servation in this region appeared to be concentrated in two
blocks: one from residues 245 to 261 and a second conserved
region between residues 264 and 278. Consistent with the two
possible significant regions of conservation, the putative ho-
molog of Dcp2 from another fungal organism, Lodderomyces
elongisporus, contains a spacer sequence that splits the homol-
ogous sequence into two parts at the 266th and 267th residues
of S. cerevisiae (data not shown). Moreover, a secondary struc-
ture prediction identified two putative helical structures at
residues 249 to 259 and 270 to 278 (5; data not shown).

To assess the significance of this conservation at the primary
sequence level, we examined the effects of mutations at the
conserved residues on accumulation of Dcp2 in P-bodies dur-
ing glucose deprivation. We observed that amino acid substi-
tutions at highly conserved residues (single mutations E252A
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FIG. 3. Region 246-315 of Dcp2 is required for decapping stim-
ulation by Edc3 in vitro. (A) Time courses of the fraction of m’GDP
released by decapping by recombinant purified GB1-Dcpl-His-
Dcp2(1-245) and GB1-Dcpl-His-Dep2(1-315) with and without
recombinant purified His-Edc3 measured under single-turnover
conditions using the 343-nt MFA2 RNA substrate. (B) Bar graphs of
the observed first-order rate constants (k) fitted to the time
courses depicted in panel A. Error bars represent the standard
error.

and D268A; double mutations L255A K256A, E252A D268A,
and R271A L273A; and quadruple mutation L255A K256A
R271A 1L273A) reduced accumulation of Dcp2 in P-bodies to
various extents (Fig. 4B). The expression level of the protein
carrying the L255A K256A mutation, which appeared to have
the greatest effect on PB accumulation, was comparable to that
of the wild-type protein, suggesting that the reduction in PB
accumulation was unlikely to be due to a decreased protein
level (Fig. 4C). These results identify specific amino acids in
this peptide region that modulate the function of this protein-
protein interaction domain.

We then tested if the mutation affects the binding of Edc3 to
Dcp2 in vitro. A purified His-tagged Dcp2(1-300) harboring
the L255A K256A mutation was not pulled down by GST-
tagged Lsm-FDF of Edc3 (Fig. 4D). This demonstrates that
these residues are directly required for Edc3-Dcp?2 interaction.

Dcp2-Edc3 interaction is required for control of RPS28B
mRNA decay, but not for the decay of the YR41 pre-mRNA.
The Edc3 protein has been specifically shown to be required
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for efficient decapping of the RPS28B mRNA and the YRAI
pre-mRNA (1, 11). In principle, those mRNA-specific roles of
Edc3 could be due to its direct interaction with Dcp2 or could
be due to other functions of Edc3. To determine the signifi-
cance of the observed direct interaction between Edc3 and
Dcp2 on mRNA metabolism and to determine how Edc3 mod-
ulates the RPS28B mRNA and the YRAI pre-mRNA, we ex-
amined the control of these mRNAs in strains lacking region
248-300 of Dcp2 or in strains carrying the LAKA mutation in
Dcp2, which is a more specific point mutation disrupting the
Edc3-Dcp?2 interaction, as shown above. If the effect of Edc3
on RPS28B mRNA or YRAI pre-mRNA is modulated by its
direct interaction with Dcp2, then we would expect increased
levels of these mRNAs in the dcp2 mutant strains similar to
those in an edc3A strain. In contrast, if Edc3 regulates the
decay of these mRNAs independent of its direct interaction
with Dcp2, then the levels of the mRNAs would be unchanged
in the dep2 mutant strains. It has been reported that deletion
of DCP2 results in lethality in a certain yeast strain background
(17) and causes a growth defect in other strain backgrounds
(10, 12). In our analysis, we expressed either full-length or
mutant Dcp2 proteins (1-300, LAKA, 1-247, and 1-227) in a
viable dcp2A strain and examined the levels of the RPS28B or
YRAI pre-mRNA.

Consistent with previous results (1), we observed that the
RPS28B mRNA was increased (2.7X) in the edc3A strain (Fig.
5C), demonstrating the regulation of the RPS28B mRNA lev-
els by Edc3. Importantly, we observed an upregulation of the
RPS28B mRNA in the dcp2A strain expressing either Dep2(1-
247) (1.6X) (Fig. 5A) or Dcp2 (LAKA) (2.2X) (Fig. 5B),
whereas the mRNA level in the dcp2A strain expressing
Dcp2(1-300) was comparable to that in the dcp2A strain ex-
pressing full-length Dcp2 (Fig. SA). We also observed the same
trends with strains in which C-terminal regions of the chromo-
somal DCP2 gene were deleted with or without C-terminal
three-HA tags (see Fig. S3A in the supplemental material).
The observed defect in turnover of RPS28B mRNA was un-
likely to be due to a reduction in Dcp2 protein levels, since the
level of the Dcp2(1-247)-3HA protein was similar to that of
the Dcp2(1-300)-3HA protein (Fig. S3B). We interpret these
observations to indicate that the regulation of RPS28B mRNA
by Edc3 requires its interaction with Dcp2.

It is formally possible that the effects on RPS28B are due to
functions of the region of Dcp2 independent of its interaction
with Edc3 and that Edc3 and the region of Dcp2 act on the
transcripts through parallel pathways. In principle, one can
exclude this possibility by showing that deletion of EDC3 and
mutations in DCP2 do not have additive effects on the levels of
RPS28B mRNA. However, we were not able to address this
issue, because deletion of EDC3 causes an upregulation of
RPS28B mRNA to the same extent as the deletion of the DCP2
gene or expression of the functionally null Dep2(1-227) mu-
tant (Fig. SA and C; see Fig. S4A and S4B in the supplemental
material).

In contrast to RPS28B, the YRAI pre-mRNA was at best
only marginally upregulated by lesion of residues 248 to 300 or
by the LAKA mutation (Fig. 5D and E; see Fig. S3C in the
supplemental material), although its levels were increased sig-
nificantly by deletion of EDC3 (Fig. 5F) (11). We interpret this
observation to argue that the modulation of YRAI pre-mRNA
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FIG. 4. Mutations in region 248-300 of Dcp2 impair interaction between Dcp2 and Edc3. (A) Conservation of the region outside the catalytic
core of Dcp2 across the seven Dcp2 fungal homologs (Saccharomyces cerevisiae, Candida glabrata, Ashbya gossypii, Kluveromyces waltii, Debaryo-
myces hansenii, Pichia stipitis, and Candida albicans). The numbers refer to residues of S. cerevisiae Dcp2. (B) Localization of Dcp2(1-300) with
mutations. A wild-type (WT) strain (yRP840) expressing C-terminal GFP-tagged Dcp2(1-300) with or without the mutation (L255A K256A,
R271A L273A, L255A K256A R271A L273A, E252A, D268A or E252A D268A) from plasmid pRP1892, pRP1896, pRP1906, pRP1907, pRP1908,
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by Edc3 is largely independent of its direct interaction with
Dcp2.

Region 248-300 of Dcp2 promotes the function of Dcp2
partly independent of its interaction with Edc3. We noticed
that strains carrying Dcp2(1-247) grow somewhat slower than
strains expressing full-length Dcp2 or Dcp2(1-300), which was
confirmed by serial dilution spotting of a viable dcp2A strain
expressing either full-length or C-terminally-truncated Dcp2
proteins (1-300, 1-247, and 1-227) (Fig. 6A) and of strains
containing chromosomal truncations of DCP2 either with or
without three-HA tags (see Fig. S3E in the supplemental ma-
terial). Since deletion of the EDC3 gene by itself does not
cause a noticeable growth defect (see Fig. S5A in the supple-
mental material; compare EDC3 and edc3A expressing full-
length Dcp2) (24), this observation is inconsistent with the idea
that the binding to Edc3 is the sole function of region 248-300
of Dcp2. This implies that region 248-300 of Dcp2 may en-
hance the function of Dcp2 in part independently of Edc3.

To gain more insights into the Edc3-independent functions
of region 248-300 of Dcp2, we analyzed mRNA decay of an
additional decapping substrate in the presence and absence of
residues 248 to 300 of Dcp2. Specifically, we used the MFA2pG
reporter mRNA, which is an unstable transcript containing a
highly structured poly(G) sequence that blocks 5'-to-3" degra-
dation (7) and whose decay rate is known to be unaffected by
deletion of EDC3 alone (24). We expressed regions 1-300,
1-247, and 1-227 of Dcp2 in a dcp2A strain and examined the
steady-state levels of the poly(G) (pG) fragment, which is a
5'-to-3’" degradation intermediate of the MFA2pG mRNA and
indicative of efficient decapping (3, 19).

We observed substantial accumulation of the pG fragment
in the cells carrying the region 1-300 or 1-247 of Dcp2 but not
in the cells carrying region 1-227 of Dcp2 or an empty vector
(Fig. 6B). Quantification of the signals revealed that deletion
of residues 301 to 970 resulted in a decreased amount of the
pG fragment (i.e., an increased ratio of the full-length mRNA
to the fragment) and that additional deletion of residues 248 to
970 led to a further decrease in the amount of the pG fragment
(Fig. 6B). We also observed the same trends in strains con-
taining chromosomal truncations of DCP2 either with or with-
out three-HA tags (see Fig. S3D in the supplemental material).
In contrast, deletion of EDC3 did not affect the accumulation
of the pG fragment (Fig. 6C; see Fig. S5B in the supplemental
material), consistent with a previous observation that the half-
life of the MFA2pG mRNA in edc3A is comparable to that in
wild-type cells (24). These results suggest that both regions
248-300 and 301-970 of Dcp2 additively subtly promote de-
capping in vivo and are also consistent with the idea that region
248-300 of Dcp2 has additional functions beyond Edc3 bind-
ing. Consistent with this additional function being independent

INTERACTION BETWEEN Edc3 AND Dcp2 1453

of Edc3, an edc3A Dcp2(1-247) strain showed the same effect
on the MFA2pG mRNA as the Dcp2(1-247) strain by itself
(see Fig. S5 in the supplemental material).

In contrast to deletion of region 248-300, the L255A K256A
mutation did not noticeably affect either the growth rate or the
MFA2pG mRNA, like deletion of EDC3 (Fig. 6D; see Fig. S6A
and S6B in the supplemental material). Moreover, a strain with
both the Dcp2-LAKA allele and the EDC3 deletion showed
the same phenotype as either single mutant (Fig. S6). These
results suggest that the LAKA mutation specifically impairs
Edc3 binding but retains other functions of region 247-300 of
Dcp2.

Region 248-300 of Dcp2 is dispensable for NMD. The non-
sense-mediated decay (NMD) pathway targets mRNAs with
premature termination codons (PTCs) for rapid decay. In
yeast, the decay process of NMD is initiated by decapping (29).
To determine if region 248-300 of Dcp2 is required for this
decay pathway, we analyzed the steady-state levels of a known
NMD substrate, the CYH2 pre-mRNA, which is inefficiently
spliced and contains a PTC (20). The level of the CYH?2 pre-
mRNA in the dcp2A strains expressing region 1-247 of Dcp2
was comparable to those in the strains expressing either full-
length Dcp2 or region 1-300 of Dcp2 (Fig. 7), suggesting that
region 248-300 of Dcp2 is dispensable for NMD. This result
also supports the idea that the requirement of the region of
Dcp2 is highly specific to each mRNP context.

DISCUSSION

Several observations indicate that residues 248 to 300 of
Dcp2 are required for functional interaction between Dcp2
and the decapping activator Edc3 both in vitro and in vivo.
First, the region is required for binding to Edc3 in vitro (Fig. 2
and 4). Second, the region is required for stimulation of de-
capping by Edc3 in vitro (Fig. 3). Third, the region, like Edc3,
is required for efficient accumulation of Dcp2 in P-bodies (Fig.
1 and 4). Fourth, deletion of the region or mutations at resi-
dues preventing the Edc3-Dcp?2 interaction (LAKA) cause up-
regulation of RPS28B mRNA, as does deletion of EDC3 (Fig.
5). Fifth, removal of region 248-300 of Dcp?2 in strains with the
hypomorphic dcpl-2 allele leads to a synergistic defect in de-
capping similar to that seen in edc3A dcpl-2 strains (see Fig. S7
in the supplemental material) (24). Taken together, these ob-
servations indicate that Edc3 interacts with this small peptide
region, which allows Edc3 to activate the decapping activity of
Dcp2.

An unresolved issue is exactly how binding of Edc3 to this
region activates the activity of Dcp2. Region 248-300 of Dcp2
is located C terminal to the catalytic domain of Dcp2 and is not
required for decapping activity (Fig. 3) (10). In the crystal

pRP1909, or pRP1910 was cultured as described in the legend to Fig. 1B. A single focal image is shown. Bar, 5 pm. (C) Level of Dcp2 protein
with the L255A K256A mutation. Wild-type cells (yRP840) expressing C-terminal GFP-tagged Dcp2(1-300) with or without the mutation from
plasmid pRP1892 or pRP1896 were cultured to mid-log phase and shifted to media lacking glucose for 10 min. pRP250 was used as a control vector
(no GFP). Anti-GFP antibody was used in the Western blot (WB) to detect GFP-tagged proteins. Anti-Pgkl antibody was used to detect the
endogenous Pgkl protein as a loading control. Arrowheads indicate GFP-tagged proteins. Asterisks indicate nonspecific bands. (D) Coomassie
blue-stained SDS-PAGE showing purified recombinant proteins used in the pulldown (PD) assay (left panel). An in vitro pulldown assay between
purified GST-tagged Lsm-FDF domain of Edc3 and His-tagged Dcp2 (amino acids 1 to 300) or His-Dcp2(1-300) L255A K256A (right panel) is
shown. The asterisk indicates partial degradation products of GST-Lsm-FDF.
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FIG. 5. Region 248-300 of Dcp2 is required for efficient degrada-
tion of RPS28B mRNA but not for degradation of YRAI pre-mRNA.
(A) The RPS28B mRNA was analyzed in strain yRP1346 (dcp2A)
expressing the full-length (FL) or truncated Dcp2 protein (1-300,
1-247, or 1-227) from plasmid pRP1207, pRP1453, pRP1450, or
pRP1449. pRP10 was used as a control vector. Cells were grown in SC
medium containing 2% galactose at 30°C. The RPS28B level normal-
ized to the SCRI RNA level in each strain relative to the normalized
mRNA level in the strain expressing full-length Dcp2 is indicated
below each lane. The average and standard deviation of values ob-
tained with three independent transformants are shown. (B) RPS28B
mRNA was analyzed in yRP1346 (dcp2A) expressing Dcep2(1-300)-
GFP or Dcp2(1-300) L255A K256A-GFP from plasmid pRP1892 or
pRP1896. Cells were grown in SC medium containing 2% galactose at
30°C. The mRNA level normalized to the SCRI RNA level relative to
the normalized mRNA level in the strain expressing wild-type Dcp?2 is
indicated. (C) Upregulation of the RPS28B mRNA by deletion of
EDCS3. Cells of strain yRP1745 (edc3A) complemented by wild-type
Edc3 expressed from plasmid pRP1432 were grown in SC medium
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structure of the Dcpl-Dep2 complex from S. pombe, the cor-
responding region (residues 246 to 266) forms an alpha helix
that extends along the back side of Dcp2 and connects the N-
and C-terminal domains of Dcp2 (34). Although region 246—
266 of S. pombe Dcp2 does not exhibit homology with S.
cerevisiae Dcp2 at the primary sequence level, this structure
raises several possibilities for how Edc3 binding at this site
could affect activity. First, region 248-300 of Dcp2 might neg-
atively regulate the catalytic activity normally, and binding of
Edc3 might liberate Dcp2 from the inhibitory effect, although
this possibility is inconsistent with the notion that the closed
form of the Dcp1-Dcp2 complex is the more catalytically active
form (10, 32). Moreover, this model is unlikely since it predicts
that Dcp2(1-245) should be more active than Dcp2(1-315),
which is not observed in comparable preparations of Dcp2
where the rates of decapping are similar (Fig. 3B). An alter-
native mechanism could be that Edc3 provides additional sur-
faces for RNA to bind to, thereby increasing the interaction of
Dcp2 with the substrate. However, this appears unlikely since
the Lsm domain of Edc3 is sufficient to activate Dcp2 and yet
does not appear by itself to have RNA binding activity (26;
Rajyaguru et al., submitted). One of the remaining possibilities
is that binding of Edc3 to the region stabilizes the closed and
active configuration of Dcp2. Future mechanistic studies will
be required to test this possibility and to determine the details
of this interaction and activation of decapping activity.

Several observations suggest that region 248-300 of Dcp2
might interact with other regulators of decapping. First, dele-
tion of residues 248 to 300 of Dcp2 did not completely phe-
nocopy the deletion of EDC3. Specifically, deletion of the
region causes a subtle but consistent growth defect, whereas
deletion of EDC3 does not result in a noticeable growth defect
(Fig. 6A; see Fig. S5A in the supplemental material) (24).
Second, the decapping defect of the MFA2pG mRNA caused
by lesion of the region of Dcp2 is greater than that caused by
deletion of EDC3 (Fig. 6B and C). It would be interesting to
test if residues 248 to 300 of Dcp2 mediate binding to the other
known decapping regulators.

Our results also suggest that Edc3 functions by two different
mechanisms to modulate the decay of specific mRNAs. Spe-
cifically, because the deletion of residues 248 to 300 in Dcp2
phenocopies the deletion of EDC3 for the autoregulation of
RPS28B, the interaction of Dcp2 and Edc3 appears to be

containing 2% galactose to mid-log phase at 30°C. pRP642 was used as
a control vector. The mRNA level normalized to the SCRI RNA level
relative to the normalized mRNA level in the strain expressing wild-
type Edc3 is indicated. (D) Analysis of the YRAI pre-mRNA. The
same RNA samples as described for panel A were analyzed. The YRA!
pre-mRNA level normalized to the SCRI RNA level in each strain
relative to the normalized pre-mRNA level in the strain expressing
full-length Dcp2 is indicated below each lane. (E) The same RNA
samples as described in the legend to panel B were analyzed. The
YRAI pre-mRNA level normalized to the SCRI RNA level in each
strain relative to the normalized pre-mRNA level in the strain express-
ing wild-type Dcp2 is indicated below each lane. (F) The same RNA
samples as described for panel C were analyzed. The YRAI pre-mRNA
level normalized to the SCRI RNA level in each strain relative to the
normalized pre-mRNA level in the strain expressing wild-type Edc3 is
indicated below each lane.
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FIG. 6. Region 248-300 of Dcp2 promotes decapping in vivo. (A) De-
letion of region 248-300 causes a subtle but consistent growth defect. The
growth phenotype of yRP1346 (dcp2A) expressing the full-length (FL) or
truncated Dcp2 protein (1-300, 1-247, or 1-227) from plasmid pRP1207,
pRP1453, pRP1450, or pRP1449 was analyzed by serial dilution spotting.
pRP10 was used as a control vector. Cells were incubated on SC medium
containing 2% glucose for 2 days at 30°C. (B) Region 248-300 of Dcp2
promotes decapping in vivo. Decay intermediates (pG) of the MFA2pG
reporter mRNA were analyzed in the same strains described in the legend
to Fig. 5A. Cells were grown in SC medium containing 2% galactose at
30°C to express the MFA2pG mRNA from the GAL promoter. “FL” and
“pG” represent the full-length mRNA and the poly(G) decay intermedi-
ate, respectively. The ratio of the full-length mRNA to the poly(G) decay
intermediate in each strain relative to the ratio in the strain expressing
full-length Dcp2 is indicated below each lane. The average and standard
deviation of values obtained with three independent transformants are
shown. The SCRI RNA was detected as a loading control. (C) Deletion
of EDC3 does not affect the MFA2pG mRNA. The same RNA samples
as those described in the legend to Fig. 5C were analyzed. The ratio of
full-length mRNA to the poly(G) decay intermediate in each strain rela-
tive to the ratio in the strain expressing wild-type Edc3 is indicated below
each lane. (D) The LAKA mutation does not affect the MFA2pG mRNA.
The same RNA samples as those described in the legend to Fig. 5B were
analyzed. The ratio of the full-length mRNA to the poly(G) decay inter-
mediate in each strain relative to the ratio in the strain expressing wild-
type Dcp2 is indicated below each lane.

required for Edc3 to promote the degradation of the RPS28B
mRNA (Fig. 5A, B, and C). This is consistent with the earlier
proposed model whereby binding of the Rps28B protein to the
3" untranscribed region (UTR) of RPS28B mRNA would re-
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FIG. 7. Region 248-300 of Dcp2 is dispensable for NMD. The
same RNA samples as those described in the legend to Fig. SA were
analyzed. To assess relative accumulation, the CYH2 pre-mRNA/
mRNA ratio was normalized to the ratio in the dcp2A strain expressing
the full-length Dcp2 protein. Values represent the average and stan-
dard deviation of fold changes obtained with three independent trans-
formants.

cruit Edc3 and the decapping enzyme to promote its degrada-
tion (1). In contrast, the interaction of Edc3 and Dcp2 does not
appear to be required for the autoregulation of the YRAI
pre-mRNA (Fig. 5D, E, and F). This may suggest that specific
features of this mRNA allow Edc3 to stimulate decapping
independent of its direct interaction with Dcp2.

It is rather surprising that the Edc3-binding platform is lo-
cated outside the conserved domain (residues 1 to 245) of
Dcp2, given that both Dcp2 and Edc3 are evolutionarily con-
served among eukaryotes. An important question is whether
this type of sequence also exists in the Dcp2 proteins from
other organisms. The Dcp2 homologs from various organisms,
including humans, commonly contain divergent C-terminal ex-
tensions that are of very different lengths (38, 39). Although
the conservation at the primary sequence level in the C-termi-
nal regions appears to be restricted to certain fungal species,
the use of regions outside the catalytic domain as docking
platforms for regulators could be a universal feature of Dcp2.
Alternatively, it is possible that other organisms have evolved
a different strategy to maintain the integrity of the decapping
complex. The existence of organism-specific decapping regu-
lators might support this idea. For example, homologs of yeast
Edcl and Edc2, whose functional significance as decapping
regulators has been demonstrated both in vivo and in vitro (13,
31), have not been recognized in higher eukaryotic genomes.
On the other hand, Hedls/Ge-1/Edc4, which is essential for
stable association of human Dcpl and Dcp2, does not have an
obvious homolog in yeast (15), and yeast Dcpl and Dcp2 can
form a stable complex by themselves (33). In any case, it is
currently an open question if the C-terminal extensions of
Dcp?2 that exist in diverse organisms play an important role in
the binding of decapping regulators.

In this work, we have identified a region of Dcp2 that me-
diates a functional interaction between Dcp2 and Edc3 both in
vivo and in vitro. Although our results have extended the un-
derstanding of how Edc3 activates Dcp2, numerous questions
remain for future study. As described above, it would be in-
teresting to determine if other decapping regulators also bind
to Decp2 through this domain and, if so, to examine if these
interactions can occur simultaneously or exclusively. To obtain
deeper insights into functions of the decapping complex, it
would be also important to determine the structure of this
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short peptide sequence in complex with Edc3 and possibly with
other decapping regulators. Our results also support the notion
that the decapping complex could function in multiple distinct
manners, depending on each mRNP context. Therefore, it
would be important to determine the specific modes of inter-
actions among the decapping factors in each mRNP context
and, eventually, in a specific local cellular context including
macromolecular structures such as P-bodies.
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