


real-time RT-PCR analyses (8) showed that latent splicing in the
WT CAD pre-mRNA was suppressed (Fig. S1B, lane 1), whereas
pre-mRNAs expressed from the mutant constructs underwent
latent splicing (Fig. S1B, lanes 2 and 3).

This abrogation of SOS in the AUG mutants raised the pos-
sibility that the initiator-tRNA (Met-tRNAINI

CAU) may function in
regulating SOS. We thus predicted that if Met-tRNAINI

CAU were
involved in establishing the reading frame for SOS in the WT
constructs, then cotransfection of each mutant construct with a
mutated initiator-tRNA construct, in which the WT anticodon,
CAU, had been mutated to complement the respective AUGmu-
tations, should rescue SOS in these mutants (Fig. 1A). Indeed,
cotransfection of CAD-Mut31 with the mutant Met-tRNAINI

CGU
reduced latent splicing in CAD-Mut31 pre-mRNA almost com-
pletely (Fig. 1B; compare lane 2 to lanes 1 and 3). Quantitative
real-time RT-PCR analyses of seven independent transfection ex-
periments showed that the level of latent splicing in the presence
of the mutant Met-tRNAINI

CGU was reduced to 24% relative to that
elicited in the presence of the WT Met-tRNAINI

CAU (Fig. 1B, block
diagrams, lanes 2 and 1, respectively). As controls for the speci-
ficity of this rescue effect, we show that cotransfection with a
mutant initiator-tRNA harboring a noncomplementary antico-
don mutation (Met-tRNAINI

UUU) did not reduce the level of latent
splicing (Fig. 1B, lane 3). Notably, coexpression of CAD-Mut31
with either the WT or mutant elongator methionyl-tRNAs
(Met-tRNAELO

CAU or Met-tRNAELO
CGU, respectively) did not rescue

SOS in this CAD mutant (Fig. 1B, lanes 4 and 5), suggesting a
specific requirement of the initiator-tRNA whole molecule.

Next we asked whether the mutant Met-tRNAINI
UUU, which did

not rescue SOS in the AUG to ACG pre-mRNA mutant, would
rescue SOS in the CAD-Mut70 transcript, which carried the com-
plementary mutation (AUG to AAA) in its translation initiation
codon (Fig. 1A, bottom scheme). Cotransfection of CAD-Mut70
with the mutant Met-tRNAINI

UUU reduced latent splicing almost
completely (Fig. 1C; compare lane 3 to lanes 1 and 2). Quanti-
tative real-time PCR analysis of latent splicing and its rescue in
the CAD-Mut70 pre-mRNA (three independent experiments)
showed that the level of latent splicing in the presence of the
mutant Met-tRNAINI

UUU was reduced to 32% relative to that eli-
cited in the presence of the WT Met-tRNAINI

CAU. Here again, the
controls for the specificity of this rescue effect showed that co-
transfection with either a mutant initiator-tRNA harboring a
noncomplementary anticodon mutation (Met-tRNAINI

CGU; Fig. 1C,
lane 2), or with WT or mutant elongator Methionyl-tRNAs
(Met-tRNAELO

CAU or Met-tRNAELO
UUU; Fig. 1C, lanes 4 and 5, respec-

tively), did not reduce the level of latent splicing. As a further
control we showed that none of the three initiator-tRNA con-
structs had any effect on the splicing pattern of the pre-mRNA
expressed from the CAD-WT construct (Fig. S2).

To address the generality of the initiator-tRNA-induced rescue
of SOS effect, similar analyses were carried out on the human
IDUA gene, using pre-mRNAs expressed from IDUA-WT and
from IDUA-Mut30—an AUG to AAA mutant thereof. Here
again, the results showed that only the initiator-tRNA mutant
whose anticodon complemented the AAA mutation of the trans-
lation initiation codon in IDUA-Mut30 pre-mRNA rescued SOS.
Cotransfections, however, either with a mutant initiator-tRNA
harboring a noncomplementary anticodon mutation or with
WTor mutant elongator methionyl-tRNAs had no rescue effect
(Fig. S3).

The Initiator-tRNA Is Associatedwith Nuclear Splicing Factors.The ap-
parent involvement of the initiator-tRNA in the SOS proofread-
ing mechanism raised the possibility that this molecule may
function in splicing regulation. We thus asked whether the initi-
ator Met-tRNAINI

CAU resides in the nucleus in association with spli-
cing-active complexes. To this end we carried out Northern blot
analyses to determine the distribution of the Met-tRNAINI

CAU in

Fig. 1. The initiator-tRNA (Met-tRNAINI
CAU) is an SOS factor—the CAD case.

(A) Hypothesis and experimental design. It is assumed that Met-tRNAINI
CAU

helps establish a reading frame required for the SOS mechanism. It is there-
fore expected that bypassing SOS in an AUG to ACG mutant (CAD-Mut31),
which elicits latent splicing, would be rescued by amutant initiator-tRNA that
carries a complementary anticodon (CGU) mutation, resulting in a reduced
level of latent splicing (CAD-Mut31*). The resulting authentic and latent
mRNAs are illustrated: gray box, exon; line, intron; black box, latent exon;
þðw Þ indicates weak latent splicing. (B and C) Experimental verification using
the CAD gene. HEK 293T cells were transfected with CAD-Mut31, which
carries an AUG to ACG start-codon mutation (B), or with CAD-Mut70, which
carries an AUG to AAA start-codon mutation (C). Both cultures were cotrans-
fected with WT or mutant initiator or elongator tRNAs as indicated. RT-PCR
analyses were performed using product-specific primer pairs, and the
products were analyzed by denaturing gel electrophoresis (Upper). The block
diagrams represent averages of quantitative real-time RT-PCR results. Error
bars represent standard errors of six, seven, and three independent experi-
ments for the WT (CAU), mutant (CGU), and mutant (UUU) initiator-tRNAs,
respectively (B, lanes 1–3), three independent experiments for the WT and
mutant elongator-tRNAs, respectively (B, lanes 4 and 5); and three and five
independent experiments (C, lanes 1–3 and 4, 5, respectively). Note that SOS
was rescued only by initiator-tRNAs carrying an anticodon mutation that
complemented the start codon mutation in the pre-mRNA.
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nuclear ribonucleoprotein (RNP) complexes that had been frac-
tionated in glycerol density gradients. As a positive control, we
analyzed the distribution of the U2 and U4 snRNA splicing fac-
tors in the same gradient fractions, and as a negative control we
used the elongator Met-tRNAELO

CAU and Lys-tRNALYS
AAAðGÞ—both

of which should not be expected to be associated with the splicing
machine. Fig. 2A is a graphic presentation of these analyses. The
upper panel shows that the initiator Met-tRNAINI

CAU predomi-
nantly sedimented in peaks concentrated around fractions 10
and 16. These regions correspond to the 200S and 70S regions of
the density gradient, where supraspliceosomes and native spliceo-
somes, respectively, have been previously shown to sediment
(12, 13). The positive control shows that the sedimentation pro-
files of the U2 and U4 snRNAs are similar to that of the initiator-
tRNA (Fig. 2A, middle panel), indicating that these three species
cosedimented in the density gradient. The negative control shows
that the apparently nonrelevant elongator Met- and Lys-tRNAs
sedimented near the top of the gradient (Fig. 2A, bottom panel).
To demonstrate that the initiator-tRNA was associated with the
snRNP splicing factors, we carried out a coimmunoprecipitation
experiment using antibodies directed against the Sm protein com-
ponent of the latter. The Northern blots in Fig. 2 B and C, lane 3,
show that the initiator-tRNA was specifically coimmunoprecipi-
tated with U2 and U4 snRNAs, as well as with the Sm proteins, by
the Y12 anti-Sm antibodies, whereas the elongator Met-tRNA
was not.

The Rescue of SOS Is Independent on Protein Translation. Whereas
the apparent importance of elements involved in establishing
an ORF is a prominent feature underlying the SOS mechanism,
our previous results have indicated that SOS is not dependent on
protein translation (8). Nevertheless, it is still plausible that the
observed effect of initiator-tRNA on SOS was an indirect effect

of the protein translation machinery. To address this possibility,
we conducted the complementation experiment under conditions
that inhibited translation initiation by over expression of the 4E
binding protein 1 (4E-BP1), which is known to disrupt a critical
interaction within the translation initiation complex between the
cap-bound eIF4E and the ribosomal-subunit-associated eIF4G
(14, 15). The Western blots in Fig. 3A show that a twofold over
expression of 4E-BP1 (tagged with the HA antigen; Fig. 3A,
4E-BP1 and HA) inhibited almost completely the expression of
GFP protein from a cotransfected GFP construct (Fig. 3A, GFP;
10%, SE ¼ 4%, N ¼ 3), whereas an RT-PCR analysis showed
that the level of GFP-mRNA was not affected (Fig. 3A, GFP-
mRNA). Under these conditions, the mutant initiator-tRNA
(Met-tRNAINI

CGU) could still rescue SOS in CAD-Mut31 because
it reduced the level of latent splicing to 35% relative to that ob-
tained with the WT Met-tRNAINI

CAU (Fig. 3B).
We further addressed the relationship between SOS and trans-

lation from the viewpoint of the charging state of the initiator-
tRNA. It has been shown that several charged tRNAs reside

Fig. 2. Initiator-tRNA is associated with nuclear splicing factors. (A) A nucle-
ar supernatant enriched for splicing-active complexes was fractionated in a
glycerol gradient as described (12). RNA was extracted and analyzed by
Northern blotting using the respective probes as indicated. The graphs show
the distribution across the gradient of U2, U4 snRNAs and initiator-,
elongator-, and lysyl-tRNAs, normalized to a fixed amount of 32P-labeled oli-
gonucleotide that was added as an internal standard to each fraction.
(B) Indirect co-IP of initiator-tRNA. A nuclear supernatant enriched for spli-
cing-active complexes was treated with immobilized anti-Sm monoclonal
antibodies (Y12 Mab) and the unbound and bound material was analyzed
by Northern blot for the indicated RNAs, and by Western blot for the Sm
proteins. Immobilized normal rabbit serum (NRS) was used as a nonrelevant
control. (C) To ensure the absence of Met-tRNA in the Y12 precipitate (lane 3
of the Met-tRNA panel of B), the corresponding experiment was repeated
with larger amounts of RNA and longer exposure to compensate for the
relatively low amount of the elongator-tRNA in the nucleus (A).

Fig. 3. Initiator-tRNA appears to function in SOS in a manner that is inde-
pendent of its role in translation. (A and B) HEK 293T cells, transfected with
CAD-Mut31, were cotransfected with a plasmid expressing 4E-BP1 (tagged
with the HA antigen) and with wild-type or mutant initiator-tRNAs as indi-
cated. (A) Proteins were analyzed by Western blotting, using the antibodies
indicated on the left. Quantitation of stained protein bands was done by the
ImageQuant program. Quantities of 4E-BP1 and GFP were normalized to that
of α-tubulin. To demonstrate the de novo expression of 4E-BP1, the protein
blot was probed with an antibody to HA. GFP-mRNA levels were analyzed by
RT-PCR. (B) Electrophoretic and quantitative real-time RT-PCR analyses of RNA
were as in Fig. 1. (C) Xenopus oocytes at stages IV–V were injected with
32P-labeled tRNAs as indicated and incubated for 2 h. Total RNA was isolated
under acidic conditions and analyzed on a 6.5% polyacrylamide denaturing
gel as described (16). The sample in lane 4 was deacylated by treatment at pH
8.8. (D) Protein biosynthesis is inhibited by mutant initiator-tRNAs, as
determined by incorporation of 35S-methionine into total proteins. Levels
of incorporation are relative to untreated cells (lane 1). Lanes 2–5, cells were
treated with CHX or transfected with the initiator-tRNAs as indicated.
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in nuclei of Xenopus oocytes, thereby providing a possible
mechanism for functional proofreading of newly made tRNAs
in the cell nucleus (16). Mutations in the anticodon of initia-
tor-tRNA were shown to either lead to aminoacylation with an
amino acid corresponding to the mutated triplet or to no charging
at all (17, 18). It has also been shown that the charging effici-
ency of the yeast CGU initiator-tRNA anticodon mutant
(Met-tRNAINI

CGU) was reduced >500-fold relative to that of the
WT CAU species (Met-tRNAINI

CAU), and the relative loss of char-
ging efficiency of the UAU and CUU mutants were >500- and
>1700-fold, respectively (18). We thus examined the charging
state of the three initiator-tRNAs used here by injecting the re-
spective 32P-labeled initiator-tRNA transcripts into Xenopus oo-
cytes (19) and analyzing the isolated RNAs by gel electrophoresis
in an acidic polyacrylamide gel as described (16). Fig. 3C (lanes 1
and 2) shows that both mutated tRNAs (Met-tRNAINI

UUU and
Met-tRNAINI

CGU) were not aminoacylated, whereas the WT Met-
tRNAINI

CAU was charged (Fig. 3C, lane 3). The assignment of the
upper band in the gel to the charged tRNA was confirmed by
deacylating the charged tRNA under basic pH conditions
(Fig. 3C, lane 4). These results were corroborated in the rabbit
reticulocyte lysate system (Fig. S4), which has been widely used to
study mammalian protein translation, as well as the charging of
tRNAs (20). It may thus be expected that the CGU mutant and
the UUU double mutant used here would be practically un-
charged under the rescue experiments conditions.

Uncharged tRNAs were previously shown to activate the
GCN2 kinase stress response, which in turn inhibited translation
by phosphorylation of serine 51 in eIF2α (21). In accordance
with this observation, our analysis of the incorporation of 35S-
methionine into total proteins isolated from cells transfected with
the different initiator-tRNA constructs (Fig. 3D) revealed that
the mutant initiator-tRNA constructs inhibited translation to a
similar extent as that caused by the translation inhibitor CHX,
whereas the WT initiator-tRNA showed similar translation levels
as in nontransfected cells. Finally we asked whether NMD would
be affected in cells transfected with the mutant initiator-tRNAs.
Using two bona fide substrates of NMD, we showed that NMD
was down-regulated (Fig. S5), as expected due to the inhibition of
translation. The fact that the mutated initiator-tRNAs were able
to rescue SOS, while inhibiting protein translation and NMD,
further supports the possibility that initiator-tRNA functions in
RNA splicing in a manner that is distinct from its function in pro-
tein biosynthesis.

Latent CADmRNA transcribed from cDNA is relatively stable.We have
attributed the apparent lack of latent splicing in the tested WT
pre-mRNAs to the activation of SOS through the recognition of
an in-frame stop codon within an open reading frame between
the authentic and latent alternative 5′SSs. An alternative inter-
pretation should, however, be considered. Namely, splicing at
the latent 5′SS (latent splicing) might have taken place giving rise
to latent mRNA. This mRNA was rapidly degraded (apparently
to a level below the detection limit of the RT-PCR procedure we
used) by an RNA surveillance mechanism that recognized the
PTC introduced into the latent mRNA. Mutating the start codon
abrogated this presumed surveillance mechanism and thereby
stabilized the latent mRNA to a detectable level.

We have previously shown that the apparent lack of latent
splicing in WT pre-mRNAs harboring an intronic in-frame stop
codons could not have been attributed to NMD—most signifi-
cantly because down-regulation of the NMD-essential gene
hUpf1 did not elicit latent splicing in pre-mRNAs expressed from
all wild-type gene constructs and endogenous genes tested (6–8).
These observations have therefore ruled out the possibility of at-
tributing the alternative scenario to NMD and/or all its branches
whose activities depend on hUpf1. But the question still remains

whether the alternative scenario can be attributed to a yet
unknown, hUpf1-independent, RNA surveillance mechanism
that rapidly, and apparently completely, degrades latent mRNAs.
To address this possibility, we measured the stability of the sup-
posedly formed CAD latent mRNA and compared it to that of
the normally spliced (authentic) mRNA. Because latent CAD
mRNA is undetectable under normal cell-growth conditions, we
forced its formation by using a pseudo cDNA construct from
which all introns, but the last one, had been removed (Fig. 4A,
psCAD-latent). Retaining an intron downstream of the PTC in
the latent mRNA was intended to facilitate the deposition of an
RNPmark on the spliced RNA, which may then trigger a putative
RNA surveillance mechanism. For comparison we used the
analogous construct, which should yield the normally spliced
mRNA (Fig. 4A, psCAD-authentic).

Fig. 4B (gel, time 0) and Fig. S6 (lanes 1 and 2) show that the
expression of latent CAD mRNA from the respective prespliced
construct (psCAD-latent) gave rise to a relatively stable and
easily detectable latent mRNA, whose steady-state level was com-
parable to the normally spliced mRNA expressed from psCAD-
authentic. To compare the half-lives of the RNAs, HEK 293Tcells
were cotransfected with equal amounts of the psCAD-authentic
and psCAD-latent constructs, transcription was inhibited by
actinomycin D, and the levels of the expressed RNAs were simul-
taneously measured by real-time RT-PCR as previously des-
cribed. Fig. 4B shows a typical gel analysis of the PCR products
and the half-life curves for both RNAs. The shorter half-life of
the latent mRNA (50 min), in comparison to that of the authentic
mRNA (80 min), can be attributed to destabilization of the for-
mer by NMD, as predicted by the experimental design. Yet, this
result indicates that if CAD latent mRNA were formed through
splicing involving a latent 5′SS, it should have been a stable and
detectable entity, strongly suggesting that the possibility of attri-
buting the apparent lack of latent splicing to any kind of hUpf1-
independent RNA surveillance mechanism is highly unlikely.

Discussion
The experiments reported here suggest an unexpected role for
initiator-tRNA in pre-mRNA splicing, by acting in trans to facil-
itate the establishment of a reading frame that the SOS proof-
reading mechanism requires for its function. This conclusion is

Fig. 4. CAD latent mRNA expressed from a pseudo-cDNA construct is stable.
(A) Schematic drawings of the CAD pre-mRNA and the mRNAs expressed
from the authentic- and latent-pseudo-cDNA constructs (psCAD-authentic
and psCAD-latent, respectively). Open boxes, exons; lines, introns; narrow
boxes, latent exons. Locations of the primer pairs used for PCR are indicated
by arrows. (B) Transcription in HEK 293 cells, cotransfected with the psCAD-
authentic and psCAD-latent constructs, was inhibited by treatment with
actinomycin D, followed by real-time PCR analyses of the decay time course
of the authentic- and latent-CAD mRNAs. The decay curves represent three
independent experiments (error bars represent standard error).
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inferred from the observations that alternative splicing events
that are induced by mutations in the first AUG codon can be sup-
pressed by expressing initiator-tRNA constructs carrying antico-
don mutations that compensate for the AUG mutations; whereas
elongator tRNAs, whether mutated or not, did not rescue SOS.
Although the rescue activity appeared to depend on codon-anti-
codon recognition, which underlies protein translation, two lines
of evidence indicated that the function of initiator-tRNA in RNA
splicing is distinct from its function in protein biosynthesis. First,
the mutated initiator-tRNAs could rescue SOS while inhibiting
protein biosynthesis (Fig. 3D); second, the mutated initiator-
tRNA appeared to be uncharged with an amino acid (Fig. 3C).
Taken together, the results presented in this work suggest that the
specificity of the rescue phenomenon resides in the anticodon
and, likely, in the entire primary sequence of the initiator-tRNA.

Can our results be interpreted as arising from NMD or from
other hUpf1-independent RNA surveillance mechanisms? In pre-
vious studies we showed that SOSwas not affected when theNMD
pathway was abrogated by a number of ways, including RNAi of
the essential NMD factor hUpf1, thus excluding the possibility of
attributing our results to NMD (Introduction and refs. 6–8). Here
we further showed that the expression of the mutant initiator-
tRNAs abrogated NMD in bona fide NMD substrates (Fig. S5),
probably through inhibiting protein translation (Fig. 3D). It seems
therefore likely that the down-regulation of latent splicing by the
compensatory initiator-tRNA mutants could not have been attri-
buted to NMD but, rather, to the rescue of SOS. Finally, the data
presented in Fig. 4 show that latent mRNA expressed from a pre-
spliced cDNA construct is almost as stable as the authentic
mRNA, indicating that if the former were formed as a result of
splicing it should have been a stable entity. The above observa-
tions are summarized in SI Discussion (Table S1). Taken together,
they lead us to conclude that attributing the undetectable levels of
latent mRNAs to rapid degradation by any kind of RNA surveil-
lance mechanism is apparently not a realistic alternative to attri-
buting this phenomenon to the stop codon-mediated suppression
of latent splicing through the SOS mechanism.

Our previous experiments and bioinformatics analyses have in-
dicated that SOS is a general RNA proofreading mechanism (4).
The occurrence of such a mechanism implies that the reading
frame of mRNAs can be recognized in the nucleus prior to spli-
cing, thus making the concept of SOS difficult to conceive. Yet,
the notion that ORFs can be recognized prior to splicing may not
be unprecedented. In a report showing that alternative splicing
may not be generally coupled to NMD (22), the authors present
some data that are consistent with the widespread suppression
of PTC-containing alternative splice variants by a mechanism
different from NMD. Although the authors do not relate to
the implication of this finding on splicing mechanism, one of the
possible interpretations invokes the recognition of ORFs in the
nucleus prior to RNA splicing.

The question of how such recognition can be achieved is intri-
guing and remains to be resolved. Thus far, translating ribosomes
have been the only entities known to identify ORFs. Yet, the
occurrence of translating ribosomes in the nucleus has been
questioned (reviewed in ref. 23). Regardless of this controversy,
we have shown that although AUG sequences and the initiator-
tRNA are essential for SOS, protein synthesis is not required
(ref. 8 and this study). This does not exclude the possible involve-
ment of components of the translation machinery, as well as bona
fide splicing factors, in SOS. One possible model that helps
explain the SOS as an RNA proofreading mechanism is pre-
sented in Fig. 5. For most of its features, this model is based
on what is known on splicing mechanism and on our observations.
It invokes, however, a highly speculative sense triplet recognition
mechanism that can be interrupted by stop codon-binding
proteins. In this respect it can be considered as a working model
for planning future experiments.

For splicing at the authentic 5′SS (Fig. 5A, left column), the
pre-mRNA is folded within the spliceosome, represented by
the five spliceosomal snRNPs, such that the authentic 5′SS
and the 3′SS are juxtaposed and U1 snRNP is base paired with
the 5′SS. Binding of the AUG sequence by the complementary
anticodon (UAC) of the initiator-tRNA, probably assisted by
auxiliary proteins, is proposed to recruit the SOS mechanism
and help establish a register for the recognition of the reading
frame. We hypothesize that this step involves the cooperative
polymerization of a protein(s) that bind triplets of nucleotides.
Although we have not yet identified such a component in the
SOS mechanism, there are several examples in the literature
of proteins that bind RNA oligonucleotide triplets [e.g., the to-
bacco mosaic virus coat protein (24), and Zn finger proteins such
as TFIIIA (25, 26)]. If stop codons are not encountered by the
assembled polymer, it reaches the 5′SS, which is associated with
the U1 snRNP. This step constitutes the approval of splice site
selection and triggers the remodeling of the spliceosome to its
functional state. Namely, DEAD-box helicases such as Brr2
and prp28 are activated, possibly through posttranslational mod-
ifications (27), to disrupt the U4/U6 base-pairing interactions and
release the U4 snRNP, resulting in the establishment of addi-
tional U2/U6 base-pairing interactions and the replacement of
U6 snRNP for U1 snRNP at the 5′SS (28–30).

For latent splicing, the pre-mRNA folds into a conformation
that juxtaposes the latent 5′SS and the 3′SS (Fig. 5A, right
column). Polymerization of the triplet binding protein, which fol-
lows binding of the UAC complex, is interfered by the stop codon,
perhaps through a competing interaction with a stop-codon-
binding protein (e.g., a release factor-like protein). Now, the pro-
tein polymer cannot reach the splice junction to trigger the remo-
deling of the spliceosome, resulting in suppression of latent
splicing. The unproductive complex may undergo a conforma-
tional change and revert to the productive splicing complex invol-
ving the authentic 5′SS, as indicated by the double arrows. When
the in-frame stop codon is eliminated, either by mutation or by
frame shifting (6), the protein polymer can reach the latent splice
junction and latent splicing is allowed (Fig. 5B).

Fig. 5. A schematic model for the proofreading function of SOS. (A) Left
column, splicing at the authentic 5′SS; right column, splicing at the latent
5′SS. (B) Splicing at the latent 5′SS after elimination of the in-frame stop co-
don. Blue stripes, exons; black line, intron; green narrow stripe, latent exon;
red octagon, stop codon; circles, U snRNPs; orange ellipse (UAC), hypothe-
sized AUG-binding complex of initiator-tRNA; orange triangles, hypothe-
sized triplet-binding proteins; red triangle, stop-codon-binding protein.
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Materials and Methods
Plasmids. CAD-WT, CAD Ter, and IDUA-WT minigene constructs were de-
scribed (6). pTRM, a plasmid carrying the WT initiator-tRNA gene (31), and
pcDNA-3HA-4E-BP1, a plasmid carrying 4E binding protein1 tagged with
HA (14) were provided by N. Sonenberg. All point mutations were carried
out by the QuickChange PCR-based mutagenesis method (Stratagene) as
described (8). The constructs and the primers used are listed in SI Methods.
All constructs were verified by DNA sequencing.

Coimmunoprecipitation (co-IP). Co-IP experiments were performed as de-
scribed (32), using immobilized anti-Sm monoclonal antibodies (Mab Y12).
Blot analyses of proteins and RNAs are described in SI Methods.

Incorporation of 35S-Methionine.Human 293T HEK cells were transiently trans-
fected with the indicated initiator-tRNA constructs. At 24 h post transfection,
cells were incubatedwith 35S-methionine (0.1 mCi∕ml; Amersham Bioscience)
for 15 min at 37 °C. Cells were collected and total proteins were extracted

using three freeze-thaw cycles. Incorporation was determined after precipi-
tation with trichloroacetic acid and radioactivity counting.

Transfections, RNA Isolation, Quantitative Real-Time PCR and Data Analyses.
These procedures were described (6, 8) and are detailed in SI Methods.

Charging State of tRNAs. The analysis was carried out essentially as described
(16, 19) and as detailed in SI Methods.
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