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Eukaryotic mRNA translation begins with recruitment of the 40S ribosome complex to the mRNA 5’ end
through the eIF4F initiation complex binding to the 5' m’G-mRNA cap. Spliced leader (SL) RNA trans splicing
adds a trimethylguanosine (TMG) cap and a sequence, the SL, to the 5’ end of mRNAs. Efficient translation
of TMG-capped mRNAs in nematodes requires the SL sequence. Here we define a core set of nucleotides and
a stem-loop within the 22-nucleotide nematode SL that stimulate translation of mRNAs with a TMG cap. The
structure and core nucleotides are conserved in other nematode SLs and correspond to regions of SL1 required
for early Caenorhabditis elegans development. These SL elements do not facilitate translation of m’G-capped
RNAs in nematodes or TMG-capped mRNAs in mammalian or plant translation systems. Similar stem-loop
structures in phylogenetically diverse SLs are predicted. We show that the nematode eukaryotic translation
initiation factor 4E/G (eIF4E/G) complex enables efficient translation of the TMG-SL RNAs in diverse in vitro
translation systems. TMG-capped mRNA translation is determined by eIF4E/G interaction with the cap and
the SL RNA, although the SL does not increase the affinity of eIF4E/G for capped RNA. These results suggest
that the mRNA 5’ untranslated region (UTR) can play a positive and novel role in translation initiation
through interaction with the eIF4E/G complex in nematodes and raise the issue of whether eIF4E/G-RNA

interactions play a role in the translation of other eukaryotic mRNAs.

Cap-dependent translation initiation in eukaryotes is a com-
plex process involving many factors and serves as the primary
mechanism for eukaryotic translation (37, 44). The first step in
the initiation process, recruitment of the m’G (7-methyl-
guanosine)-capped mRNA to the ribosome, is widely consid-
ered the rate-limiting step. It begins with recognition of and
binding to the m’G cap at the 5’ end of the mRNA by the
eukaryotic translation initiation factor 4F (eIF4F) complex,
which contains three proteins: eIF4E (a cap-binding protein),
elF4G (a scaffold protein with RNA binding sites), and eIF4A
(an RNA helicase). eIF4G’s interaction with elIF3, itself a
multisubunit complex that interacts with the 40S ribosome,
facilitates the actual recruitment of capped RNA to the ribo-
some. With the help of several other initiation factors, the
small ribosomal subunit scans the mRNA from 5’ to 3’ until a
translation initiation codon (AUG) in appropriate context is
identified and an 80S ribosomal complex is formed, after which
the first peptide bond is formed, thus ending the initiation
process (37, 44). The AUG context can play an important role
in the efficiency of translation initiation (23, 44). The length,
structure, and presence of AUGs or open reading frames in
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the mRNA 5’ untranslated region (UTR) can negatively affect
cap-dependent translation and ribosomal scanning. In general,
long and highly structured 5" UTRs, as well as upstream AUGs
leading to short open reading frames, can impede ribosome
scanning and lead to reduced translation (23, 44). In addition,
5" UTRs less than 10 nucleotides (nt) in length are thought to
be too short to enable preinitiation complex assembly and
scanning (24). Thus, several attributes of the mRNA 5" UTR
are known to negatively affect translation initiation, whereas
only the AUG context and the absence of negative elements
are known to have a positive effect on translation initiation
(44).

Two of the important mRNA features associated with cap-
dependent translation, the cap and the 5’ UTR, are signifi-
cantly altered by an RNA processing event known as spliced
leader (SL) trans splicing (3, 8, 17, 26, 36, 47). This takes place
in members of a diverse group of eukaryotic organisms, includ-
ing some protozoa, sponges, cnidarians, chaetognaths, flat-
worms, nematodes, rotifers, crustaceans, and tunicates (17, 28,
39, 55, 56). In SL trans splicing, a separately transcribed small
exon (16 to 51 nucleotides [nt]) with its own cap gets added to
the 5" end of pre-mRNAs. This produces mature mRNAs with
a unique cap and a conserved sequence in the 5" UTR. In
metazoa, the m’G cap is replaced with a trimethylguanosine
(TMG) cap (m**’GpppN) (27, 30, 46, 49). In nematodes,
~70% of all mRNAs are trans spliced and therefore have a
TMG cap and an SL (2). In general, eukaryotic eIF4E proteins
do not effectively recognize the TMG cap (35). This raises
the issues of how the translation machinery in trans-splicing
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metazoa effectively recognizes TMG-capped trans-spliced
mRNAs, what role the SL sequence plays in translation
initiation, and how the conserved translation initiation ma-
chinery has adapted to effectively translate trans-spliced
mRNAs.

Previous work has shown that efficient translation of TMG-
capped messages in nematodes requires the SL sequence (22
nt) immediately downstream of the cap (5, 25, 29). In the
current studies, we sought to understand the manner in which
the SL enhanced the translation of TMG-capped mRNAs.
Using a cell-free nematode in vitro translation system, we car-
ried out mutational analyses that define the specific sequences
in the SL that are required and sufficient for efficient transla-
tion of TMG-capped mRNAs. These analyses led to the dis-
covery of a small, discrete stem-loop immediately adjacent to
the TMG cap in frans-spliced messages required for efficient
translation. Notably, the sequences involved in the base pairing
of the stem are highly conserved in alternative SL sequences
found in nematodes. We further show that the nematode
elF4E/G complex plays a major role in facilitating the SL
enhancement of TMG-capped mRNA that likely occurs after
the initial cap-binding step. The results demonstrate the im-
portance of specific enhancing elements in the 5 UTR and
adaptation in the eIF4F complex necessary for optimal cap-
dependent translation.

MATERIALS AND METHODS

Cell-free translation. Whole-cell extracts were prepared from Ascaris embryos
as previously described, except in some cases in which they were not dialyzed
(25). Translation assays were carried out without nuclease treatment of the
extracts under competitive translation conditions that mimicked translation in
vivo (5, 25). Translation was carried out with the addition of reporter luciferase
RNAs to the reaction mixture at 1 to 2.5 pg/ml, and translation was conducted
for 40 to 60 min at 30°C. Luciferase assays were carried out as described
previously (5, 25).

Extracts were depleted of the eIF4F complex essentially as described previ-
ously (10, 11). In brief, 200 pl of Ascaris embryo extract was incubated with 250
ul of m’GTP-Sepharose 4B beads (GE Healthcare, Piscataway, NJ) equilibrated
in translation dialysis buffer (20 mM Tris-HCI [pH 7.8], 50 mM KCI, 0.2 mM
EDTA, 1 mM dithiothreitol [DTT], and 20% glycerol) at 4°C for 15 min with
slow rotation. The samples were centrifuged at 800 X g for 2 min at 4°C, and the
supernatant (depleted extract) was collected and immediately frozen. To recon-
stitute the depleted extract with recombinant proteins, either Ascaris eIF4G-4E3
complex at ~12.5 ng/ul or wheat germ eIF4F, -4A, and -4B complex at 175 ng/ul
was mixed with an equal volume of depleted extract so that a 10-pl reconstituted
reaction mixture contained 25 ng luciferase mRNA, ~3 ng of Ascaris protein, or
43.75 ng of wheat germ protein or an equivalent volume of buffer, 2.5 pl of
depleted extract, and 1X translation buffer (25). As a control for 4G and 4E
activity, 4E binding peptide (4E-BP) (RIITYDRKFLMECRNSPV) was added to
reconstitution reaction mixtures at a final concentration of 45.4 uM. In those
cases, the protein was preincubated with peptide at 30°C for 10 min. Translation
assays were then carried out as previously described (25).

Wheat germ translation assays supplemented with recombinant proteins were
carried out in a manner similar to that described for Ascaris translation assays.
Briefly, a 20-pl reaction mixture contained 125 mM KOAc, 2.6 mM MgOAc, 0.5
mM GTP, 0.5 mM ATP, 10 mM creatine phosphate, 50 pg/ml creatine kinase, 2
mM DTT, and 50 uM amino acid mix with 0.625 ng/ul of luciferase RNA, either
62.5 ng/pl of recombinant Ascaris eIF4G-4E3 or 42 ng/pl of recombinant wheat
germ 4G-4E or the equivalent volume of buffer, and 2.5 pl of prepared wheat
germ extract. Prior to addition of the extract, all other components were prein-
cubated at 30°C for 5 min and returned to ice. Upon addition of the extract,
reactions were incubated at 25°C for 2 h. Each reaction mixture was diluted at
1:25 into cold 1X passive lysis preparation, and luciferase activity measurements
were obtained as previously described (18).

eIF4E-3 and eIF4G expression. Ascaris eIF4E-3, which is the dominant iso-
form of eIF4E in early embryos and recognizes both monomethyl- and trimeth-
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ylguanosine caps, has previously been described (25). Fragments of Ascaris
eIF4G were generated using degenerate PCR and then 5’ and 3’ rapid amplifi-
cation of cDNA ends (RACE) (GenBank accession no. GQ373389). By the use
of the sequence from these portions of the eIF4G mRNA, the full-length Ascaris
eIFAG open reading frame (see Fig. S1 in the supplemental material) was
amplified by PCR (using GACGACGACAAGATCAGGTTCAAACTTACTA
TGTCCAGTAG and CGCGGGCGGCCGTTCTTAATTGAGCAACTCATA
GAGATTTTC primers). Purified PCR products were treated with T4 DNA
polymerase and simultaneously annealed into pET30a with an LIC Duet mini-
adaptor (Novagen, Madison, WI) to form a plasmid that would coexpress both
proteins. The final construct, as confirmed by sequencing, consisted of eIF4G in
the orfl position with an N-terminal 6 X His tag followed by the miniadaptor and
then eIF4E-3 in the orf2 position. The plasmid, called 4G-Mini-4E3-pET30, was
transformed into the Rosetta 2 DE3 expression strain (Novagen). A 1-liter
volume of culture at an optical density at 600 nm (ODg) of 0.4 in LB-kano-
mycin (30 wg/ml) was induced by adding IPTG (isopropyl-B-p-thiogalactopy-
ranoside) to achieve a final concentration of 0.2 mM and was incubated with
shaking at 16°C for 24 h. Cells were harvested and stored at —80°C. The cell
pellet was resuspended in 20 ml of lysis buffer (20 mM HEPES-KOH [pH 7.5],
300 mM urea, 200 mM NaCl, 100 mM KCl, 10% glycerol, 10 mM imidazole, 1
mM DTT, 2 Complete Mini EDTA-free protease inhibitor tablets [Roche,
Indianapolis, IN], and 1 pg/ml lysozyme) and incubated on ice for 30 min. The
lysate was then sonicated on ice for 10 min at power setting 7.5 using 10-s pulses
with 20-s rests (Misonix Sonicator 3000; Fisher Scientific). The sonicated sample
was clarified by centrifugation at 16,000 X g for 20 min at 4°C. The resulting
supernatant was incubated with 1 ml nickel-nitrilotriacetic acid (Ni-NTA) beads
(Qiagen) that had been equilibrated with His wash buffer (20 mM HEPES-KOH
[pH 7.5], 300 mM urea, 200 mM NaCl, 100 mM KCl, and 10% glycerol) for 1 h
at 4°C on a nutator. Protein was eluted from the Ni-NTA beads by using a
stepwise gradient of imidazole concentrations in His wash buffer. Eluates (1 ml)
were analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and the three eluates containing the eIF4E/G complex were
collected. The sample buffer was exchanged using buffer-20 (20 mM HEPES-
KOH [pH 7.6], 20 mM KClI, 0.1 mM EDTA, 1 mM DTT, and 10% glycerol) and
an Amicon Ultra-4 centrifugal filter device (Millipore) (100-K cutoff). SDS-
PAGE analysis revealed the two protein bands of interest (eIF4G at ~170 kDa
and eIF4E-3 at ~26 kDa), constituting ~40% of the total protein in the sample.

RNA preparation. Reporter RNAs (Renilla or Gaussia luciferase with an 85-nt
adenylate tail) were transcribed from PCR templates by the use of T7 RNA
polymerase and an Ambion Megascript kit and purified as previously described
(5, 25). Cap priming was carried out at a ratio of 8:1 for cap:GTP by the use of
m’GpppG or m*>’GpppG prepared as described previously (5, 25). Transcrip-
tion reaction mixtures were treated with DNase I and extracted with TRIzol
(Invitrogen, Carlsbad, CA), and the RNAs were precipitated twice, once with
isopropanol and then with ammonium acetate-ethanol. Precipitated RNAs were
further washed with 70% ethanol, dissolved in water, quantitated spectro-
photometrically, and examined by agarose-formaldehyde denaturing gel elec-
trophoresis. The 5" UTR sequences used are illustrated in the figures for each
experiment (shown as DNA sequences), and the 3" UTRs were as previously
described (5, 25).

SL mutations. Blocks of random mutations in the RNAs were introduced
using primers that incorporated N into PCR templates at specific positions,
resulting in transcribed RNAs with all four nucleotides represented at the N
position. Specific nucleotide substitutions were prepared using PCR primers to
generate mutant PCR templates, with the corresponding mutant RNAs tran-
scribed in vitro as described above.

RNA stability and 5' monophosphate RNA analysis. >>P-labeled transcripts
were synthesized using Promega’s Riboprobe in vitro transcription system (Mad-
ison, WI) as described previously (5, 25). For stability analyses, uniformly labeled
RNAs were added to the cell-free translation system, purified at different time
points, and electrophoretically separated under denaturing conditions, and the
amount of RNA remaining was determined by phosphorimager analysis using a
Molecular Dynamics STORM 860 phosphorimager and ImageQuant software.
Monophosphate RNAs (5") were produced using RNA priming with a GMP:
GTP ratio of 40:1. Dcp2 decapping of an mRNA in the extract would generate
an RNA with a 5" monophosphate (pGN,... versus TMGpppGN,.....). Mono-
phosphate RNA (5") was used to mimic decapped RNA in stability assays. For
analysis of the amount of 5" monosphosphate RNAs produced during translation
in the cell-free system, RNAs were isolated at various time points and treated
with Terminator 5’ phosphate-dependent exonuclease (Epicentre, Madison, WI)
and the RNAs were analyzed and quantified by phosphorimager analysis of
denaturing gel electrophoresis separations. Terminator is a 5’ — 3’ exonuclease
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(Epicentre) that is highly specific for RNAs with a 5" monophosphate and does
not degrade capped, 5" triphosphate, or diphosphate RNA (52).

SPR. The binding of proteins to short RNAs was analyzed using a BIACORE
3000 surface plasmon resonance (SPR) instrument (Biacore, Uppsala, Sweden)
and Sensor Chip SA (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The
chip was conditioned by three injections of 100 pl of 1 M NaCl-50 mM NaOH
at a flow rate of 100 pl/minute. HBS-P buffer (GE Healthcare Bio-Sciences AB)
(0.01 M HEPES [pH 7.4], 0.15 M NaCl, 0.005% Surfactant P-20) was used as a
running buffer at a flow rate of 20 wl/min. Immobilization of ligand RNA was a
two-step process. First, 40 wl of 2 pM biotinylated oligo(dT),; was immobilized
on all four channels (saturated response). Then, 30 ul of 2 puM RNA [consisting
of 41-nt RNA with 20 additional As for a 3’ poly(A) tail] was bound to each
channel through dT/A base pairing. The responses for each RNA immobilization
were observed to be relatively similar for all channels (1,700 to 1,900 relative
units). A 100-pl volume of purified recombinant Ascaris 4E-3/4G complex at
various concentrations (1.73 nM, 3.45 nM, 6.9 nM, 13.8 nM, and 27.6 nM) was
injected on all four channels, and response was measured. The chip was regen-
erated using 40 pl of 6 M guanidine-HCI (pH 2.2). The data were analyzed using
Scrubber-2 software (University of Utah, Salt Lake City, UT), and the bulk
refractive index was floated to fit the data.

Sucrose gradient analysis of translation reactions. Translation reactions were
analyzed on sucrose gradients prepared in polypropylene tubes (Seton Scientific,
Los Gatos, CA) (14 by 89 mm) by layering equal volumes of 5% sucrose on 25%
sucrose (5% or 25% sucrose, 50 mM Tris-HCI [pH 7.5], 50 mM NaCl, 5 mM
MgCl,, 1 mM DTT, 100 pg/ml cycloheximide). Gradients were formed using a
Gradient Station apparatus (Biocomp, Fredericton, New Brunswick, Canada).
Cell-free translation reactions were performed using micrococcal nuclease-
treated Ascaris extract scaled up to 200 pl and preincubated with 0.5 mM
cycloheximide for 5 min at 30°C. Translation reactions were initiated by the
addition of 250 ng of universally 3>P-labeled RNA. Following an incubation of 30
min at 30°C, reaction mixtures were diluted with an equal volume of cold
homogenization buffer (100 mM Tris-HCI [pH 7.5], 100 mM NaCl, 40 mM
MgCl,, 300 pg/ml cycloheximide, 100 pg/ml heparin) and 40 ul of 10X detergent
solution (5% Trition X-100, 121 mM sodium deoxycholate). Samples were lay-
ered on top of the gradients and centrifuged at 36,000 rpm for 3 h at 4°C in a
SW41 Ti rotor (Beckman Coulter, Inc., Fullerton, CA). Sucrose gradients were
fractionated using a Gradient Station apparatus (Biocomp) and an FC203B
fraction collector (Gilson, Inc., Middleton, WI). Fractions (350 wl) were col-
lected, and radioactivity was detected using Cerenkov counting. During fraction-
ation, the absorbance at 254 nm was recorded using a Pharmacia Biotech
UV-MII lamp (1-A sensitivity) and ReclII recorder (GE Healthcare, Piscataway,
NJ) (0.2 V, 20 mm/min).

RESULTS

SL sequence and translation of TMG-capped RNAs. To
examine the function of the SL sequence in translation, we
used a nematode embryo cell-free translation system that is
cap and poly(A)-tail dependent, exhibits cap-tail synergism,
and reproduces characteristics of trans-spliced mRNA transla-
tion observed in vivo, including the ability of the SL sequence
to stimulate translation of TMG-capped RNAs (5, 25). As
previously observed, TMG-capped RNA translation is less ef-
ficient than m’G-capped RNA translation in the nematode
cell-free system (see Fig. 1A; compare columns 1 and 2). Re-
placement of the first 22 nt of the test RNA with the nematode
SL1 sequence significantly enhanced translation of the TMG-
capped RNA but did not significantly stimulate translation of
m’G-capped RNA (Fig. 1A; compare columns 1 and 3 to
columns 2 and 4). Efficient translation of the TMG-capped
RNA appears to be dependent on sequences within the spliced
leader, since substitution of random sequences for the SL did
not facilitate translation of the TMG-capped RNA (Fig. 1A;
compare columns 5 and 6). Overall, these data show that the
SL is needed for efficient translation of TMG-capped mRNAs.

Key regions of the SL required for TMG cap translation. To
determine the specific sequences within the spliced leader that
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contribute to translation of TMG-capped mRNAs, we tested a
series of random 4-nt substitutions across the entire SL in the
in vitro translation system (Fig. 1B). Mutations in two regions
of the SL, Mut-1 and Mut-3, led to significant reductions in the
translation of the TMG-capped luciferase reporter (Fig. 1B).
Similar results were obtained using a second luciferase re-
porter RNA (Gaussia luciferase) with the SL sequence placed
immediately upstream of the reporter AUG (Fig. 1C). The
configuration of the SL relative to the AUG in these two 5’
UTRs corresponds to the two major types of native trans-
spliced 5" UTRs on nematode mRNAs (25). We next deter-
mined whether the SL mutations in blocks 1 and 3 were addi-
tive by evaluating translation of a double mutant, Mut-7. The
reduction in translation observed in Mut-7 was only slightly
greater than that seen with either Mut-1 or Mut-3 (Fig. 1B). To
determine whether the Mut-1 and Mut-3 mutations reduced
luciferase expression by decreasing mRNA stability, we exam-
ined the decay of the reporter RNAs during translation. Mut-1
and Mut-3 RNAs were slightly more stable than RNA with the
wild-type (WT) SL during translation (Fig. 1D). Similar results
were obtained for the second Gaussia luciferase reporter RNA
(data not shown). Therefore, mutations in the SL inhibit trans-
lation and not RNA stability.

To test the possibility that mutations in blocks 1 or 3 led to
decapping of mutant versus wild-type SL RNA, we examined
the rate of decay of 5" monophosphate RNAs (the products of
RNA decapping) and compared the amounts of decapped
RNAs derived from wild-type or mutant SL mRNAs that ac-
cumulated during translation in the extracts. These analyses
demonstrated that decapping of mRNAs with the wild-type SL
was not different from decapping of mRNAs with the mutant
SLs (see Fig. S2 in the supplemental material). We conclude
from these data that SL nucleotides within blocks 1 and 3
promote translation of capped mRNAs.

Specific SL nucleotides are necessary and sufficient for
translation of TMG-capped RNAs. To determine the contri-
bution of individual nucleotides within blocks 1 and 3, we
examined random 2-nt mutations. All 2-nt sets within these
regions contribute to the translation of TMG-capped mRNAs
(see Fig. S3A and B in the supplemental material). We used
blocks of random nucleotides in a nonbiased and rapid ap-
proach to define sequences that contribute to this translation
effect. However, as each 4-nt block of substitutions represents
256 different RNA transcripts, we predicted that the observed
reductions in translation are likely underestimates of the total
effect of altering these nucleotides. We next examined several
specific nucleotide mutations in block 3 for their effect on
translation. Specific nucleotide substitutions led to a significant
reduction in translation (Fig. 2A; GGGT-Mut-3 levels were
only 3% of wild-type levels). Single nucleotide substitutions in
block 3 and SL nt 14 (not previously tested as part of a Renilla
block mutation) also greatly reduced translation (Fig. 2B).
Finally, substitution of the first nucleotide of the SL (G — A)
or deletion of this G led to a reduction in translation (Fig. 2B).
Thus, specific nucleotides within the SL are required for trans-
lation of TMG-capped RNA in nematodes.

We next determined which SL sequences were sufficient for
optimal translation of a TMG-capped RNA by comparing the
translation of RNAs with fixed regions of SL sequence com-
bined with other randomized regions (Fig. 2C). Although mu-
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FIG. 1. Two regions within the SL are required for optimal translation of TMG-capped RNAs. (A) The spliced leader sequence is required for
efficient translation of TMG-capped RNAs. Renilla luciferase reporter RNAs with a 3’ 85-nt polyadenylate tail were transcribed in vitro and
translated in an Ascaris embryo cell-free translation system. RNA differences included the type of cap (m’G, m’GpppG; TMG, m*>>’GpppG) and
sequences in the 5" UTR as illustrated. Translation levels were set at 1 for the m’GpppG-capped RNA with the Renilla 5 UTR (m’G-Ren).
Translation of this m’G-capped Renilla RNA resulted in ~1.5 X 107 relative light units (RLUs)/ng of RNA in the extracts. (B) Random block
mutations within the SL define two regions that contribute to translation of TMG-capped Renilla luciferase RNA. N, all four nucleotides
represented at these positions in the DNA template and translated RNA. (C) Translation of Gaussia luciferase RNA with the SL and its mutants
immediately adjacent to the AUG codon defines the same two regions within the SL important for translation of TMG-capped RNA. (D) Stability
of RNAs with block mutations in the SL is not decreased during translation in the extracts. The percentages of 1,100-nt Renilla RNA remaining
were calculated as a function of time and plotted. Note that RNAs with mutations in the SL and decreased translation (Mut-1 and Mut-3) did not

exhibit reduced RNA stability during the translation period.

tations in blocks 1 and 3 of the SL led to the most dramatic
reductions in translation, these two regions alone were not able
to fully rescue translation of TMG-capped RNA. However,
blocks 1, 3, and 4 that included the native nucleotide 14 were
able to translate TMG-capped RNA as efficiently as the wild-
type SL sequence. The key block 4 residue was the A at nu-
cleotide 14 (Fig. 2D and data not shown). Thus, the core SL
sequence sufficient for optimal translation when the TMG cap
is present is GGUUUNNNNACCCANNNNNNNN.

Core SL sequences contribute to the RNA secondary struc-
ture required for translation of TMG-capped RNA. Examina-

tion of the SL sequence led to the identification of a potential
stem-loop structure in the 5’ end of the SL (Fig. 3A). To
determine whether the stem contributed to facilitating trans-
lation of TMG-capped RNAs, we tested RNAs in which each
side of the stem was altered to disrupt potential base pairing
along with a double mutant that restored the stem base pairing
(Fig. 3B). The mutations that disrupted the putative stem led
to significant reductions in translation, but when the two mu-
tations were combined to restore base pairing, translation was
also restored (Fig. 3D). As is consistent with these observa-
tions, selective 2'-hydroxyl acylation analyzed by primer exten-
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FIG. 2. Sequences necessary and sufficient for optimal translation of TMG-capped RNAs. (A) Fixed nucleotide substitutions within block 3
further reduced translation of TMG-capped RNAs. For the comparisons, WT SL translation was set to 1. (B) Single nucleotide substitutions
significantly reduce translation of TMG-capped RNAs. (C) Sequences within blocks 1, 3, and 4 are necessary and sufficient for optimal translation
of TMG-capped RNAs. (D) Nucleotide 14 is the key residue in block 4 required for optimal translation of TMG-capped RNAs. Experiments were

carried out as described for Fig. 1.

sion (SHAPE) (33, 51) demonstrated that some of the core SL
sequences were constrained and that mutations in block 3
(ACCC — GGGU) led to increased flexibility in blocks 1 and
3 (see Fig. S4 in the supplemental material). Together, these
data demonstrate that a small stem-loop at the 5’ end of the SL
plays an important role in translation of TMG-capped RNAs.

The position and spacing of the SL determine its activity.
We next examined whether spacing between the stem and
block 1 nucleotides is important. Separation of the TMG cap
and block 1 by as little as 2 random nucleotides dramatically
reduced translation (Fig. 3E). We next examined the impor-
tance of spacing between the two key blocks of residues (blocks
1 and 3) by evaluating the effect of increasing the distance
between these elements. Spacing of more than 2 nt significantly
reduced the overall translation (Fig. 3F). We conclude that
spacing between the TMG cap, block 1, and block 3 is impor-
tant to translation, which in turn suggests that the loop, its
length, and its location with respect to the cap are important
for translation.

The nematode eIF4E/G complex, but not the wheat germ
elF4F complex, enables translation of TMG-SL RNAs. To
investigate specific nematode proteins that might be in-
volved in this translation effect, we first asked whether com-
ponents of the nematode eIF4F complex were able to facil-
itate the enhanced translation of TMG-SL mRNAs. We
depleted the eIF4F complex (typically eIF4E, elF4G, and
elF4A) from Ascaris extracts by the use of m’GTP-Sepharose
affinity chromatography (10, 11). Western blot analysis of the
depleted extract demonstrated that the majority of eIF4G and
the three Ascaris eIFAE isoforms (eIF4E-1, eIF4E-3, and
elF4E-4) were depleted from the extracts (see Fig. S5 in the
supplemental material). m’GTP-Sepharose depletion of the
extracts reduced translation competence to 1% of the nonde-
pleted extract levels (data not shown). Reconstitution of the
depleted extract with purified recombinant Ascaris eIF4E-3
and elF4G, the two major components of elF4F complex,
increased translation 25-fold (Fig. 4A). Notably, eIF4E/G res-
cue of translation led to the translation profile observed with
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FIG. 3. Conserved SL sequences contribute to a 5" stem-loop, and spacing of sequences within the SL are required for efficient translation of
TMG-capped RNA. (A) Predicted 5’ stem-loop in the nematode SL1. Gray shading highlights the SL residues that contribute to the efficient
translation of TMG-capped mRNAs. (B) Mutations in both stems of the SL that together would retain base pairing in the stem. Red-shaded
residue sequences represent the mutated residues. (C) Designations and alignment of SL mutations that alter and reconstitute base pairing in the
SL stem. Gray shading shows key sequences in the SL required for translation of TMG-capped RNA, and red shading denotes the nucleotide
mutations. (D) Translation of RNAs with SL mutations that disrupt and then reconstitute the 5’ stem of the SL. (E) Block 1 sequences must be
within 2 nt of the TMG to enable efficient translation of TMG-capped RNA. GGGT Mut3 is represented as described for Fig. 2C. Insertion
mutations (e.g., +2N) were designed and compared with compensating deletions (e.g., —2N) following the SL to maintain a constant length in the
5" UTR for translation comparisons. The plotted values were obtained by dividing the translation level of the “SL-G+XN” value by the “—XN”
value (see Fig. S3 in the supplemental material for the illustration of the raw data). (F) The spacing of sequences between blocks 2 and 3 in the
loop of the SL is important for efficient translation of TMG-capped RNA. Experiments were carried out as described for Fig. 1.

nondepleted extracts: significant translation of TMG-SL
mRNA but limited translation of TMG-capped RNAs with SL
mutations (Fig. 4A). 4E binding proteins and peptides derived
from these proteins, namely, 4E binding peptide (4E-BP),
compete with eIF4G for binding to eIF4E. Preincubation of
Ascaris elIFAE/G complex with a 4E-BP peptide (RIITYDRKF
LMECRNSPV) prior to their addition to the extract resulted
in ~95% loss of reconstituted translation, indicating that both

the complex and interaction between the two proteins were
required for reconstitution (data not shown). Reconstitution of
the m’GTP-Sepharose-depleted Ascaris extract with wheat
germ elF4F complex (eIF4E, eIF4G, and eIF4A) did not
result in the same effect for TMG-capped mRNAs (compare
the ratio of WT SL/mutant SL for wheat germ [2.05] to that
determined for Ascaris extracts [4.69]). These data suggest that
the Ascaris eIFAE-3/G complex specifically contributed to the
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FIG. 4. The Ascaris eIFAE/G complex enabled efficient translation of TMG-capped RNA in the context of the WT spliced leader, but wheat
germ elF4F did not. (A) Depletion and reconstitution of Ascaris extracts with eIF4E/G. Note that reconstitution of eIF4F-depleted Ascaris extracts
with Ascaris eIFAG/E recapitulated the “SL effect” and that efficient translation of a TMG-capped RNA required an intact SL. Note also that
translation in nondepleted extracts resulted in a value of ~7 X 10° relative light units/s. (B) Addition of eIF4E/G to wheat germ extracts. Note
that in wheat germ translation extracts (B), translation of TMG capped mRNAs was very inefficient (<5% of m’G capped RNAs; see Fig. 5). WG,
wheat germ; Asc, Ascaris. WG elF4F complex included wheat germ elF4E, elF4G, elF4A, and elF4B.

translation of TMG-SL mRNAs. We also added the Ascaris
elF4E-3/G complex to wheat germ extracts, for which levels of
TMG-mediated translation of WT and mutant SL mRNAs are
similar (Fig. 4B and Fig. 5A). However, the addition of Ascaris
eIF4E-3/G complex increased translation of the TMG-capped
WT SL mRNA nearly 2-fold (Fig. 4B). Together, these results
suggest that the nematode eIF4E-3/G complex is one of the
major determinants for the translational enhancement of
TMG-capped mRNA by the SL stem-loop.

The contribution of these nematode initiation factors to the
translation of TMG-capped RNAs suggests that the SL affects

A Wheat Germ

Relative Translation

ATG

Ren GGTCATTCCGGTACTGTTGGTAGGCTAGCCACCATGACTTC

translation initiation. To confirm this, we examined the kinetics
of translation and the formation of 80S ribosomes on TMG-
capped RNAs. Time course translation experiments revealed
that the difference between WT and mutant SL is a difference
in the rate of translation (see Fig. S6A and B in the supple-
mental material), which indicates that the initiation processes
for these two messages are different (34, 40). We also observed
that more 80S ribosomes accumulate on the wild-type SL
mRNA (see Fig. S6B in the supplemental material). Overall,
these data confirm that the SL’s enhancement of translation
takes place at the initiation step. Unfortunately, using sucrose

B Rabbit Reticulocyte

Relative Translation

ATG
WT GCTAGCCACCATGACTTC
Mut-1 GCTAGCCACCATGACTTC
Mut-2 GCTAGCCACCATGACTTC
Mut-3 GGGCTAGCCACCATGACTTC
Mut-4 GGGCTAGCCACCATGACTTC
Mut-5 TT GCTAGCCACCATGACTTC

No SL GGTCATTCCGGTACTGTTGGTAGGCTAGCCACCATGACTTC

FIG. 5. SL-enhanced translation of TMG-capped RNAs was nematode specific. (A) The nematode spliced leader did not enhance translation
of a TMG-capped Renilla reporter RNA in a wheat germ cell-free system. (B) The nematode spliced leader and mutations within the SL did not
significantly enhance or affect translation of a TMG-capped Renilla reporter RNA in a heterologous rabbit reticulocyte translation system.
Experiments were carried out as described for Fig. 1. Red-shaded characters represent random nucleotides whose presence led to a reduction in

nematode translation of TMG-capped RNAs.
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TABLE 1. Surface plasmon resonance data for Ascarid eIF4E-3/G
complex with m*>>’G-capped wild-type SL, stem mutant SL, and
stem compensatory mutant SL*

Residual K,

RNA k mxSD (nM)

a

ky R

TMG-SL WT 327 x10° 1.09x 107% 3,812 559 334
TMG-10,11 (GT) 288 X 10° 132x107° 3,408 541 457
TMG-AC,GT 2248 x10° 1.22x 1073 3,788  56.0 545

@ TMG-SL WT, m>>7G-capped wild-type SL; TMG-10,11 (GT), stem mutant
SL; TMG-AC,GT, stem compensatory mutant SL; k,, rate constant association;
k,, rate constant dissociation; R,,,,, theoretical response maximum for channel;
Residual SD, residual standard deviation; Kj,, dissociation constant.

gradients with Ascaris extract, we were unable to resolve or
trap 43S ribosome-loaded mRNAs, so we could not determine
whether translation is affected before or after 43S complex
loading.

SL does not affect the affinity of eIF4E/G for capped RNA.
One hypothesis addressing how the nematode eIF4E/G com-
plex works with the SL is that the SL stem-loop enhances
elF4E/G affinity for TMG-capped RNA. In order to examine
this hypothesis, we used surface plasmon resonance (SPR) (32,
41) and different TMG-capped, polyadenylated small RNAs
annealed to 5' biotin-oligo(dT) immobilized on a streptavidin
chip (see Materials and Methods). The recombinant Ascaris
elF4E-3/G complex showed the same relative affinity for the
WT SL, the 10,11 GT Mut 3 SL, and the stem-loop compen-
satory AC,GT Mut SL RNAs (Table 1; also see Fig. S7A in the
supplemental material). These binding data are in agreement
with translation experiments demonstrating that the trimeth-
ylguanosine cap analog, which directly blocks capped-RNA
recruitment to eIF4F (24), does not differentially inhibit TMG-
capped messages with or without the SL (see Fig. S7B in the
supplemental material). UV cross-linking experiments showed
that recombinant Ascaris eIFAE-3 alone did not have an in-
creased affinity for TMG-capped RNAs in the presence of the
SL stem-loop (see Fig. S7C in the supplemental material).
Similar experiments using filter binding and other SPR exper-
iments confirmed these results (data not shown). Overall, these
data suggest that the SL enhancement of translation does not
involve the cap-binding affinity of the eIF4E/G complex for the
RNA. In the wheat germ experiments represented by Fig. 4B,
the Ascaris eIF4E-3/G complex provided a nearly 2-fold boost
to TMG-WT SL mRNA translation. Thus, it remains possible
that additional factors may be required to promote cap-binding
or translation initiation.

Specificity of TMG-SL translation enhancement. The deple-
tion and reconstitution of Ascaris extracts and addition of
Ascaris eIFAE/G to wheat germ extracts suggest that this nem-
atode complex is a key determinant in the translation enhance-
ment of TMG-capped SL mRNAs and that the enhanced trans-
lation would be observed only in nematode extracts. We therefore
asked whether the spliced leader sequence specifically enhanced
translation of TMG-capped mRNAs in heterologous translation
systems. mRNAs in eukaryotes typically have a m’G cap, and
elF4E, the cap-binding protein required for cap-dependent
translation initiation, has a low affinity for the TMG cap (35,
43, 54). Translation in wheat germ extracts is dependent on the
presence of cap; however, translation in rabbit reticulocytes is
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quite promiscuous, enabling some translation of TMG-capped
RNAs (6). As shown in Fig. 5, the SL sequence does not play
the same role in enhancing translation in other eukaryotic
translation systems. Thus, the effect of the SL on TMG-capped
translation is specific to the nematode translation system and is
enabled by nematode trans-acting factors, including eIF4E/G.

Nematode SL core sequences are conserved. The SL1 se-
quence is highly conserved in rhabditid nematodes (Fig. 6A). A
second spliced leader (SL2) and a number of related variants
are present in Caenorhabditis elegans (19, 42). Alignment of
Ascaris SL1, C. elegans SL2 (Fig. 6B), and several additional SL
variants in nematodes (Fig. 6C) demonstrated that the key SL
sequences are conserved (15). Notably, the conservation of the
SL stem is supported by the existence of covariations in some
of the SLs. For example, in Pp2f SL2, covariation in nt 3 and
9 maintains the stem structure. Similar covariations are also
found in Bmla SL1 and Ppa SL2a (Fig. 6A, C, and D).

The major differences between SL1 and SL2 are represented
by the nucleotides in blocks 2 and 5 (Fig. 6C). We examined
several of these variant SLs and hybrid SLs in the Ascaris in
vitro translation system (see Fig. S8A in the supplemental ma-
terial). These analyses demonstrated that a hybrid SL that used
the 5" end of SL2 with the 3’ end of SL1 enabled efficient
translation of the TMG cap (see 5" SL2-SL1 3’ in Fig. SSA in
the supplemental material) and that the 3’ end of the SL plays
a minimal role in facilitating translation of the TMG cap (see
Fig. S8A in the supplemental material). Overall, these data
suggest that the residues (GGUUUNNNNACCCANNNNN
NNN) are important for efficient translation of TMG-capped
mRNAs not only in Ascaris species but also in many divergent
nematode species.

In all spliced leaders identified, the three 3’-most nucleo-
tides are invariably purines. We substituted three Ts for these
purines but observed no effect on translation (see SL-TTT in
Fig. S8A in the supplemental material). Recently, variant
spliced leaders in what is considered a basal nematode lineage,
Trichinella spiralis, were described (38). In contrast to the high
conservation of SL1- and SL2-like sequences observed in other
nematodes, Trichinella SLs are numerous and divergent. How-
ever, several of the spliced leaders (Tpl, Tp2, and Tp3) have
portions of the conserved blocks that we have identified as
important. These regions can contribute to the enhanced trans-
lation of TMG-capped mRNAs in Ascaris extracts (see Fig.
S8B in the supplemental material).

DISCUSSION

Efficient translation of a TMG-capped mRNA in the Ascaris
nematode requires the associated 22-nt trans-spliced SL1 se-
quence (5, 25, 29). We refer to this phenomenon as the “SL
effect.” Here, we define the nucleotides within the highly con-
served nematode SL1 spliced leader (nucleotides 1 to 5 and 10
to 14 [GGUUUNNNNACCCANNNNNNNN]) required for
the SL effect (Fig. 1 and 2). The identified core nucleotides
contribute to a functionally required stem-loop at the 5" end of
the SL (Fig. 3). The contribution of the SL to efficient trans-
lation is specific to both the TMG cap and nematodes (Fig. 1A
and 5). Several lines of evidence demonstrate that the nema-
tode eIF4E-3/G complex is a critical determinant for the SL
effect. First, depletion of the complex from nematode ex-

0T0Z ‘Sz Yare\ uo Aq Blo'wse'qow wolj papeojumoqd


http://mcb.asm.org

A su TTIﬁCCCA
Asta SL1 AT T/dCCCA
As1b SL1 AICT[ACCCA
Bm1aSL1@ AITTTACCCA
BM1b SL1 - AITQACCCA
Bmic SL1 - AITTIACCCA
Nbta SL1 A TTAACCCAA -
Sria SL1 AIANAIACCCA| - - - -
Sr1b SL1 AIAIAIACCCA| - - - -
Sric SL1 AIAJAACCCA| - - - -
Sr1d SL1 AIAIAACCCA|- - - -
Sr1e SL1 AIANAACCCAA[- - - -
Sr1f SL1 A[TIAACCCA| -
Sr1g SL1 AIAJAACCC
Srth SL1 AIA[AIACCC] - |- -
Sr1i SL1 AITTAACCC
Sr1j SL1 AITIAIACCCA| - - -
Srik SL1 A|AJAACCCA|
B Block 1 Block 2 Block 3 Block 4 Block 5
Mut1 | Mut-2 | Mut-3 | Mut-4 | Mut-5 |
SL1I GGTTTAATTACCCAAGT TTG---AG
SL2 GGTTTTA- -ACCCA-GTTACTCAAG
Block 1
lock 2
C  su TT
Cele SL2 - -
Cele SL3
Cele SL4
Cele SL5 - -
Cele SL& - A
Cele SL7 - -
Cele SL8
Cele SL9
Cele SL10
Cele SL11
Cele SL12
Cele SL13
Doli SL2a -
Doli SL2b - -|/ACCCA|-|GTATCTCAAG
Hae SL2 - -/ACCCA|-[GTATCTCAAG
Pp2a SL2 - -|ACCCA|-|GTATCTCAAG
Pp2b SL2 - -|ACCCA|-|GTATCTCAA(Q
Pp2c SL2 - -|[ACCCA|- |GTATCTCAAG
Pp2d SL2 - -|/ACCCA|-[GTATCTCAAG
Pp2e SL2 -|AcccA|- |GTATCTCAAG
Pp2f SL2 -7lcccAl- []TATCTCAAG
Pp2g SL2 - -[Acc[]a-[eTATCTCAAG
Nb2a SL2 -|ACCCA|-[GTATCTCAAG
Nb2d SL2 -[ACCCA|- |GTATCTCAAG
D su - JGEGTTT-AATT
CeleSL2 - -|GGTTTT| T|
PpaSL2a - -GTTT T|
HaeSL2 - -|IGGTT T|T]| T|
DoliSL2b - -|GGTTTT T
DoliSl2a - -[GGTTTT] Tl
Tp-1 -AGG TT -A
Tp-2 AGGTIATT -A
Tp-3 - -|GGT T|A[T| -A
Tp-10 -AACATT
Tp-11 - -|GGTA AT
g
Tp-9 = C T1
Tp-5 A C g
Tp-6 - - G
A mdd
Tp-7 - -[AA GCAQG
Tp-4 ehifife(c

FIG. 6. Alignment and sequence conservation of nematode spliced leaders identified key SL regions associated with efficient translation of the
TMG cap. (A) Rhabditid SL1 sequences. (B) Comparison of C. elegans SL1 and the primary SL2 sequence, illustrating the conserved sequences
and regions mutated as shown in previous figures. (C) Rabditid SL2-like sequences. (D) Diversity of SL sequences in nematodes. Bold or shaded
sequences represent identical residues, light gray residues represent variants, and dashes represent spacing to facilitate alignments. The orange
shading depicts blocks 1 and 3 of the spliced leader. Nucleotide 14 is included here in block 3.
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tracts and its reconstitution with recombinant nematode
elF4E/G complex, but not the wheat germ complex, demon-
strates the SL effect (Fig. 4A and B). Second, the SL effect is
not observed in wheat germ translation extracts. Third, the
addition of the nematode eIF4E/G complex, but not the wheat
germ complex, to wheat germ extracts leads to the SL effect in
wheat germ extracts. Overall, these data demonstrate that the
nematode eIF4E/G complex works with the SL stem-loop and
associated sequences to facilitate nematode translation of
TMG-capped mRNAs.

Nematode SL stem-loop required for efficient translation of
TMG-capped RNA. Spacing of nucleotides within SL1 is im-
portant, with a minimal distance between the TMG cap and
block 1 required (Fig. 3E and F). The length of the loop plays
a role in translation, as insertion of more than 2 nt into the
loop abrogates the enhancement of translation (Fig. 3F). The
loop can be reduced by 2 nt, as illustrated by SL2, which is
translated efficiently. Mutations on both sides of the stem that
restore base pairing indicate that the stem is required for
enhancing translation. The stem mutations introduced in this
study were all transitions and thus maintained some character
of the bases. While the structure is required, there also may be
some sequence requirements. In addition, nucleotides within
the loop and immediately 3’ of the stem also facilitate trans-
lation of TMG-capped RNAs (Fig. 3). The second guanine
nucleotide of the TMG cap is also required for efficient TMG-
capped RNA translation (Fig. 2B). A 3-bp stem would be
predicted to be quite weak, so we hypothesize that the tri-
methylated guanosine cap may physically interact with the cy-
tosine or adenosine immediately 3" of the stem or the RNA
structure to stabilize the stem and/or contribute to a novel
structure. Overall, it is likely that the stem-loop structure, a
higher-order structure, or its stability is dependent on some
attribute specific to the TMG cap because m’G-capped RNA
translation is not enhanced by the SL. Interestingly, high-
throughput RNA sequencing of Ascaris mnRNAs demonstrated
that the majority of the mRNA sequences that extend 5’ to the
SL stop predominantly at the C that is immediately down-
stream of the stem (data not shown). These data further sug-
gest that a structural element is present at the 5" end of the SL.

Mechanisms through which the eIF4E/4G complex might
facilitate translation initiation. Recognition of the mRNA cap
by eIF4E (and recruitment of the ribosome through eIF4G in
the eIF4F complex) is a rate-limiting step of translation (13, 37,
50). In contrast with most eukaryotic eIF4Es, Ascaris eIFAE-3
and several C. elegans elF4Es recognize the TMG cap in ad-
dition to the m’G cap (20, 22, 25). Addition of Ascaris eIF4E-3
directly to translation extracts or m’GTP-Sepharose-depleted
extracts did not significantly enhance translation or show the
“SL effect.” We previously reported (using UV cross-linking)
that (i) recombinant nematode eIFAE bound only to capped
RNA and (ii) binding to the TMG cap appeared greater when
the SL was present (25). However, efforts to further charac-
terize and quantify the potential interaction between eIF4E-3
and TMG-SL RNA by the use of filter binding assays, surface
plasmon resonance, and other approaches did not demon-
strate that the core residues, GGUUUNNNNACCCANNN
NNNNN, play a large role in enhancing cap binding (see Fig.
S7B in the supplemental material). Overall, these data suggest
that while nematode eIF4AE may recognize the TMG cap, the
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SL and nematode eIF4G may be necessary to either stabilize
the complex or enhance recruitment of the 43S complex for
translation initiation. Therefore, it would be predicted that in
the absence of the SL or with mutations in the SL, ribosome
recruitment would be less efficient. The kinetics of translation
and the formation of 80S ribosomes on wild-type and mutant
SL mRNAs demonstrate that the SL does indeed enhance
translation initiation (see Fig. S6 in the supplemental mate-
rial). Experiments using cap analogs as competitive inhibitors
of translation suggest the SL may contribute to translation of
TMG-capped RNAs after the initial cap-binding step (see Fig.
S7A in the supplemental material).

The data presented here suggest that the stem-loop struc-
ture does not increase elF4E/4G’s affinity for the capped mes-
sages (Fig. 4C and D). One possible model to explain the SL
requirement for TMG-capped RNA translation is that the
nematode eIF4G has adapted to interact, directly or indirectly,
with the SL sequence to enhance recruitment of the 43S com-
plex to the mRNA, form a stable 48S complex on the mRNA,
enhance its scanning, or join to the 60S subunit. eIF4G is a
known RNA binding protein, and interactions between eIFAE
and eIF4G upon binding to the cap could enable conformation
changes and interaction with the SL to facilitate translation (1,
14, 18, 21, 40, 53). A great deal of sequence and functional
diversity between eIF4Gs exists (11, 13). Overall, Ascaris
elF4G shows only 15% identity and 12% similarity to wheat
germ elF4G and 21% identity and 14% similarity to human
elF4GI (see Fig. S1 in the supplemental material). While there
is higher similarity in the core, central domain, it is difficult to
identify regions of Ascaris eIF4G that might be unique and
contribute to the SL effect. Experiments are under way to
evaluate RNA binding of Ascaris eIF4G to the RNA stem-loop
on trans-spliced mRNAs.

The specific spacing requirements necessary for efficient
translation, including the distance from the TMG cap to the
stem and size of the loop, suggest that a specific binding site is
likely to be used by proteins. Our efforts to identify a trans-
acting protein that binds TMG-SL RNA compared to m’G-SL
RNA or the TMG cap alone have not yet identified any aux-
iliary proteins (data not shown). We were unable to detect
recruitment or scanning of the 43S complex by the use of a
variety of approaches and inhibitors in sucrose gradient anal-
ysis of translation extracts. Thus, we currently cannot deter-
mine whether the SL and eIF4E-3/G enhance recruitment of
the 43S complex, increase ribosome scanning, or enhance for-
mation of the 80S ribosome. Additional studies will be re-
quired to further define the detailed mechanism and contribu-
tion of nematode eIF4E/G in the enhancement of translation
of TMG-capped mRNA by the SL.

Conservation of key SL1 nucleotides in other nematode
spliced leaders. C. elegans has a second spliced leader, SL2
(with a number of variants) (19, 42). Orthologous SL2 se-
quences are also present in several other nematodes (Fig. 6C).
Alignment of these SL2-like sequences illustrates that the most
highly conserved regions consist of the sequences defined here
(GGUUUNNNNACCCANNNNNNNN) that exert the great-
est effect in enhancing translation of TMG-capped RNA. We
show here that the C. elegans SL.2 sequence is efficiently trans-
lated in the Ascaris cell-free system (see Fig. S8 in the supple-
mental material).
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FIG. 7. Potential stem-loop structures adjacent to the cap in phylogenetically divergent spliced leaders. Note that while many SLs have been
predicted to have a stem-loop adjacent to the cap, the sequences contributing to the stem are divergent. The nematode SL1 stem-loop is shown
for comparison. Representatives of 3 separate classes of flatworms (Turbellaria, Trematoda, and Cestoda) and representatives of 2 different classes
of the Euglenozoa (Kinetoplastida and Euglenida) are illustrated. Sequences are derived as follows: Schmidtea mediterranea (55), Fasciola hepatica
(7), Echinococcus multilocularis (4), Oikopleura dioica (12), Ciona intestinalis (48), Leishmania spp. (34), and Euglena gracilis (45).

Sequence alignments demonstrate that the 3’ end of the
nematode SL exhibits considerable sequence variation (Fig. 6),
and both mutation studies and translation assays of alternative
and hybrid SL sequences on reporter RNAs show that these
sequences do not play a significant role in translation (Fig. 1;
see also Fig. S8 in the supplemental material). Although the
final three nucleotides in all nematode SLs are purines, re-
placement of these purines with pyrimidines had little effect on
translation. Many SLs are trans-spliced immediately upstream
of the AUG mRNA coding region (25). In this context, these
purines would contribute key nucleotides to the —1 to —3 in
the context of eukaryotic initiation, where purines are known
to play an important role in translation.

Recently, a number of highly divergent SLs in species of
Trichinella, which is considered a basal member of the nema-
tode lineage, were described (38). Interestingly, several key

residues in blocks 1 and 3 of SL1 and SL2 in the rhabditid
lineage are conserved in a few of the variable Trichinella
spliced leaders. While the tested Trichinella spliced leaders
supported TMG translation in the Ascaris cell-free system, they
were at best only ~50% as efficient (see Fig. S4 in the supple-
mental material). If the lineage is basal, the selection and
conservation of these core sequences in blocks 1 and 3 may
have given rise to SL1 and SL2 in some lineages. Alternatively,
the sequence divergence in Trichinella SLs may indicate that
this nematode lineage is highly derived.

The highly conserved rhabditid nematode SL1 sequence (see
Fig. 6A) is a core, internal promoter element for transcription
of SL RNA genes but is not a key element for the trans-splicing
reaction (9, 16, 31). Here we show that the SL1 sequence
conservation is also related to an important role in contribut-
ing to the overall translation of TMG-capped mRNAs. There-
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fore, at least two functional constraints maintain SL1 sequence
conservation.

Role of key SL residues in vivo. Maroney et al. first demon-
strated that a 10-nt substitution (nt 7 to 16) within the SL
sequence led to a decrease in translation in an Ascaris cell-free
system (29). Ferguson and Rothman demonstrated that some
sequences within the SL1 were critical for C. elegans embryonic
survival, but their potential role in posttranscriptional gene
expression was not defined (9). Interestingly, they showed that
alterations within the core sequences identified here or altered
spacing between these blocks was not able to rescue embryonic
lethality. These alterations did not affect SL RNA expression
or the trans-splicing reaction and therefore likely altered the
postsplicing function of SL1. Nucleotide substitutions down-
stream of the ACCCA were still able to rescue embryonic
lethality, which is consistent with our translation data. Notably,
the SL1 regions required for C. elegans embryonic develop-
ment correspond to the regions we have identified here as
necessary for optimal translation of TMG-capped RNA in our
cell-free system. Here we reveal the underlying mechanism for
the requirement of these SL regions.

Evolution of trans splicing and the SL effect. Efficient trans-
lation of TMG-capped mRNA in vivo or in vitro requires the
spliced leader. This suggests that optimal translation of TMG-
capped mRNAs evolved in the context of the downstream SL
and that the initial appearance of frans splicing likely would
have produced mRNAs that were not efficiently translated (5,
25). trans-spliced mRNAs are not translated more efficiently
and the RNAs are not more stable in nematode embryos com-
pared to m’G-capped non-trans-spliced mRNAs (5, 25).
Therefore, the introduction and maintenance of trans splicing
were most likely not related to an advantage in translation or
mRNA stability but to some other advantage provided by this
process. A number of #rans-spliced metazoan mRNAs (appar-
ently not the majority) are derived from polycistronic tran-
scripts, and thus trans splicing contributes to their resolution
into monocistronic mRNAs. If polycistronic transcripts were
initially present in nematode lineages, trans splicing must have
evolved either before or simultaneously with these atypical
eukaryotic transcription units or else some alternate mecha-
nism of translation initiation was present (perhaps internal
ribosome entry sites) to enable translation of the proteins from
these polycistronic transcripts.

SL stem-loops. We examined other metazoan spliced lead-
ers for the presence of a stem-loop adjacent to the cap. Indeed,
many of the spliced leaders can be predicted to form a stem-
loop adjacent to the cap (Fig. 7). Thus, the presence of an SL
stem-loop adjacent to the cap may be a common feature of
trans splicing.

Conclusions. We have defined elements within the nema-
tode SL1 spliced leader that form a stem-loop and the eIF4F
complex required for efficient translation of TMG-capped
RNAs generated by frans splicing. While sequences within the
5" UTR of eukaryotic mRNAs are known to have a modulating
effect on translation (most often negative), our studies dem-
onstrate the importance of specific elements in the 5" UTR and
adaptation in the eIF4F complex necessary for optimal cap-
dependent translation.
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Supplementary Material

In previous work, we demonstrated that 3’ > 5 RNA decay followed by scavenger decapping of the

resulting cap was very active in our translation extracts (1). In contrast, direct mMRNA decapping occurred

at very low levels in the translation extracts, and thus 5’ - 3’ decay played a very minor role in mRNA
decay compared to the 3' > 5 RNA decay pathway. To rule out that the mutations in blocks 1 or 3 led to
differential RNA decapping of RNA that might contribute to the differences in translation observed, we
examined the rate of decay of 5" monophosphate RNAs (the products of RNA decapping) and compared
the amounts of decapped RNAs derived from wild type or mutant SL mRNAs that accumulated during
translation in the extracts (see Materials and Methods). 5 monophosphate RNAs were significantly less
stable than TMG-capped RNAs in the extracts indicating that decapped RNAs are not likely to
accumulate in the extracts (Supplementary Figure 2A). In addition, comparison of the wild-type and
mutant RNAs at different time points during translation did not show any differences in the levels of
decapped or 5 monophosphate RNAs for these RNAs during the translation reactions (Supplementary

Figure 2B). Overall, these data suggest that differential mMRNA decapping of wild-type vs mutant SL 1

and 3 is not an explanation for the reduction in translation observed for the mutations in the SLs.
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Supplementary Figures
Supplementary Figure 1. elF4G protein alignment. |dentical residues are shaded grey and similar

residues are white with black shading. Ascaris is Ascaris suum (ACX37244), Brugia is Brugia malayi



(XP_001895525, parasitic nematode), C. elegans is Caenorhabditis elegans (NP_001022259), bee is
Apis mellifera (XP_393239), human is Homo sapiens elF4Gl (Q04637), and wheat is Triticum aestivum
(Q03387). Boxed and arrowed regions indicate domains in the human elF4Gl.

Supplemental Figure 2. 5° monophosphate RNAs decay faster than capped RNAs and levels of
uncapped RNAs are not different between the WT SL and SL Mut-3. A). Decay of monophosphate
mRNA compared with capped RNAs during Ascaris cell-free translation. GMP RNAs were primed with
GMP and thus contain a 5’-monophosphate. RNAs were analyzed as described in Figure 1 C. B). Assay
for presence of decapped, 5’-monophosphate RNAs during translation. RNAs were isolated at the
illustrated time points and treated with Terminator enzyme. Terminator enzyme degrades only 5’-
monophosphate RNAs (not 5’ capped, triphosphate, or diphosphate RNAs)(Epicentre, Madison, WI). The
plots illustrate the amount of remaining RNA during translation that is resistant to terminator enzyme
(e.g., capped RNA). Note that WT SL and the Mut-3 SL RNAs do not show significant differences in the
degree of uncapped RNAs.

Supplemental Figure 3. Spliced leader sequences required for efficient translation. A). Multiple
nucleotides within block 1 of the SL contribute to translation of TMG-capped RNAs. B). Multiple
nucleotides within block 3 of the SL contribute to translation of TMG-capped RNAs. Raw data for
spacing analysis normalized in Figure 3. C). Insertion mutations were designed with compensating
deletions after the SL (e.g., SL-G+2N and -2N) to account for changes in the length of the 5° UTR on
translation. The actual decrease in translation from the insertions (SL-G+XN) is greater when deletion
mutations (-XN) are considered. These data were used to present normalized values in Figure 6 by
dividing the translation level of the “SL-G+XN” value by the “-XN” value

Supplementary Figure 4. Mutations in block 3 of the spliced leader results in increased flexibility
in both blocks 1 and 3 suggesting residues within these blocks interact. A). TMG-capped 64
nucleotide WT SL and GGGU MUT 3 RNAs were analyzed using SHAPE (3, 4). Mutations in
nucleotides 10 — 13 (Block 3) caused increased flexibility in those nucleotides as well as near the cap,

nucleotides 2 — 4 (Block 1). Marked in red are the nucleotides in blocks 1 and 3. B). Quantitation of



accessibility changes illustrated in A. Gels illustrated in A were subjected to phosphoimager analysis.
Experiments were carried out as described in the Materials and Methods.

Supplementary Figure 5. m’GTP-sepharose treatment of Ascaris extracts reduces elF4G and
elF4E. Ascaris translation extract was treated with m’GTP-sepharose and the amount of various proteins
removed from the extract determined by Western Blotting. Antibodies to the Ascaris proteins were
generated to full-length elf4E-3, a truncated form of elF4G, and peptides derived from the N-terminus of
Ascaris elF4E-1 and elF4E-4 (Davis et al, unpublished).

Supplementary Figure 6. SL affects translation at the initiation step. A). Translation time course
for WT SL and GGGT Mut-3 RNA. B). Translation time course for WT SL and GGGT Mut-3 RNA
illustrating the linear phase of translation. C). Sucrose gradients of Ascaris Extract with WT SL and
GGGT Mut-3 RNA. Experiments were carried out as described in the Materials and Methods.
Supplementary Figure 7. The SL stem loop does not increase Ascaris elF4E/4G’s affinity for
TMG-capped RNAs. A). Ascaris elF4E/G complex has the same affinity for the TMG-capped wild-type
SL, stem-loop mutant, and compensatory stem-loop mutant. The figures illustrate the surface plasmon
resonanse responses and residuals obtained for binding of varying concentrations of elF4E/G to different
immobilized RNAs. The burnt orange lines show best fit used for analysis. These data were used to
calculate values shown in Table 1. Concentrations of eFI4E/G used were 1.73 nM, 3.45 nM, 6.9 nM, 13.8
nM, 27.6 nM. B). Translation inhibition assay using trimethylguanosine cap analog. Note that the cap
analog does not differentially affect translation of the mRNAs. C). Ultraviolet light crosslinking of
recombinant Ascaris elF4E-3 to universally labeled RNAs. Experiments were performed as previously
described (2).

Supplementary Figure 8. The C. elegans SL2 and hybrid SLs between SL1 and C. elegans SL2
variants support translation of a TMG-capped RNA. A). Analysis of translation of C. elegans SL2,
hybrid spliced leaders, and other SL variants. B). Translation of Trichinella spliced leaders.
Experiments were carried out as described in Figure 1. Blue sequences represent SL1 nucleotides,

orange SL2 nucleotides, and green and purple nucleotides are variant in alternate SL2-like leaders
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