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Trailer Hitch (Tral or LSm15) and enhancer of decapping-3 (EDC3 or LSm16) are conserved eukaryotic
members of the (L)Sm (Sm and Like-Sm) protein family. They have a similar domain organization, charac-
terized by an N-terminal LSm domain and a central FDF motif; however, in Tral, the FDF motif is flanked by
regions rich in charged residues, whereas in EDC3 the FDF motif is followed by a YjeF_N domain. We show
that in Drosophila cells, Tral and EDC3 specifically interact with the decapping activator DCP1 and the
DEAD-box helicase Me31B. Nevertheless, only Tral associates with the translational repressor CUP, whereas
EDC3 associates with the decapping enzyme DCP2. Like EDC3, Tral interacts with DCP1 and localizes to
mRNA processing bodies (P bodies) via the LSm domain. This domain remains monomeric in solution and
adopts a divergent Sm fold that lacks the characteristic N-terminal �-helix, as determined by nuclear magnetic
resonance analyses. Mutational analysis revealed that the structural integrity of the LSm domain is required
for Tral both to interact with DCP1 and CUP and to localize to P-bodies. Furthermore, both Tral and EDC3
interact with the C-terminal RecA-like domain of Me31B through their FDF motifs. Together with previous
studies, our results show that Tral and EDC3 are structurally related and use a similar mode to associate with
common partners in distinct protein complexes.

Proteins of the (L)Sm (Sm and Like-Sm) family are found in
all domains of life and play critical roles in RNA metabolism
(reviewed in references 26 and 54). These proteins have the Sm
fold, which comprises an N-terminal �-helix stacked on top of
a five-stranded �-barrel-like structure (10, 25, 38, 44, 48, 49).
Sm domains often oligomerize to form hexameric or hep-
tameric rings that stably or transiently associate with single-
stranded RNA. Eubacterial and archeal genomes encode be-
tween 1 and 3 LSm paralogs, which form monohexameric or
monoheptameric rings, while eukaryotes encode more than 18
(L)Sm paralogs that assemble into heteroheptameric rings of
different composition and function (reviewed in references 26
and 54).

Although much is known about (L)Sm proteins consisting of
a single Sm domain, proteins possessing an N-terminal Sm
domain followed by C-terminal extensions with additional do-
mains are less well characterized. These include LSm12 to
LSm16 (1, 2). LSm12 is characterized by a C-terminal protein
methyltransferase domain (1, 2). The LSm13-16 proteins share
a divergent form of the Sm domain and a central FDF motif (1,
2). The FDF motifs of LSm13-15 are embedded in low-com-
plexity regions rich in glycine and arginine (1, 2). In contrast, in
LSm16 (known as enhancer of decapping-3 and referred to as
EDC3 hereafter) the FDF motif is followed by a conserved
C-terminal YjeF_N domain that adopts a divergent Rossman

fold similar to one in the N-terminal domain of bacterial YjeF
(1, 2, 32).

EDC3 (LSm16) is known to enhance bulk mRNA decapping
in yeast and is required for the decapping-dependent regula-
tion of RPS28B mRNA and YRA1 pre-mRNA (4, 16, 29). In
agreement with this, EDC3 interacts with the decapping en-
zyme DCP2, the decapping activator DCP1, and other proteins
that vary, depending on the species (13, 20, 50). For instance,
in human cells EDC3 associates with the RNA helicase RCK/
p54 and Ge-1 (also known as EDC4 or human enhancer of
decapping large subunit Hedls) (20). In Drosophila melano-
gaster, EDC3 associates with DCP1, DCP2, and Me31B (the D.
melanogaster ortholog of RCK/p54) (50). These interactions
are mediated by specific EDC3 domains. Indeed, EDC3 inter-
acts with DCP1 through its N-terminal LSm domain, with
DCP2 through the linker region between the LSm domain and
the FDF motif, and with Me31B through the FDF motif (50).
In addition, EDC3 self-associates through its C-terminal
YjeF_N domain (32, 50). Similarly, the FDF motif and the
YjeF_N domain of the Saccharomyces cerevisiae Edc3 protein
mediate the interaction with the yeast Me31B ortholog
(Dhh1p) and self-association, respectively, demonstrating that
these interactions are conserved (13, 21, 32, 33).

LSm13 to LSm15 represent a group of orthologous proteins
in different species. These include S. cerevisiae Scd6p (LSm13),
D. melanogaster Trailer Hitch (Tral or LSm15), Caenorhabditis
elegans CAR-1, and vertebrate RAP55 (LSm14) (1, 2). Al-
though the function of Scd6p remains unclear, available evi-
dence on Tral, CAR-1, and RAP55 suggest that they fulfill
closely related functions in the respective species. Like EDC3,
these proteins are characterized by the presence of an N-
terminal LSm domain and a central FDF motif.

In D. melanogaster oocytes, Tral associates with Me31B, the
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translational repressor CUP and the RNA-binding protein
YPS (5, 6, 53). All of these proteins colocalize in cytoplasmic
ribonucleoprotein (RNP) granules and play roles in the local-
ization and translational regulation of maternal mRNAs dur-
ing oogenesis and embryogenesis (53). CAR-1 and Xenopus
laevis RAP55 (xRAP55) are also components of RNP granules
in the germ line and associate with Me31B orthologues
(CGH-1 and Xp54, respectively), as well as with YPS ortho-
logues (CEY-2-4 and FRGY2) (3, 6, 12, 36, 47). Moreover, like
EDC3, in somatic cells Tral and its orthologs localize to
mRNA processing bodies or P bodies, where mRNAs destined
for translational repression and/or degradation accumulate
(17, 18, 47, 55).

The observation that both Tral and EDC3 share a similar
domain organization, localize to P bodies in D. melanogaster
cells, and associate with Me31B suggests that these proteins
may have related functions. In the present study, we further
characterized Tral and EDC3 in D. melanogaster S2 cells. We
show that Tral and EDC3 form distinct protein complexes:
Tral associates with DCP1, Me31B, and CUP, whereas, as
shown before, EDC3 coimmunoprecipitates with DCP1,
Me31B, and DCP2 (50). Similar to EDC3, Tral interacts with
DCP1 via the LSm domain and interacts with Me31B via the
FDF motif. Furthermore, the Tral LSm domain is sufficient for
P-body targeting.

To begin to elucidate the molecular function of Tral, we
determined the solution structure of its N-terminal LSm do-
main. The domain adopts a divergent Sm fold related to that of
EDC3. We show that the structural integrity of this domain is
required for Tral both to interact with DCP1 and CUP and to
localize to P bodies. Together with our previous study on
EDC3 (50), these results show that the divergent LSm domains
of Tral and EDC3 lack the oligomerization and RNA-binding
properties of canonical (L)Sm proteins but have acquired com-
mon novel functionalities, including DCP1 binding and P-body
targeting.

MATERIALS AND METHODS

DNA constructs and transfection of S2 cells. cDNAs encoding full-length Tral,
DCP1, DCP2, EDC3, Me31B, HPat, CUP, LSm1, LSm4, and LSm7 proteins or
protein domains were amplified with primers containing appropriate restriction
sites, using a (dT)15-primed S2 cDNA library as a template. The amplified
cDNAs were cloned into a vector allowing the expression of green fluorescent
protein (GFP) or �N-hemagglutinin (HA)-peptide fusions (pAc5.1B-EGFP or
pAc5.1B-�N-HA, respectively) as described previously (18, 19, 50). Mutants of
the D. melanogaster Tral LSm domain were generated by site-directed mutagen-
esis using a Stratagene QuikChange mutagenesis kit and the oligonucleotide
sequences in Table S1 in the supplemental material. All constructs were fully
sequenced to confirm the presence of the mutations and the absence of addi-
tional mutations. Additional information on plasmids and oligonucleotides used
in the present study is provided in Table S1 in the supplemental material.

Western blots and coimmunoprecipitations. Antibodies to D. melanogaster
Tral were raised in rats immunized with a Tral protein fragment encompassing
residues 401 to 533 (FDF motif) expressed in E. coli as a glutathione S-trans-
ferase (GST) fusion. Antibodies to D. melanogaster EDC3 were raised in rats
immunized with an EDC3 protein fragment encompassing residues 339 to 440
(FDF motif) expressed in E. coli as a GST fusion.

Transfections of S2 cells were performed in six-well dishes using Effectene
transfection reagent (Qiagen). For coimmunoprecipitations cells were collected
3 days after transfection, washed with phosphate-buffered saline (PBS), and lysed
for 15 min on ice in NET buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM
EDTA, and 0.1% Triton X-100) supplemented with protease inhibitors. Cells
were spun at 16,000 � g for 15 min at 4°C. Anti-HA antibodies (Covance
Research Products) were added to the supernatants (2.5 �l/2 � 106 cells). After

1 h at 4°C, 25 �l of protein G-agarose (Roche) was added, and the mixtures were
rotated 1 h at 4°C. Beads were washed three times with NET buffer and once with
NET buffer without Triton X-100. Bound proteins were eluted with sample
buffer.

Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred to nitrocellulose membranes. Membranes were
blocked in PBS containing 5% fat-free milk powder and 0.3% Tween 20. West-
ern blotting was performed with polyclonal anti-HA antibodies (1:1,000; Sigma
catalog number H6908), anti-Tral (1:2,000), anti-EDC3 (1:2,000), or anti-GFP
antibodies (1:2,000) using a CDP-Star chemiluminescent immunoblot system
(Western-Star kit; Tropix) as recommended by the manufacturer.

Fluorescence microscopy. Three days after transfection, S2 cells were allowed
15 min to adhere to poly-D-lysine-coated coverslips, washed once in serum-free
medium, and fixed with 4% paraformaldehyde in PBS for 15 min, followed by 5
min of incubation in methanol at �20°C. After fixation, cells were washed in
PBS, permeabilized for 5 min with PBS containing 0.5% Triton X-100, and
washed again with PBS. For the detection of HA fusions, cells were stained with
monoclonal anti-HA antibody (Covance Research Products) diluted 1:1,000 in
PBS containing 1% bovine serum albumin. Alexa Fluor 594-coupled goat sec-
ondary antibody (Molecular Probes) was used in a dilution of 1:1,000. Cells were
mounted using Fluoromount-G (Southern Biotechnology Associates, Inc.). Im-
ages were acquired by using a Leica TCS SP2 confocal microscope.

Purification of the Tral LSm domain. The LSm domain of D. melanogaster
Tral (UniProtKB entry Q9VTZ0; M1 to P84) was amplified from a (dT)15-
primed S2 cell cDNA library and cloned into the pETM60 vector (derived from
pET24-d; Novagen). The protein was expressed in the E. coli strain BL21(DE3)
Rosetta 2 at 20°C overnight. To uniformly label Tral LSm domain with 15N/13C
or 15N, cells were grown in M9 minimal medium supplemented with 15NH4Cl
with or without 13C6-labeled glucose. Cell lysates were purified by affinity chro-
matography using a nickel-nitrilotriacetic acid HiTrap chelating HP column (GE
Healthcare), followed by cleavage of the tag with overnight exposure to TEV
protease. The protein was purified to homogeneity by two subsequent gel filtra-
tions using a HiLoad 26/60 Superdex 75 preparative-grade column (GE Health-
care). The purity of the resulting protein, consisting of the cloned sequence plus
additional four residues at the N terminus, was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Samples for nuclear magnetic reso-
nance (NMR) at 0.5 to 0.8 mM were prepared in PBS (pH 7.1) containing 0.02%
sodium azide and 1 mM dithiothreitol.

Solution structure of the LSm domain of D. melanogaster Tral. All spectra
were recorded at 25°C on Bruker DMX600, DMX750, and AVANCE900 spec-
trometers. Backbone sequential assignments were completed by using standard
triple-resonance experiments implemented using selective proton flipback tech-
niques for fast pulsing (15). Aliphatic side chain assignments and aromatic
assignments were completed as described before (9). Stereospecific assignments
and the resulting �1 rotamer assignments were determined for 27 of 46 prochiral
C�H2 protons and for the C	H3 groups of two of four valine residues. Assign-
ments of �1 rotamers were also available for all nine isoleucine residues and four
of five threonine residues. Assignments of �2 rotamers were made for five of nine
isoleucine and five of seven leucine residues.

Distance data were derived from a set of four 3D-NOESY spectra, including
the heteronuclear edited NNH- and CNH-NOESY spectra (14), in addition to
conventional 15N- and 13C-HSQC-NOESY spectra and a 2D-NOESY spectrum
recorded on an unlabeled sample. Distance restraints, dihedral angle restraints
(applied for the 75 high-confidence predictions found by the program TALOS)
(11), 53 direct coupling constant restraints (included for the backbone 
 angles)
(52), and 29 hydrogen bond restraints were derived as detailed elsewhere (51).

MEXICO experiments using five mixing times (50, 100, 150, 200, and 250 ms)
determined rates of exchange of HN protons with water (22, 28). A 15N{1H}
heteronuclear NOE experiment was run at 900 MHz with a 3-s proton presatu-
ration time.

Refinement was carried out by comparing experimental and back-calculated
15N-HSQC-NOESY, 13C-HSQC-NOESY, CNH-NOESY, and NNH-NOESY
spectra (in-house software). This process adjusted side chain rotamers for several
residues.

Structures were calculated with XPLOR (NIH version 2.9.4) using standard
protocols with modifications as described previously (9). For the final set, 50
structures were calculated, and 22 were chosen on the basis of the lowest re-
straint violations. An average structure was calculated and regularized to give a
structure representative of the ensemble (see Fig. 5, 6, and 8).

Protein structure accession numbers. The coordinates for the D. melanogaster
Tral-LSm and zebrafish RAP55-LSm structure ensembles have been deposited
in the Protein Data Bank (PDB) under access codes 2vxe and 2vxf, respectively.
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RESULTS

Tral and EDC3 associate with DCP1 and Me31B to form
distinct protein complexes. Tral interacts with the translational
regulators CUP and Me31B in D. melanogaster embryos (5, 6,
53). while in D. melanogaster Schneider cells (S2 cells) Me31B
associates with EDC3 and the ortholog of Pat1 (HPat) (19, 50).
EDC3 also interacts with DCP1 and DCP2 (13, 20, 50). These
interactions suggest that Tral could be part of a protein net-
work consisting of CUP, Me31B, DCP1, DCP2, EDC3, and
HPat. To test this, we transiently expressed HA-tagged ver-
sions of these proteins in S2 cells and assayed whether endog-
enous Tral could be coimmunoprecipitated from transfected
cell lysates by using anti-HA antibodies. In parallel, we ana-
lyzed the association of endogenous EDC3 with these proteins,
using in this case HA-tagged Tral instead of HA-EDC3.

Our results show that endogenous Tral coimmunoprecipi-
tates with HA-DCP1, HA-Me31B, and HA-CUP (Fig. 1A,
lanes 8 to 10). HA-EDC3 and HA-HPat did not coimmuni-
precipitate Tral above the background levels observed with the
negative control, an HA-tagged version of maltose-binding
protein (HA-MBP) (Fig. 1A, compare lanes 11 and 12 with
lane 7). Under similar conditions, endogenous EDC3 coimmu-
noprecipitated with HA-DCP1 and HA-Me31B, as reported
before (Fig. 1B, lanes 8 and 9) (50), but not with HA-CUP,
HA-Tral, or HA-HPat (Fig. 1B, lanes 10 to 12). The lack of
coimmunoprecipitation between Tral and EDC3 suggests that
these proteins assemble into distinct complexes.

The interaction between Tral and DCP1, Me31B, or CUP
was observed in the presence of RNase A (Fig. 1A). Further-
more, the interaction between Tral and DCP1 or Me31B was
observed with recombinant proteins coexpressed in E. coli,
although binding was not stoichiometric (data not shown),
suggesting that these interactions are direct. Consistent with
our results, recombinant X. laevis RAP55 and Xp54 also asso-
ciate in the presence of RNase A (47).

It is noteworthy that the association of Tral with Me31B and
of CAR-1 with CGH-1 (in D. melanogaster and C. elegans
embryos, respectively) was reported as either RNase sensitive
(3, 6) or RNase resistant (53). One possible explanation for
these differences is that the RNase treatment reduces the in-
teraction between Tral and Me31B, allowing the proteins to
remain bound or dissociate, depending on the experimental
conditions and/or the relative concentration of other Me31B
partners that may compete with Tral for binding to Me31B.

Because HA-DCP2 is expressed at very low levels in S2 cells,

FIG. 1. Tral interacts with DCP1, Me31B, and CUP. (A and B)
Epitope HA-tagged versions of MBP, DCP1, Me31B, CUP, EDC3 (or
Tral), and HA-HPat were transiently expressed in S2 cells, as indicated
above the panels. Cell lysates were immunoprecipitated by using a
monoclonal anti-HA antibody. Inputs (1.25%) and immunoprecipi-

tates (30%) were analyzed by Western blotting using a polyclonal
anti-HA antibody. The presence of endogenous Tral (A) or EDC3 (B)
in the immunoprecipitates was tested by Western blotting with anti-
Tral or anti-EDC3 antibodies. In panel A immunoprecipitations were
performed in the presence of RNase A. Asterisks indicate cross-reac-
tivity of the polyclonal anti-HA antibody with an endogenous protein
(Input panels) or cross-reactivity with the immunoglobulin heavy chain
by the secondary antibody (IP panels). (C) Epitope HA-tagged ver-
sions of MBP, GST, Tral, or EDC3 were transiently coexpressed in S2
cells with GFP-DCP1 or GFP-DCP2 as indicated. Cell lysates were
immunoprecipitated using a monoclonal anti-HA antibody. Inputs
(1.25%) and immunoprecipitates (30%) were analyzed by Western
blotting with polyclonal anti-HA and anti-GFP antibodies.
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its association with endogenous Tral or EDC3 could not be
tested. However, in independent experiments, we coexpressed
GFP fusions of DCP1 or DCP2 with HA-Tral or HA-EDC3
and did observe an interaction between Tral and DCP1, but
not DCP2 (Fig. 1C, lanes 11 and 15, respectively). In contrast,
EDC3 coimmunoprecipitated both DCP1 and DCP2, as re-
ported previously (Fig. 1C, lanes 12 and 16, respectively) (50).

Although we do not know whether all of these interactions
are direct or take place simultaneously, we can rule out the
possibility that under our experimental conditions we are co-
immunoprecipitating large protein aggregates (e.g., submicro-
scopic P-bodies), because under these conditions we could not
detect an association between Tral and additional P-body com-
ponents, including EDC3, HPat, DCP2, LSm1, LSm4, LSm7,
or GW182 (Fig. 1A and C and see Fig. 7 below).

In summary, Tral and EDC3 have common interacting part-
ners, but they do not interact with each other (Fig. 1A and B).
Moreover, CUP coimmunoprecipitates with Tral but not with
EDC3 (Fig. 1A and B), whereas DCP2 coimmunoprecipitates
with EDC3 but not with Tral (Fig. 1C). Taken together, these
results indicate that Tral and EDC3 associate with DCP1 and
Me31B in distinct protein complexes, which might comprise
other distinct proteins.

A modular domain organization enables Tral to interact
with multiple partners. Similar to EDC3, Tral is characterized
by an N-terminal domain with a predicted Sm fold and a
central FDF motif (Fig. 2A) (1, 2). The FDF motif is embed-
ded in segments rich in glycine and arginine residues (RGG-
rich regions [1, 2]). To delineate the domains of Tral that
mediate the interactions described above, we coexpressed HA-
tagged Tral protein fragments with GFP-tagged DCP1, CUP,
or Me31B. Tral fragment boundaries were selected based on
sequence alignments of orthologous proteins from various spe-
cies (Fig. 2A).

We found that both GFP-DCP1 and GFP-CUP coimmuno-
precipitated with full-length HA-Tral, as well as with a protein
fragment, including the LSm domain (Fig. 2B and C, lanes 7
and 8). In fact, the Tral LSm domain alone was sufficient for
these interactions (Fig. 2B and C, lane 8). In contrast, GFP-
Me31B coimmunoprecipitated with full-length Tral and with
fragments containing the FDF motif (Fig. 2D, lanes 8, 11, and
12). The FDF-containing fragment alone (amino acids 395 to
542) interacted with Me31B, although less efficiently than the
full-length protein (Fig. 2D, lane 11), suggesting additional
sequences may contribute to this binding. Indeed, it has been
shown that the RGG regions flanking the FDF motif enhance

FIG. 2. Tral interacts with DCP1, CUP, and Me31B through spe-
cific domains. (A) Domain architecture of Tral. Tral homologs contain
an LSm domain and an FDF motif. The FDF motif is flanked by

sequences rich in glycine and arginine residues (RGG-rich regions).
The numbers above the protein outline represent amino acid positions
at fragment boundaries for the D. melanogaster protein. The protein
domains sufficient for the localization to P bodies and the interaction
with DCP1, CUP (1–96), and Me31B (395–542) are indicated. (B to D)
HA-tagged Tral or the indicated Tral protein fragments were cotrans-
fected in S2 cells with GFP fusions of DCP1 (B), CUP (C), or Me31B
(D) as indicated. Cell lysates were immunoprecipitated using a mono-
clonal anti-HA antibody. Inputs and immunoprecipitates were ana-
lyzed by Western blotting with polyclonal anti-HA and anti-GFP an-
tibodies as described in Fig. 1C.
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the interaction between human RAP55 and the human Me31B
ortholog RCK/p54 (47).

Together, our results confirm that Tral has a modular do-
main organization with specific functionalities for the LSm
domain and the FDF motif. Interestingly, these functionalities
are conserved in the equivalent domains of EDC3, which like
Tral, interacts with DCP1 and Me31B through its LSm domain
and FDF motif, respectively (13, 50).

The FDF motifs of Tral and EDC3 interact with the C-
terminal RecA-like domain of Me31B. By comparing the Tral
and EDC3 protein fragments that are sufficient to interact with
Me31B, it is apparent that the highest sequence similarity
between these fragments is confined to the FDF motif; this
suggests a similar mode of interaction with Me31B. Me31B is
a DEAD-box RNA helicase, which, like other members of this
protein family, contains two RecA-like domains (8). In agree-

FIG. 3. Tral and EDC3 interact with the C-terminal RecA-like domain of Me31B. (A) HA-tagged Me31B or the indicated Me31B protein
fragments were cotransfected in S2 cells. Cell lysates were immunoprecipitated with a monoclonal anti-HA antibody. The presence of endogenous
Tral or EDC3 in the immunoprecipitates was tested by Western blotting with anti-Tral or anti-EDC3 antibodies as described in Fig. 1A and B.
(B to D) S2 cells were cotransfected with mixtures of three plasmids. In panel B the plasmids encoded HA-Me31B, GFP-Tral, and GFP-EDC3
(fragment 1-440). In panel C, the plasmids encoded HA-Tral, GFP-Me31B, and GFP-EDC3. In panel D, the mixture consisted of HA-EDC3,
GFP-Me31B, and GFP-Tral. Cell lysates were immunoprecipitated with a monoclonal anti-HA antibody. In all panels, HA-MBP served as a
negative control. Inputs and immunoprecipitates were analyzed by Western blotting with polyclonal anti-HA and anti-GFP antibodies as described
in Fig. 1C.
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ment with the idea that Tral and EDC3 use a similar mode to
associate with Me31B, both endogenous Tral and EDC3 co-
immunoprecipitated with the C-terminal RecA-like domain of
Me31B (Fig. 3A, Me31B 268-459).

Because Tral and EDC3 do not interact with each other, but
both interact with the C-terminal RecA-like domain of Me31B
via their FDF motifs, we hypothesized that their interactions
with Me31B may be mutually exclusive. To investigate this
possibility further, we cotransfected S2 cells with mixtures of
plasmids expressing the three proteins. We used three different
mixtures each containing a plasmid for expression of one of the
proteins with an HA tag and the other two proteins with GFP
tags. We assayed whether the proteins fused to GFP could be
coimmunoprecipitated from transfected cell lysates using anti-
HA antibodies. We observed that HA-Me31B coimmunopre-
cipitated both GFP-Tral and GFP-EDC3, showing that Me31B
does indeed interact with both of these proteins (Fig. 3B). In
contrast, HA-Tral coimmunoprecipitated GFP-Me31B, but
not GFP-EDC3 (Fig. 3C), whereas HA-EDC3 coimmunopre-
cipitated GFP-Me31B, but not GFP-Tral (Fig. 3D). Thus, Tral
and EDC3 use a similar mode to associate with Me31B to form
distinct alternative protein complexes.

The LSm domain is sufficient to target Tral to P-bodies. In
previous studies in D. melanogaster S2 cells, we showed that
Tral localizes to P bodies but is not required for P-body integ-
rity (18). The domains of Tral required for P-body localization
were previously defined for human RAP55 (LSm14), which is
highly related to D. melanogaster Tral; however, different re-
sults were reported. Yang et al. (55) showed that a protein
fragment comprising the two C-terminal RGG and the FDF
motifs, but not the LSm domain, was necessary and sufficient
to target the protein to P bodies in human cells. In contrast,
Tanaka et al. (47) reported that the LSm domain of RAP55
was important for P-body localization.

We therefore investigated the role of the different Tral do-
mains in P-body localization in D. melanogaster (Fig. 4A to E).
We cotransfected S2 cells with two expression vectors, one
encoding GFP fused to Tral fragments and the other encoding
HA-tagged GW182, a P-body marker in metazoa that does not
coimmunoprecipitate with Tral (see below Fig. 7A) (17). We
found a GFP fusion protein containing the Tral LSm domain
accumulated in cytoplasmic foci, although to a lesser extent
than the full-length protein (Fig. 4B versus Fig. 4A). Indeed,
the LSm domain alone was also detected throughout the cy-
toplasm and within the nucleus (Fig. 4B). Nevertheless, the
foci formed by the Tral LSm domain were similar to those
observed with full-length Tral, as judged by the colocalization
with HA-GW182 (Fig. 4A and 4B). The Tral LSm domain
formed foci also when expressed alone, indicating that these
foci are not induced by the overexpression of GW182 (Fig.
4D). Moreover, endogenous Tral was detected in Tral-LSm
foci using an antibody raised against the Tral FDF motif,
indicating that these foci correspond to endogenous P bodies
(Fig. 4E).

In contrast to the Tral-LSm domain, a protein fragment
lacking the LSm domain (residues 99 to 652) spread through-
out the cell and did not accumulate in HA-GW182 foci (Fig.
4C). Because this protein fragment comprises the Me31B-
interaction domain, we conclude that the interaction with
Me31B is not sufficient for P-body targeting. Together, our

results indicate that the Tral LSm domain is sufficient to direct
the protein to P bodies, although the diffuse staining with this
domain alone suggests that additional sequences in the full-
length protein contribute to its accumulation in P bodies.
These results are similar to those obtained for the LSm domain
of D. melanogaster EDC3, which is also sufficient for P-body
targeting (50).

In summary, the LSm domain of Tral mediates binding to
CUP and DCP1 and accumulates in P-bodies. To delineate the
molecular bases for these functions, we determined the solu-
tion structure of the LSm domain of D. melanogaster Tral
by NMR.

Structure of the LSm domain of Tral. The D. melanogaster
Tral LSm domain (Tral-LSm, residues M1 to P84) comprises a
structured region (residues 7 to 79) that adopts the predicted
Sm-like fold (1, 2). The remaining terminal residues are un-
structured and the loop (L4) between �-strands �3 and �4 of
the Sm fold is less well defined than the rest of the structure
(residues 44 to 61; Fig. 5A). The ensemble of 22 lowest-energy

FIG. 4. The LSm domain of Tral is necessary and sufficient for
P-body localization. (A to E) Confocal fluorescent micrographs of
fixed S2 cells expressing GFP-tagged fusions of full-length Tral or the
protein fragments indicated on the left. In panels A to C the cells were
cotransfected with HA-GW182. In panel E the cells were stained with
affinity-purified anti-Tral antibodies (FDF motif). The merged images
show the GFP signal in green and the HA or anti-Tral signal in red.
The fraction of cells exhibiting a staining identical to that shown in the
representative panel was determined by scoring 100 cells in two inde-
pendent transfections performed per protein. Scale bar, 5 �m.
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NMR structures (see Fig. S1 in the supplemental material) has
a good root mean square deviation (RMSD; calculated over 52
structured residues; K11-F44, I61-V78) of 0.16 Å for backbone
atoms and of 0.69 Å for all nonhydrogen atoms (Tables 1 and
2). The restraint violations are also very low, with the final set
having on average four violations of distance restraints greater
than 0.08 Å per structure and one dihedral restraint violation
greater than 1°.

The structured part of Tral-LSm corresponds to the core of
canonical (L)Sm proteins represented by human SmD3
(HsSmD3; Fig. 5A to C) (25) and described in the SCOP
database (http://scop.mrc-lmb.cam.ac.uk/scop/ [39]). The fold
consists of a five-stranded open �-barrel (�1 to �5), where
�-strands �2 and �3 are strongly bent by �-bulges. The edges
of the barrel are formed by �-strands �4 and �5, which are
connected by a conserved helical turn (loop L5) that completes
the barrel on the open side (Fig. 5A to C). The N-terminal
�-helix, a hallmark of the (L)Sm protein family, is absent as
such from the structure (Fig. 5C versus 5A). The structure
confirms and confines the Tral LSm domain as an independent
folding unit and suggests that residues beyond N79 are part of

the unstructured region of Tral that links the LSm domain to
the FDF motif.

The LSm domain of Tral adopts a divergent Sm fold similar
to that of EDC3. A search of the PDB using the DALI server
(24) indicates that one of the closest structural neighbors to
Tral-LSm is the LSm domain of the human Sm protein SmD3
(DALI Z-score of 7.3 for PDB entry 1d3b-A). A superposition
of Tral-LSm with HsSmD3 (18% identity over 50 alignable C�

atoms) yields a low RMSD value of 1.4 Å (Fig. 6A and B).
Tral-LSm is also similar to the LSm domains of human and

D. melanogaster EDC3 (HsEDC3-LSm and DmEDC3-LSm,
respectively). The identity between Tral-LSm and HsEDC3-
LSm or DmEDC3-LSm is 30 or 14%, respectively, over 50
alignable C� positions. This results in a high degree of struc-
tural similarity (Fig. 5 and 6), as reflected by an RMSD of 1.6
Å in both cases.

A structure-based alignment (Fig. 6C), which includes
HsSmD3, DmEDC3-LSm, and Tral-LSm domains from vari-
ous species shows that Tral contains the Sm1 (�1 to �3) and
Sm2 (�4 and �5) motifs (23, 25, 45); these contribute a char-
acteristic set of hydrophobic side chains that pack together to

FIG. 5. Structure of the LSm domain of D. melanogaster Tral (Tral-LSm). (A) NMR structure of Tral-LSm. (B) NMR structure of the D.
melanogaster EDC3 LSm domain (DmEDC3-LSm; PDB-ID: 2rm4) (according to reference 50). (C) Crystal structure of human SmD3 (HsSmD3;
PDB-ID: 1d3b-A) (according to reference 20). �-strands belonging to the Sm1 motif are colored in red, and �-strands belonging to the Sm2 motif
are colored in yellow (according to references (20 and 50). Shown in gray are the N-terminal �-helix in HsSmd3 (that is absent in Tral and EDC3),
the extended loop L4 from Tral, and the i�4 insertion that is unique to EDC3. The GTEx� motif of Tral is shown in salmon. On the left is a plain
view of the open �-barrel with the open side on the top. The center shows the front view, and an edge view is shown on the right.
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form the core of the protein (Fig. 6C, residues shadowed in
blue). Thus, from a structural point of view, the N-terminal
domain of Tral belongs to the Sm superfamily of proteins.
However, both Tral and EDC3 LSm domains are divergent
members of this superfamily, since both domains lack the char-
acteristic N-terminal �-helix.

The main differences between Tral-LSm and EDC3-LSm
are found in �-strand �4 and loop L4 (linking �-strands �3 and
�4). Tral-LSm has a continuous �-strand �4, which in human
and D. melanogaster EDC3-LSm are disrupted into strands �4a
and �4b by insertions (i�4) of four and seven residues, respec-
tively (Fig. 5 and 6) (50). Moreover, in EDC3-LSm domains,
loop L4 consists of a tight and highly conserved �-turn,
whereas in Tral-LSm this loop is 16 residues longer and com-
prises a highly conserved GTEX� motif (where “X” is any
residue and “�” is a positively charged residue [2]) followed by
12 nonconserved residues (Fig. 5A and 6C). The GTEX�

motif is also present in S. cerevisiae Scd6p, C. elegans CAR-1,
and vertebrate RAP55 (Fig. 6C) (2).

In the Tral-LSm structure, the GTEX� motif shows increas-
ing RMSD values in the C-terminal direction making this motif
the starting point for a partially disordered region of L4. Ex-
cept for NOE contacts between I55 and T46, no long-range
structural information could be obtained for this region. Nev-
ertheless, for the structure calculations, short-range informa-
tion over the E47-Q54 and A56-I61 regions were used when
available, resulting in a relatively well-defined loop in all cal-
culated structures (see Fig. S1 in the supplemental material).

Surprisingly, the deposited solution structure of the LSm
domain of the zebrafish RAP55 (Brachyodanio rerio PDB-ID
2FB7) appears only partially similar to that of Tral-LSm, de-
spite a sequence identity of 64% over the structured region. In
particular, the complete C-terminal half of strand �3 is absent
from the Sm fold, resulting in an entirely different orientation
of loop L4. Furthermore, loop L4 is much more open and
unstructured than observed in Tral-LSm. However, the chem-
ical shifts data submitted for RAP55-LSm in the context of a
structural genomics project indicate no substantial deviation
from the Tral-LSm structure. Careful reevaluation of the sub-
mitted data allows the calculation of an alternative structure
for RAP55-LSm (see Fig. S2 in the supplemental material)
that is basically identical to Tral-LSm, indicating that Drosoph-
ila Tral and vertebrate RAP55 are true orthologs.

The LSm domain of Tral does not form multimeric (L)Sm
rings. Canonical (L)Sm proteins multimerize in a head-to-tail
fashion via an antiparallel arrangement of the �-strands �4 and
�5. This leads to six- or seven-membered homo- or hetero-
meric rings with a continuous inner �-sheet (10, 25, 27, 38, 44,
48, 49). Similar multimerization properties were therefore pre-
dicted for the LSm domain of Tral and EDC3 (2). However,

TABLE 1. Structural statisticsa

Parameterb SA �SA�r

RMSD from distance restraints (Å)
All (n � 342) 0.020 � 0.001 0.019
Intraresidue (n � 67) 0.014 � 0.001 0.013
Interresidue sequential (n � 111) 0.015 � 0.001 0.015
Medium range (n � 28) 0.020 � 0.003 0.018
Long range (n � 107) 0.028 � 0.001 0.027
H-bond (n � 29) 0.011 � 0.001 0.011

RMSD from dihedral restraints (n � 248) 0.15 � 0.01 0.14
RMSD from J-coupling restraints (Hz) (n � 51) 0.83 � 0.01 0.88
H-bond restraints (avg Å/avg °)c (n � 26) 2.21 � 0.14/10.4 � 4.8 2.20 � 0.14/10.3 � 4.9
H-bond restraints, minimum–maximum (Å/°)c 1.97–2.50/1.7–23.5 1.95–2.50/1.4–23.9
Deviations from ideal covalent geometry

Bonds (Å, 10�3) 4.91 � 0.03 4.86
Angles (°) 0.616 � 0.004 0.613
Impropers (°) 1.57 � 0.06 1.55

Structure quality indicatorsd

Ramachandran map regions (%) 90.9/9.1/0.0/0.0 93.5/6.5/0.0/0.0

a Values are given as means � the standard deviation where applicable. Structures are labeled as follows: SA, the set of 22 final simulated annealing structures; �SA�,
the mean structure calculated by averaging the coordinates of SA structures after fitting over secondary structure elements; �SA�r, the structure obtained by regularizing
the mean structure under experimental restraints.

b n, Number of restraints of each type.
c Hydrogen bonds were restrained by treating them as pseudocovalent bonds (see Materials and Methods). The average and minimum/maximum for distances and

acceptor antecedent angles are stated for restrained hydrogen bonds.
d Determined using the program PROCHECK (29). Percentages are for residues in allowed/additionally allowed/generously allowed/disallowed regions of the

Ramachandran map.

TABLE 2. Atomic RMSDa

Comparison Category Secondary structure
(avg Å � SD)b

�SA� vs �SA�rc

(Å)

SA vs �SA� Backbone 0.16 � 0.05 0.15
All 0.69 � 0.07 0.70

SA vs �SA�r Backbone 0.21 � 0.06
All 0.87 � 0.09

a Based on heavy atom superimpositions. Values are given as means � the
standard deviation where applicable. Structures are labeled as follows: SA, the
set of 22 final simulated annealing structures; �SA�, the mean structure calculated
by averaging the coordinates of SA structures after fitting over secondary struc-
ture elements; �SA�r, the structure obtained by regularizing the mean structure
under experimental restraints.

b Defined as residues K11-F44, I61-V78.
c RMSD for superimposition over-ordered residues.
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we previously showed that EDC3-LSm is monomeric in solu-
tion (50). Similarly, the NMR measurements with Tral-LSm
show no significant multimerization at concentrations up to 0.8
mM, as reflected by a diffusion coefficient of 1.09 (� 0.1) �
10�10 m2/s at 25°C.

We therefore tested in vivo whether Tral forms heteromeric
associations with members of the LSm1-7 complex (7). Endog-
enous Tral did not detectably coimmunoprecipitate with HA-
tagged LSm1, LSm4, or LSm7 (Fig. 7A) but did associate with
HA-Me31B (which served as a positive control). These results
indicate that, in contrast to LSm1 or LSm8, Tral is unlikely to
function as an alternative subunit in the assembly of a special-
ized LSm complex, as suggested previously (2, 55). The failure
of Tral to interact with LSm1, LSm4, or LSm7 is probably not
caused by the overexpression of these proteins, because over-
expressed HA-LSm7 or HA-LSm4 coprecipitate GFP-LSm1
(Fig. 7B, lanes 9 and 10). LSm7 does not directly contact LSm1
within the LSm1-7 ring; therefore, the coimmunoprecipitation
of GFP-LSm1 with HA-LSm7 indicates that these overex-
pressed proteins assemble into LSm1-7 rings together with
additional endogenous proteins.

We also tested whether Tral could homo-oligomerize in
vivo. However, in contrast to EDC3, which self-associates
through the YjeF_N domain (13, 21, 32, 33, 50), no interaction
was observed either between GFP-Tral and HA-Tral or be-

tween HA-Tral and the endogenous protein (data not shown),
suggesting that Tral does not oligomerize.

Finally, Tral-LSm did not detectably interact with an RNA
oligonucleotide consisting of eight uridines in an analytical gel
filtration experiment (data not shown). Binding studies with
poly(U)-Sepharose indicated that the LSm domain of CAR-1
was able to bind RNA (3); however, the protein fragment used
in the present study included sequences beyond the Sm fold
that may have contributed to this binding. Our results, together
with previous studies on EDC3-LSm (50), indicate that two of
the hallmarks of canonical (L)Sm proteins—ring formation
and RNA-binding properties—are absent in the divergent
LSm domains of Tral and EDC3.

Probing the role of surface residues in DCP1 and CUP
interaction and P-body localization. Another difference be-
tween the Tral and EDC3 LSm domains is reflected by the
degree of conservation of individual surface residues (Fig. 8A);
overall, Tral-LSm shows higher conservation than EDC3-LSm.
Tral shows conservation of both the hxG signature in the Sm1
motif, and the Gpph signature in the Sm2 motif (x, any amino
acid; p, polar; h, hydrophobic [2]), whereas in EDC3 only the
hxG signature is present (Fig. 6C).

To locate functionally relevant regions on Tral-LSm, we
performed mutational analyses and examined the effect of the
mutations on DCP1 and CUP binding, as well as on P-body

FIG. 6. Structure-based alignment of the D. melanogaster Tral LSm domain. (A and B) Superposition of the structures of Tral-LSm (purple),
DmEDC3-LSm (lime), and HsSmD3 (gray), represented as tubes. (A) Plain view. (B) Front view (stereo) illustrating the different orientations of
loops L3 and L4. (C) Alignment of Tral and EDC3 LSm domains with human SmD3. Secondary structure elements are colored as in Fig. 5. The
Sm1 and Sm2 motifs are indicated. Residues from the hydrophobic core that define the Sm1 and Sm2 motifs are shaded blue; conserved glycines
are shaded gray. Gray letters indicate amino acids absent in the presented structures. Tral residues mutagenized in the present study, together with
residues shown to mediate DCP1 binding in EDC3, are shaded in green. The loop L4 in Tral LSm is boxed in orange, and the GTEx� motif is
shaded in salmon. Black squares indicate acidic residues clustered around Tral residue R21. Abbreviations and accession numbers are as follows:
Hs, Homo sapiens (gi:71648673 for RAP55 and gi:74007795 for SmD3); Dm, Drosophila melanogaster (gi:24665977); Gg, Gallus gallus (gi:
61098250); Xl, Xenopus laevis (gi:117165637); Dr, Danio rerio (gi:42476222); Ag, Anopheles gambiae (gi:158286595); Ce, Caenorhabditis elegans
(gi:17509741); and Sc, Saccharomyces cerevisiae (gi:1066486).
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localization (Fig. 8B and C and Fig. 9). We focused on highly
conserved residues exposed on the �-sheet surface, on the side
of Tral-LSm opposite to loops L3 and L5 [these loops provide
RNA-binding residues in canonical (L)Sm proteins; Fig. 8].
The mutated residues are topologically equivalent to EDC3-
LSm domain residues involved in the interaction with DCP1
(Fig. 8) (50).

In particular, the invariant residues S13 and I15 in strand �1
and the aromatic residue F44 in loop L4 were substituted with
alanines (S13A, I15A, and F44A; Fig. 6C, 8B, and 8C). The
charged residues R21 and E23 in strand �2, as well as R42 in
strand �3, were substituted by residues having the opposite
charge (R21E, E23K, and R42E). We also tested the effect of
deleting the conserved GTEx� motif in loop L4 (Fig. 6C, 8B,
and 8C).

Substitutions of single conserved residues (i.e., E23K, R42E,

and F44A) did not affect the interaction between Tral and
DCP1 or CUP; one exception was the charge substitution
R21E, which reduced binding to both proteins without affect-
ing Tral expression levels (Fig. 9A and B). Deletion of the
GTEx� motif in loop L4, or substitutions of more than one
conserved residue (R21E,E23K or R21E,S13A,I15A) had ef-
fects comparable to the single R21E substitution alone (Fig.
9A and B and data not shown).

In the context of the full-length protein, the R21E substitu-
tion also affected P-body localization. Indeed, cells expressing
a GFP fusion of a protein carrying this substitution had fewer
and smaller GFP-containing foci, although GW182 foci were
not affected (Fig. 9C versus Fig. 9D and E). To quantify this
effect, the number of cells displaying GFP foci was counted.
Whereas 94% of cells expressing wild-type GFP-Tral displayed
GFP foci (Fig. 9C), only 48% of cells expressing GFP-Tral-
R21E displayed reduced numbers of foci, which were also
smaller in size (Fig. 9E). Moreover, ca. 43% of cells expressing
the mutant protein had no detectable GFP foci (Fig. 9D).

To verify whether the strong phenotype caused by the R21E
mutation can exclusively be interpreted in terms of a direct
interaction of R21 with partners such as DCP1 or CUP, we
analyzed the structural stability of the mutated LSm domain by
NMR. We found that the mutant domain is partially unfolded
in vitro, possibly due to the repulsive charges of E23, D19, and
D48 (Fig. 6, black squares) that are no longer compensated for
by R21. Similar results were obtained when R21 was substi-
tuted with alanine (data not shown). Thus, we could not pre-
vent the interaction of Tral with DCP1 and CUP and its ac-
cumulation in P-bodies by single point mutations and could
observe an effect only with the partial destabilization of the
entire LSm domain.

In summary, although the LSm domains of Tral and EDC3
both interact with DCP1, the detailed modes of interaction
appears to be different. Indeed, in DmEDC3, residues Q25,
F42, and N44 play a critical role in the interaction with DCP1
(50). In particular, a single substitution of Q25 with alanine
abolished EDC3-DCP1 interaction (50). In contrast, substitu-
tion of residue E23, which is at the equivalent structural posi-
tion in DmTral-LSm, did not affect the association with DCP1,
instead, the structural integrity of the LSm domain is required
for this function.

DISCUSSION

In this study we show that Tral and EDC3 are structurally
related proteins that associate with common partners in dis-
tinct protein complexes. The N-terminal domains of Tral and
EDC3 adopt a divergent Sm fold that mediates their interac-
tion with the decapping activator DCP1 and is sufficient for
P-body targeting. In Tral, this domain also mediates the inter-
action with the translational regulator CUP. Tral and EDC3
share an additional common partner, the RNA helicase
Me31B. Both proteins interact with the C-terminal RecA-like
domain of Me31B via their FDF motifs, suggesting that their
binding is mutually exclusive. This agrees with the conclusion
that Tral and EDC3 function in distinct protein complexes.
EDC3-containing complexes are known to play a role in
mRNA decapping (4, 13, 16, 19, 20, 29). The localization of
Tral in P bodies, its association with decapping activators, and

FIG. 7. The Tral LSm domain is not incorporated into the LSm1-7
ring. (A) HA-tagged versions of MBP, LSm1, LSm4, LSm7, Me31B,
and GW182 were transiently expressed in S2 cells. Cell lysates were
immunoprecipitated with a monoclonal anti-HA antibody. Inputs and
immunoprecipitates were analyzed by Western blotting with a poly-
clonal anti-HA antibody. The presence of endogenous Tral in the
immunoprecipitates was tested by Western blotting with anti-Tral an-
tibodies. (B) HA-tagged versions of MBP, Tral, EDC3, LSm4, and
LSm7 were transiently coexpressed in S2 cells with GFP-LSm1. Cell
lysates were immunoprecipitated with a monoclonal anti-HA antibody.
Inputs and immunoprecipitates were analyzed with polyclonal anti-HA
and anti-GFP antibodies.
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translational repressors suggest that this protein functions in
translational repression and/or mRNA degradation.

Role of EDC3 and Tral in P-body assembly. P bodies are
cytoplasmic domains that accumulate a variety of proteins in-
volved in mRNA degradation, translational repression, mRNA
surveillance, and RNA-mediated gene silencing, together with
their mRNA targets (17, 41). The mechanisms leading to P-
body assembly are not fully understood, but several P-body
components, including RNA, are required for P-body integrity
(17, 41). In yeast cells, P-body assembly occurs through parallel
redundant pathways, requiring either Edc3 or LSm4 (13). In
multicellular organisms, several P-body components are re-
quired for P-body formation, since depleting them disperses
the remaining P-body components throughout the cytoplasm
(17, 41).

In vertebrates the Tral ortholog RAP55 is among the essen-
tial P-body components (47, 55). In contrast, in D. melanogaster
S2 cells, depleting either Tral or EDC3 does not affect P bodies

(18), suggesting that these proteins are not essential for P-body
assembly or that multiple redundant pathways lead to P-body
formation. Similarly, CAR-1 is not required for P-granule for-
mation in C. elegans (3). Still, Tral and EDC3 likely contribute
to the assembly of RNP particles. Both proteins have a mod-
ular domain organization that allows them to interact with
additional P-body components and probably with multiple
RNPs, bringing them in close proximity and thereby facilitating
the nucleation of P bodies.

The LSm domains of Tral and EDC3 accumulate in P bod-
ies. Over the past few years, the number of proteins shown to
localize to P bodies has increased dramatically (17, 41). A
question that remains open is what causes these proteins to
accumulate into P bodies. Some proteins may passively accu-
mulate in P bodies as components of mRNP complexes. In this
case, RNA-binding domains or protein-protein interaction do-
mains likely mediate their localization to P bodies. However,
the aggregation of individual mRNPs into large granules de-

FIG. 8. Probing functionally relevant residues in Tral-LSm. (A) Surface representation (plain view) of the structures colored by sequence
conservation comparing the seven metazoan species shown in Fig. 6 and Caenorhabditis briggsae. For this figure the yeast orthologs (Scd6p and
Edc3p) were excluded because S. cerevisiae Edc3p is highly divergent from metazoa EDC3 (for instance, the linker region between the LSm domain
and FDF motif is absent in S. cerevisiae Edc3p, making the alignment with the metazoan proteins difficult). Color ramp by identity: fuchsia (100%)
to white (50% or less). (B and C) Tube representation with C� carbons as spheres in plain view (B) and edge view (C). Loop L4, which is
structurally distinct in Tral-LSm and DmEDC3-LSm, is highlighted in orange. Surface residues mutagenized in this and previous studies (50) are
drawn as sticks with carbons in green, oxygens in red, and nitrogens in blue. Residues mutagenized in Tral-LSm are located in topologically similar
positions to residues in EDC3-LSm that are required for DCP1 binding (Q25, F42, and N44 in EDC3). These residues are on the opposite side
from the RNA-binding residues in loops L3 and L5 in canonical (L)Sm proteins (colored cyan on HsSmD3).
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tectable by light microscopy requires either (i) multidomain
proteins that can bridge more than one mRNP or (ii) specific
proteins or protein domains that self-aggregate.

One such domain has been described in S. cerevisiae LSm4
(13). LSm4 consists of a canonical LSm domain followed by a
C-terminal extension rich in glutamine and arginine residues
(Q/N-rich domain), which is not part of the Sm fold. This
extension is required to localize LSm4 to P bodies (13, 34). As
mentioned above, LSm4 is partially redundant with Edc3 for
P-body assembly in yeast cells, but in cells lacking Edc3, P-body
assembly relies on the Q/N-rich extension of LSm4. Indeed, a
truncated version of LSm4 lacking the Q/N-rich region cannot
sustain P-body assembly in the absence of Edc3 (13). It was
proposed that the Q/N-rich extension of LSm4 has prion-like

properties and promotes P-body formation by aggregating with
itself or with additional Q/N-rich domains (13), similar to the
assembly mechanisms for Q/N-rich domains in prions (35).

In contrast to LSm4, the LSm domains of Tral and EDC3 are
sufficient to localize them to P bodies. These domains lack Q/N
prion-like features and remain monomeric in solution, indicating
that they are not self-aggregating domains. Furthermore, these
domains do not bind RNA, suggesting that they accumulate in P
bodies through protein-protein interactions. Nevertheless, in
EDC3, mutations that disrupt DCP1-binding do not affect P-body
localization (50), suggesting that interactions with additional P-
body component(s) drive this protein into P bodies. In Tral, we
could not identify mutations that reduced its accumulation in P
bodies without affecting the folding of the LSm domain.

FIG. 9. Effect of Tral-LSm mutations on DCP1 and CUP interaction, as well as on P-body localization. (A and B) HA-tagged MBP, Tral-LSm,
or the indicated Tral-LSm mutants were cotransfected in S2 cells with GFP-DCP1 or GFP-CUP, as indicated. Cell lysates were immunoprecipi-
tated with a monoclonal anti-HA antibody and analyzed by Western blotting as described in Fig. 2. Asterisks indicate cross-reactivity of the
antibodies as described in Fig. 1. (C to E) Confocal fluorescent micrographs of fixed S2 cells expressing GFP-tagged fusions of full-length Tral wild
type or the R21E mutant. Cells were cotransfected with HA-GW182. The merged images show the GFP signal in green and the HA signal in red.
The fraction of cells exhibiting a staining identical to that shown in the representative panel was determined by scoring 100 cells in two to three
independent transfections performed per protein. Scale bar, 5 �m.
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Cellular role of Tral. RAP55 is the vertebrate ortholog of
Tral and was originally identified in the salamander Pleurodeles
waltl as a component of cytoplasmic RNP particles containing
translationally repressed maternal mRNAs (30). Orthologous
proteins have been described in several eukaryotic species,
including C. elegans (CAR-1), X. laevis (xRAP55), and mam-
mals (RAP55) (3, 6, 30, 42, 46, 47). Like Tral, these proteins
localize in diverse cytoplasmic RNP granules that share com-
ponents with P-bodies and serve as storage sites for transla-
tionally inactive mRNAs in germ cells (3, 6, 36, 43, 46, 47). For
instance, in young oocytes Tral, xRAP55 and murine RAP55
localize to the Balbiani body, a large organelle aggregate that
includes mitochondria, endoplasmic reticulum, germinal gran-
ule proteins, and RNAs that become incorporated into germ
cells in the developing embryos (36, 42, 43, 53).

RNP granules containing Tral, CAR-1, or xRAP55 comprise
additional proteins with roles in translational repression and/or
mRNA decapping. These include, Me31B and its orthologs (C.
elegans CGH-1 and X. laevis Xp54), the Y-box domain-con-
taining proteins (D. melanogaster YPS, C. elegans CEY-2-4,
and X. laevis FRGY2), which are major components of mater-
nal RNP granules, as well as the eIF4E-binding proteins CUP
and 4E-T (3, 6, 36, 47, 53). Moreover, the D. melanogaster
fragile-X mental retardation protein (dFMRP), which is in-
volved in translational repression, colocalizes with Tral in
RNP-containing granules in both embryos and neuronal cells
(5, 37). Tral and CAR-1-containing granules in germ cells also
include DCP1 and additional components of somatic P-bodies
(5, 31, 46).

The localization of Tral and its orthologs in RNP granules in
germ cells and young embryos and their association with pro-
teins involved in translational repression, together with the
conservation of these interactions in eukaryotes, suggest that
these proteins play a fundamental role in regulating translation
of maternal mRNAs during oogenesis and early embryogenesis
(3, 6, 36, 46, 47, 53). In agreement with this, xRAP55 represses
translation both in vivo and in vitro (47). Nevertheless, the
precise molecular mechanism by which Tral orthologs exert
their regulatory functions remains to be established.

Depleting or mutating Scd6p, CAR-1, or Tral alters endo-
plasmic reticulum morphology and causes diverse develop-
mental phenotypes (3, 6, 40, 43, 46, 47, 53). These phenotypes
are likely due to the misregulation of specific mRNAs. How-
ever, only few mRNA targets of these proteins are known (53).
It is also not yet clear whether these targets are conserved and
whether Tral orthologs recognize specific cis-acting sequence
elements on regulated mRNAs.

CAR-1 and xRAP55 expression is confined to the germ line
and early embryos (3, 6, 30, 47). In contrast, human RAP55 is
ubiquitously expressed (55) and localizes to P bodies in so-
matic cells at rest and in stress granules in cells exposed to heat
shock or oxidative stress (47, 55). Similarly, Tral expression is
not confined to the germ line, the protein is detected in S2 cells
and in neurons (5, 17, 18), where it is also a component of
neuronal RNP granules and participates in neuronal transla-
tion regulation (5). The localization of human RAP55 and Tral
in somatic P bodies and neuronal granules suggests that, in
addition to their role in regulating maternal mRNAs, these
proteins have acquired more general roles in mRNA metabo-
lism.

Based on the structural similarity between Tral and EDC3
and their association with common partners, one might antic-
ipate that these proteins represent alternative subunits in the
assembly of DCP1- and Me31B-containing complexes. These
complexes may perform dual and partially overlapping func-
tions; they may repress translation (e.g., in oocytes) or enhance
decapping (e.g., in somatic cells), depending on the additional
partners with which they associate.
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