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ABSTRACT

Noncanonical translation, and particularly initiation on non-AUG codons, are frequently used by viral and cellular mRNAs
during virus infection and disease. The Sindbis virus (SINV) subgenomic mRNA (sgRNA) constitutes a unique model system
to analyze the translation of a capped viral mRNA without the participation of several initiation factors. Moreover, sgRNA
can initiate translation even when the AUG initiation codon is replaced by other codons. Using SINV replicons, we exam-
ined the efficacy of different codons in place of AUG to direct the synthesis of the SINV capsid protein. The substitution of
AUG by CUG was particularly efficient in promoting the incorporation of leucine or methionine in similar percentages at the
amino terminus of the capsid protein. Additionally, valine could initiate translation when the AUG is replaced by GUG. The
ability of sgRNA to initiate translation on non-AUG codons was dependent on the integrity of a downstream stable hairpin
(DSH) structure located in the coding region. The structural requirements of this hairpin to signal the initiation site on the
sgRNA were examined in detail. Of interest, a virus bearing CUG in place of AUG in the sgRNA was able to infect cells and
synthesize significant amounts of capsid protein. This virus infects the human haploid cell line HAP1 and the double knock-
out variant that lacks elF2A and elF2D. Collectively, these findings indicate that leucine-tRNA or valine-tRNA can partici-
pate in the initiation of translation of sgRNA by a mechanism dependent on the DSH. This mechanism does not involve the
action of elF2, elF2A, or elF2D.
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INTRODUCTION nonstructural proteins (nsP1-4) involved in RNA replication
(Rupp et al. 2015). The second ORF is expressed from the
sgRNA and directs the synthesis of viral structural proteins,
initially translated as a polyprotein that is subsequently
cleaved to the mature products: capsid protein, glycopro-
teins E1, E2, and E3 and viroporin 6K and its truncated
product TF (Griffin 2013; Ramsey and Mukhopadhyay
2017). Synthesis of sgRNA requires the recognition of an
internal promoter located on the negative stranded RNA
that promotes transcription of multiple copies of this sub-
genomic messenger. This negative stranded RNA is com-
plementary to the genome and is produced by viral RNA
replication in close association with spherules protruding
from cytoplasmic vacuoles (Pietila et al. 2017a,b). Most
alphaviruses, exemplified by SINV, replicate in two quite
different hosts, insects and mammals and, accordingly, vi-
ral mRNA structures have adapted to these diverse host
species. One adaptation is an RNA motif found at the 3’

Animal viruses have evolved a variety of elements in their
mRNAs to maximize their translatability under stress condi-
tions generated after infection. Accordingly, some viruses
contain elements that promote the interaction of preinitia-
tion complexes or even ribosomes to internal structures
known as internal ribosome entry sites (IRESs) (Lee et al.
2017; Martinez-Salas et al. 2017). Viral mRNAs bearing
IRES elements can be translated under conditions that
could be antagonistic to the activity of cellular mRNAs.
Another interesting example is provided by the subge-
nomic mRNA (sgRNA) of Sindbis virus (SINV), which con-
tains motifs that promote its translatability during the late
phase of the virus life cycle (Carrasco et al. 2018). SINV be-
longs to the alphavirus genus and contains a single strand-
ed RNA of positive polarity as genome, which encodes two
open reading frames (ORFs). The first ORF is expressed
from the genomic mRNA (gRNA), which synthesizes the
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untranslated region (3'-UTR), which contains three repeat-
ed sequences forming three stem-loop hairpins. This mo-
tif is involved in enhancing translation specifically in insect
cells, whereas the absence of this structure is not important
for sgRNA translation in mammalian cells (Garcia-Moreno
et al. 2016). This element thus confers translatability in a
cell-specific manner. A second RNA structure involved in
translation is found in the coding region of the sgRNA, in
the form of a hairpin located 27-84 nt downstream from
the AUG initiation codon (with A at the +1 position)
(Carrasco et al. 2018). This downstream stable hairpin
(DSH) provides elF2-independence after the inactivation
of this factor by its phosphorylation at serine 51 (Ventoso
et al. 2006; Garcia-Moreno et al. 2013). This phosphoryla-
tion event is mediated by protein kinase R (PKR), which is
activated by viral dsRNA synthesis. elF2 inactivation is ob-
served in mammalian, but not in insect cells, which lack
PKR (Ventoso 2012). Thus, the repeated stem—loop motif
at the 3’-UTR is necessary for alphavirus translation in in-
sect cells, whereas the DSH is required for efficient synthe-
sis of structural proteins in mammalian cells.

Another important function of the DSH is its participa-
tion in the correct signaling of the initiation codon of
sgRNA. Interestingly, alterations in the DSH structure re-
sult in leaky scanning, such that initiation of capsid (C) pro-
tein synthesis is observed at downstream AUG codons
(Frolov and Schlesinger 1996; Sanz et al. 2009). It was re-
cently demonstrated that the initiation of protein synthesis
directed by sgRNA occurs following the classical scanning
model (Garcia-Moreno et al. 2015); however, scanning can
occur in the absence of some crucial elFs, such as elF4G,
elF4A, and elF2 (Castello et al. 2006; Garcia-Moreno
etal. 2013; Gonzalez-Almela etal. 2015). The current mod-
el for translation initiation on sgRNA is that preinitiation
complexes interact with the cap structure present at the
5-end, perhaps promoted by elF3D, and without the par-
ticipation of the elF4F complex (Lee et al. 2016). After
binding, the preinitiation complex scans the leader se-
quence of sgRNA base-by-base until the initiation codon
is encountered. Subsequently, the correct functioning of
the DSH element is required to build up the 80S ribosome,
which will start the elongation phase (Carrasco etal. 2018).
We previously found that the AUG initiation codon could
be replaced by other codons, although protein synthesis
directed by these variant sgRNAs was reduced (Sanz
et al. 2009, 2017). Nevertheless, replacement of AUG by
CUG was particularly efficient and the synthesis of the
C protein by this sgRNA variant was ~60% of that from
the control AUG. Thus, the precise mechanism of sgRNA
translation in the absence of the AUG initiation codon, as
well as the functioning of DSH in this process, remains un-
known. In the present study, we investigated the mecha-
nism of initiation on sgRNA containing CUG in place of
AUG, and also the structural requirements of DSH for its
proper functioning in signaling the initiation codon.

432 RNA, Vol. 25, No. 4

These events occur in cells more frequently than previous-
ly anticipated and have a profound impact on cell function-
ing, especially during stress conditions and disease, as
revealed recently using ribosome profiling (Kearse and
Wilusz 2017). For instance, a variety of aberrant peptides
are synthesized on non-AUG codons, that play a part in
the pathology of several neurodegenerative diseases
(Kumar et al. 2017; Tabet et al. 2018). Our current findings
are further insight into the mechanism of the initiation of
translation on non-AUG codons. We found that leucine
or methionine is incorporated at the amino terminus of
the SINV C protein directed by the CUG codon. Notably,
translation initiation on sgRNA bearing CUG does not re-
quire elF2 and this factor is not replaced by elF2A or
elF2D. Overall, these observations add new insight into
the mechanism of initiation of this viral mRNA and high-
light the functioning of the DSH structural motif.

RESULTS

Replacement of the AUG initiation codon with other
codons in sgRNA: synthesis of capsid protein by SINV
replicons

We recently demonstrated that sgRNA is able to direct
protein synthesis in human cells transfected with SINV rep-
licons when the AUG initiation codon is replaced with CUG
(Sanz et al. 2017). To gain further insight into the mecha-
nism of this phenomenon, we initially studied the partici-
pation of elF2 in this process. We used two replicons
that produce sgRNA encoding the C protein upstream of
the luciferase gene: one containing AUG as the intiation
codon, rep C+ luc (AUG), and the other containing CUG
as the initiation codon, rep C+luc (CUG) (see scheme
Fig. 1A). We first analyzed the synthesis of C and luciferase
in mammalian baby hamster kidney (BHK) cells transfected
with the two replicons. It is well established that replication
of SINV in BHK cells induces elF2a phosphorylation (Sanz
etal. 2009; Garcia-Moreno et al. 2013). To ensure that elF2
was phosphorylated at high levels, some cultures were
treated with thapsigargin (TG), which inactivates elF2 by
inducing the phosphorylation of the o subunit. Thus, 3 h af-
ter transfection cells were treated with 2 or 5 uM TG for a
further 2 h. The synthesis of C and luciferase was examined
in cell extracts by western blotting and measurement of lu-
ciferase was also analyzed by measuring its activity. Results
showed robust levels of C and luciferase synthesis by the
two replicons, indicating that CUG can also initiate protein
synthesis directed by sgRNA in BHK cells (Fig. 1B-D).
elF20 phosphorylation was induced by both SINV repli-
cons and was modestly increased by TG treatment
(Fig. 1B). Consistent with previous results (Mclnerney
etal. 2005; Ventoso et al. 2006; Sanz et al. 2009), the phos-
phorylation of elF20 had no inhibitory effects on sgRNA
translation from rep C+luc (AUG). Further, almost no
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FIGURE 1. Analysis of C protein synthesis by SINV replicons bearing AUG or CUG as the initiation codon. (A) Schematic representation of rep
C+luc (AUG) and rep C +luc (CUG). (B) BHK cells were transfected with in vitro transcribed replicons. After 3 h, cells were treated or not with
thapsigargin (TG; 2 or 5 uM) or cyclohexamide (CHX; 50 pg/mL) for 2 h. Cells were collected in loading buffer and analyzed by western blotting
using anti-C, anti-luciferase and anti-P-elF2a antibodies. Additionally, elF20. was analyzed as a loading control. (C) Densitometric analysis of
C and luciferase are shown in the graphs as the relative percentage of their corresponding untreated controls. The values from CHX treatments
were subtracted from all as a baseline. Error bars represent the standard error of the mean, n= 3. (D) Luciferase activity is represented as the
percentage relative to the untreated controls. The readings from CHX treatments were subtracted from all as a baseline. Error bars represent
the standard error of the mean, n= 3. (E) BHK cells were transfected with in vitro transcribed RNAs EMCV-luc or Cap.BGlo-luc. One hpt, cells
were treated or not with TG (1, 2, or 5 pM) or CHX (50 pug/mL) for 2 h. Then, luciferase activity was measured and is represented in the graph as
percentage relative to the untreated control. The readings from CHX treatments were subtracted from all as a baseline. Error bars represent
the standard error of the mean, n= 3. Statistical significance in panels C-E was calculated compared to control using Student’s t-test unpaired

two-tails t-test, and is shown as: (*) P<0.05

inhibition of sgRNA translation occured with or without TG
treatment in cells transfected with rep C + luc (CUG), indi-
cating that elF2 does not participate in the initiation event
directed by the CUG codon. As a control of the inhibitory
action of TG, the translation of mRNAs bearing the EMCV
IRES or the Globin leader sequence was strongly blocked
by treatment with TG in BHK cells (Fig. 1E). We also as-
sessed the production of C protein in transfected BHK cells
by immunocytochemistry with an anti-C polyclonal rabbit
antibody. Abundant amounts of C were detected in cells
transfected with either rep C+luc (CUG) or rep C+luc
(AUG) (Supplemental Fig. 1), and levels did not noticeably
decrease after TG treatment. Of note, the replication of
the SINV replicons induced the release of TIA1 protein
from the nucleus to the cytoplasm, but no stress granules

were formed, contrary to what happens in untransfected
cells after TG treatment. Indeed, stress granules were not
apparent in transfected cells even with TG treatment.
The extent of translation initiation on non-AUG codons
in cellular MRNAs depends on the codon used (Kearse
and Wilusz 2017). After AUG, CUG is usually the most effi-
cient codon to promote initiation, followed by GUG or AUU
(Kearse and Wilusz 2017). We compared the efficacy of dif-
ferent codons to direct C protein synthesis using a battery
of SINV replicons bearing CUG, CUC, GUG, or AUU in
place of the initiator AUG codon in sgRNA. A second and
third AUG codon in the C sequence are located 7 and 19
codons, respectively, downstream from the first AUG
(Fig. 2A). All variants with mutations in the initiator AUG co-
don were also modified at the second AUG codon (to

www.rnajournal.org 433


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.068858.118/-/DC1

Sanz et al.

CUQG), to facilitate the electrophoretic separation of the C
proteins produced by leaky scanning. The synthesis of
C protein was evaluated by western blotting of cell extracts
after transfection of the replicons in BHK cells, and densi-
tometry of the corresponding band was performed to
give an estimation of the efficacy of the codons to initiate

translation. Results showed that AUG was the best codon
to initiate C synthesis on sgRNA, but substantial levels of
C were also produced from rep C + luc (CUG) (Fig. 2B,C).
In this case, the anti-C antibody recognized two products:
one, named C1, migrated as authentic C and was pro-
duced with an efficiency of 64% as compared with the
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FIGURE 2. Translation initiation by SINV replicons using different non-AUG codons. (A) Representation of the secondary structure of the first 180
nt of sgRNA. The leader sequence is colored in blue. First, second and third AUGs in wt sequence of C are highlighted in red. (B) BHK or C6/36
cells were transfected with the different replicons produced by in vitro transcription. After 7 h, cells were collected in loading buffer and analyzed
by western blotting with an anti-C antibody. The mobilities of the C products from the different replicons are indicated as C1 (initiation in the first
AUG orin the same codon mutated to CUG, CUC, GUG, or AUU), and C3 (initiation in the third AUG codon relative to the wt sequence). a-tubulin
was analyzed as a loading control. (C) Densitometric analysis of the different C proteins synthesized from the replicons. Graphs show the percent-
age values relative to the amount of C synthesized by rep C + luc (AUG) in each cell line. The black bars correspond to translation initiation at AUG
and the gray bars at non-AUGs. The results are shown as mean = SD of three experiments. Statistical significance in panel C was calculated com-
pared to control using Student’s t-test, (*) P<0.05, (**) P<0.01, (***) P<0.001.
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only one produced by rep C + luc (AUG); the second prod-
uct, named C3, represented only 1% and migrated faster
(Fig. 2B,C). The product C1 derives from translation initia-
tion at the first CUG whereas C3 corresponds to initiation
at the first nonmutated AUG codon by leaky scanning,
which matches the third AUG in the wild-type (wt) se-
quence (Fig. 2A). The second most efficient codon after
CUG was GUG (46%), which encodes for valine, whereas
practically no C synthesis was found with CUC (leucine) or
AUU (isoleucine). Nevertheless, a small production of C3,
<6%, could be observed in all these variants (Fig. 2B).
These findings indicate that, following AUG, the tRNA'ev
isoform containing the anti-codon corresponding to CUG
is presumably the best to initiate translation on sgRNA, fol-
lowed by GUG, whereas the tRNA® (CUC) and the tRNA'"®
(AUV) isoforms are devoid of this activity.

Since SINV has two different natural hosts (mammals and
insects), it was of interest to analyze the replicons contain-
ing the different codons in insect cells. Accordingly, Aedes
albopictus C6/36 cells were transfected with the same rep-
licons and C synthesis was estimated as before. Curiously,
the activity of these codons was much lower in C6/36 cells
and only C produced by initiation on CUG could be detect-
ed with any certainty, yielding ~30% of the control levels
(Fig. 2B,C). This observation suggests that the mechanism
followed by mammals and insects to select the start codon
has a different stringency. Indeed, no leaky scanning was
apparent in mosquito cells with the sgRNAs analyzed.

Leucine or methionine can be incorporated at the
amino terminus of C when AUG is replaced by CUG

It is thought that in the majority of cases, translation initia-
tion with CUG involves the misincorporation of methio-
nine, mediated by the ternary complex Met-tRNAMS.
elF2-GTP, which should be capable of recognizing CUG
instead of AUG (Kearse and Wilusz 2017; Liang et al.
2017; Sellier et al. 2017; Na et al. 2018). Leucyl-tRNA has
also been shown to participate in the initiation event medi-
ated by CUG (Starck et al. 2012). To distinguish which ami-
noacyl tRNA is involved in the initiation directed by CUG or
GUG, the corresponding SINV replicons (and control AUG)
were transfected into BHK cells, cell extracts were separat-
ed by SDS-PAGE, and the band corresponding to C pro-
tein was excised and digested for mass spectrometry
(LC-MS/MS) analysis. For this purpose, the arginine resi-
due at the third position of the C protein sequence was mu-
tated to valine in order to obtain a tryptic peptide of an
adequate size (see scheme in Fig. 3A). Following transfec-
tion of rep C + luc (AUG), a peptide of 11 amino acids was
detected that was consistent with the amino-terminal se-
quence of C, which has the initial methionine modified
by acetylation (Fig. 3B, upper panel). Notably, the cor-
responding peptide containing leucine atthe amino termi-
nus was also identified in cells transfected with rep C + luc

(CUG) (Fig. 3B, middle panel). In this case, a peptide start-
ing with methionine was also detected (Supplemental Fig.
2A). The precise proportion of each peptide bearing
leucine or methionine cannot be determined by this anal-
ysis, since it is qualitative and not quantitative. Similarly,
the corresponding peptides bearing valine (Fig. 3B, lower
panel) or methionine (Supplemental Fig. 2B) at the amino
terminus were found in cells transfected with rep C+luc
(GUQ). Therefore, we conclude that in addition to methio-
nine, leucyl-tRNA, or valyl-tRNA can recognize CUG or
GUG, respectively, during the initiation of C synthesis.

To obtain a quantitative estimation of the percentage of
incorporation of methionine or leucine at the amino termi-
nus, we constructed replicons in which all the AUG codons
present in the C protein, except for the first AUG, were mu-
tated to CUG (termed rep C [one AUG]), or in which no
AUGs were present in the entire C sequence (termed rep
C [no AUGS]). These two replicons differ from rep C +luc
by the presence of a stop codon at the end of the C se-
quence and also the absence of the luciferase gene.
These modifications were designed to obtain only the
C protein, since the mutations introduced into the C se-
quence to suppress the ten AUGs may affect its proteolytic
activity when C plus luciferase are synthesized. BHK cells
transfected with these replicons were radioactively labeled
with translabel [*°S] methionine/cysteine from 6-7 hpt. It
must also be remembered that the C sequence contains
no cysteine residues. Since only a proportion of cells are
transfected with these replicons, most of the radiolabeled
proteins are cellular. Thus, cells were treated or not with
200 pM sodium arsenite (Ars) during labeling to block cel-
lular protein synthesis (SINV sgRNA translation is resistant
to this inhibitor). Results from western blotting showed a
band corresponding to the size of authentic C protein
from both replicons (Fig. 3C), suggesting that translation
begins at the corresponding initiation codons, AUG or
CUG. We next inactivated the peroxidase activity of the
membrane and exposed it to X-ray film to detect the radio-
actively labeled C protein. Radioactive methionine was
clearly incorporated into C protein produced by rep C
(one AUG) and, albeit in a lower proportion, also in C de-
rived from rep C (no AUGs) (Fig. 3C), which agrees with
the data obtained by LC-MS/MS. We then calculated the
proportion of C obtained by immunoblotting versus radio-
active labeling in cells transfected with either replicon.
Densitometric analysis indicated that leucine was in-
corporated at the CUG codon in ~65% of cases, whereas
methionine wasincorporated in 35% of the initiation events
(Fig. 3D).

Analysis of the role of sgRNA leader sequence
in signaling the initiation codon of translation

The leader sequence of mMRNAs plays an important role in
signaling the correct initiation codon to start translation
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FIGURE 3. Leucine or methionine can be incorporated at the amino terminus when AUG is replaced by CUG. (A) Amino-terminal amino acid
sequences of wt C protein and corresponding mutants, marked in red. (B) BHK cells were transfected with in vitro synthesized replicons
rep C+luc (AUG), rep C+luc (CUG), or rep C + luc (GUG), all containing the R to V mutation in C. After 8 h, cultures were collected and ex-
tracted proteins were separated by SDS-PAGE, visualized by Coomassie blue staining, and then protein bands from the different samples were
excised, trypsin-digested and analyzed by LC-MS/MS. The MS/MS spectra of amino-terminal peptides of C detected are displayed. (C) BHK
cells were mock-transfected or transfected with in vitro synthesized replicons rep C (one AUG) or rep C (no AUGs). After 7 h, cells were treated
or not with sodium arsenite (Ars) for 15 min and then protein synthesis was detected with [**S] Met/Cys labeling for 45 min. Samples were
immunoblotted with anti-C antibodies (western blot). Then, peroxidase activity was inactivated by heating the membrane at 120°C for
15 min before exposure to an X-ray film to detect radioactive signals ([*>S] Met/Cys.) (D) The proportion obtained by immunoblotting or ra-
dioactive labeling of C protein in cells transfected with both replicons was calculated and the radioactive signal was normalized to the amount
of C by immunoblotting; the graph shows the percentage incorporation of [**S] Met/Cys in C protein by rep C (no AUGs) relative to rep C (one
AUQG). The results are shown as mean = SD of three experiments. Statistical significance in panel D was calculated compared to control using
Student’s t-test, (*) P<0.05, (**) P<0.01, (***) P<0.001.

and, in particular, the sequence context around the AUG is
critical in this respect (Kozak 1991; Kearse and Wilusz
2017). For optimal signaling of the AUG codon, positions
located at —6, —3 and +4 (with the A at position +1) should
contain a purine residue. Initially, we assayed the impor-
tance of the AUG in the luciferase gene expressed from
a SINV replicon. To this end, we made use of the replicon
rep Lluc-luc (AUG) (see scheme Fig. 4A; Sanz et al. 2010),
which has the last 38 nt of the leader sequence of sgRNA
(L26S) substituted for the last 42 nt of the leader sequence
of luciferase, followed by the complete sequence of this
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gene. We also constructed a variant, rep Lluc-luc (CUG),
bearing CUG in place of AUG. The synthesis of luciferase
was then assayed by western blotting in BHK cells.
Results showed that the expression of luciferase was rather
inefficient as compared with luciferase produced by rep C
+luc even when the initiation codon is AUG, <25%,
because it does not contain the genuine sgRNA leader se-
quence and the DSH structure (Fig. 4B,E). Replacement of
the AUG for CUG led to barely detectable levels of lucifer-
ase, indicating poor initiation (Fig. 4B,E). Two additional
SINV replicons were constructed bearing the luciferase
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leader sequence followed by the sequence encoding
C plus luciferase: rep Lluc-C + luc (AUG) and rep Lluc-C +
luc (CUG) (see scheme Fig. 4A). The first replicon contain-
ing the AUG initiation codon synthesized C protein to a
level similar (92%) to that of BHK cells transfected with con-
trol rep C + luc (AUG). Interestingly, rep Lluc-C + luc (CUG)
also synthesized C protein, although with a lower efficiency
than rep C + luc (CUG): 45% versus 80%, with 100% as the
control rep C+luc (AUG) (Fig. 4C,E). This result indicates
that CUG can still be partially recognized as an initiation
codon when the DSH structure is present in the C protein
sequence, but replacement of the genuine leader 26S se-
quence of sgRNA by the luciferase counterpart affects this
recognition.

Finally, we wished to analyze the sequence prior to the
initiation codon without altering the composition of pu-
rines and pyrimidines. Thus, the six nucleotides upstream
of the initiation codon were mutated from ACCACC to
GUUGUU, rendering the replicons rep C + luc pre (AUG)
and rep C + luc pre (CUG). Transfection of these SINV rep-
licons in BHK cells led to the production of C protein to lev-
els comparable with the corresponding rep C+luc
counterparts (Fig. 4D,E). Therefore, the exact sequence
ACCACC upstream of the initiation codon is not crucial
to initiate at the correct position.

Involvement of the DSH structure in signaling the
initiation of sgRNA translation in transfected cells
and in cell-free systems

To evaluate the participation of the DSH structure in
sgRNA translation out of the replication context, we
compared C production in cells transfected with replicons
C +luc or their respective sgRNAs made by in vitro tran-
scription. We tested sgRNAs containing wild-type DSH
(DSH-wt) or a destabilized DSH (DSH-destab), previously
designated as ADLP. (Ventoso et al. 2006; Garcia-
Moreno et al. 2013). No base-pairing occurs in the stem
of the variant DSH-destab and the hairpin structure fails
to form. Analysis of DSH function was performed both in
BHK and insect cells. Consistent with the results described
above, transfection of replicons bearing AUG or CUG as
sgRNA initiation codons gave rise to considerable C pro-
tein production in BHK cells (Fig. 5A, upper panel). In con-
trast, the initiation of translation on CUG in C6/36 cells was
very inefficient (Fig. 5A, lower panel). Destablization of the
DSH in rep C+luc (AUG) led to leaky scanning in BHK
transfected cells, resulting in the synthesis of smaller forms
of C protein that initiate at downstream AUGs (Fig. 5A, up-
per panel), which agrees with previous results (Frolov and
Schlesinger 1996; Ventoso et al. 2006; Sanz et al. 2009).
This leaky scanning was not observed in rep C+luc
(AUG) DSH-destab-transfected insect cells (Fig. 5A, lower
panel). Of note, the integrity of the DSH was crucial to ini-
tiate translation on CUG, since no C production initiating at
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this codon was detected either in BHK or in mosquito cells
transfected with rep C + luc (CUG) DSH-destab (Fig. 5A,D).
We next studied translation of sgRNA in the absence of
viral replication by transfection of sgRNAs produced by
in vitro transcription from their respective plasmids. As
shown in Figure 5B, sgRNA C + luc (AUG) DSH-wt was ef-
ficiently translated both in BHK and insect cells, whereas
the variant sgRNA C+luc (AUG) DSH-destab exhibited
leaky scanning only in BHK cells, as occurred with the rep-
licons. Also consistent with the findings using replicons,
transfection of the sgRNA C + luc (CUG) DSH-wt synthe-
sized appreciable amounts of C protein only in BHK cells
(Fig. 5B). Strikingly, the sgRNA C + luc (CUG) DSH-destab
was unable to initiate translation at the CUG codon, both in
BHK and insect cells (Fig. 5B,D).

Finally, to analyze the behavior of the RNA variants, they
were in vitro translated in rabbit reticulocyte lysates (RRL)
and in Drosophila melanogaster extracts (DME). Figure
5C shows that C synthesis was efficiently synthesized in
both extracts by sgRNA C +luc (AUG) DSH-wt. Notably,
the sgRNA bearing CUG as the initiation codon was trans-
lated less efficiently than the AUG counterpart in both cell-
free systems. In addition, the sgRNA bearing the destabi-
lized DSH was devoid of any activity to generate C proteins
using CUG as initiation codon (Fig. 5C,D). Collectively,
these findings reveal that CUG can initiate translation on
sgRNA outside the viral replication context. More impor-
tantly, the integrity of the DSH is necessary to initiate trans-
lation on CUG.

Structure-activity relationship of DSH in signaling
the initiation on CUG

We next sought to analyze in more detail the structural re-
quirements of DSH to participate in the initiation of C syn-
thesis using the CUG codon, in particular to know whether
the structure or the sequence, or both, were important for
DSH functioning. We thus designed a number of DSH var-
iants with modifications in the stem or the loop and ana-
lyzed in parallel DSH variants bearing AUG or CUG as
initiation codons in SINV replicons. The replicons were
transfected both into BHK and mosquito cells and the level
of C protein was estimated by western blotting as de-
scribed above.

The computer predictions of the structures, including
the DSH-wt and DSH-destab, and the free energy required
for their melting are shown in Figure 6. The first variant
tested had the entire DSH structure replaced by a new se-
quence (DSH-new), with a free energy similar to genuine
DSH. The replicon bearing DSH-new produces a C protein
nine amino acids shorter than authentic C protein and has
16 residues different. When compared with DSH-wt, the
production of C with DSH-new was 75% in BHK cells and
40% in C6/36 cells (Fig. 7A,C,E). Curiously, the replicon
bearing DSH-new and containing CUG in place of AUG
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FIGURE 5. Translation of sgRNA with wild-type or destabilized DSH and AUG or CUG initiation codons in different systems. (A) BHK (top) or
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(CUG). After 7 h, cells were collected in loading buffer and extracted proteins were analyzed by western blotting with an anti-C antibody. The
mobilities of the C products are indicated as C1 (initiation in the first AUG or in the same codon mutated to CUG) and C3 (initiation in the third
AUG codon relative to the wt sequence). a-tubulin was analyzed as a loading control. (B) BHK (top) or C6/36 (bottom) cells were transfected with
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FIGURE 6. Secondary structure prediction of wild-type sgRNA and the variants mutated in the DSH structure. The secondary structures of the first
180 nt of the different sgRNAs (except for DSH-new and DSH-HCV, whose secondary structures comprise only the first 156 or 189 nt, respectively)
were obtained using the Vienna RNA Website (http:/rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) and are colored by base-pairing
probability. The free energy of the thermodynamic assembly (AG) is shown in each case. The three first AUG codons in phase are marked. In
each case the mutated bases are indicated in red font next to the structure. The mutation A to C introduced to avoid a STOP codon in DSH-
HCV is highlighted in green. DSH-destab: mutations were made to destabilize the DSH. DSH-new: to replace the DSH with a new hairpin.
DSH-stem 16: to modify the sequence reinforcing DSH hairpin stability. DSH-out: to modify the sequence and the structure downstream from
DSH. DSH-re-stab: to reconstitute the structure previously destabilized in DSH-destab. DSH-HCV: to replace the DSH by the domain Il of

HCV IRES. DSH-Loop 2 and DSH-Loop 6: to modify the sequence of DSH loop.
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failed to produce C protein in either of the cell lines. Thus,
DSH-new cannot replace the genuine DSH structure in sig-
naling the translation initiation site on CUG, even though
they both have a similar free energy. This finding demon-
strates that the function of the DSH is not to stall the initi-
ation complex, as previously speculated (Frolov and
Schlesinger 1996). The next variant tested has 16 modified
nucleotides in the sequence, but these changes do not al-
ter the structure of the stem (DSH-stem 16), although it

slightly increases its free energy and modifies seven amino
acids in the sequence of C (Fig. 6). The production of C
with this variant was similar to the control in transfected
BHK cells, even when CUG was present (Fig. 7A,E). Of
note, there was a substantial inhibition in the synthesis of
C protein in insect cells (~70%) with replicons bearing
AUG or CUG (Fig. 7C,E), likely because melting of this
DSH variant is hampered by insect ribosomes as was de-
scribed previously (Garcia-Moreno et al. 2015).
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FIGURE 7. Participation of stem and loop regions of DSH in the initiation of translation. (A,B) BHK cells were transfected with the in vitro tran-
scribed replicons indicated in the figure. After 7 h, cells were collected in loading buffer and extracted proteins were analyzed by western blotting
with an anti-C antibody. The mobilities of the C products are indicated as C1 (initiation in the first AUG or in the same codon mutated to CUG) and
C3 (initiation in the third AUG codon relative to the wt sequence). o-tubulin was analyzed as a loading control. (C,D) C6/36 cells were transfected
with the in vitro transcribed replicons indicated in the figure. After 16 h, cells were collected in loading buffer and extracted proteins were ana-
lyzed by western blotting with an anti-C antibody. The mobilities of the C products are indicated as C1 (initiation in the first AUG or in the same
codon mutated to CUG) and C3 (initiation in the third AUG codon relative to the wt sequence). a-tubulin was analyzed as a loading control.
(E) Densitometric analysis of the C protein synthesized from the respective replicons. The graphs show the percentage values in relation to
the amount of C synthesized by rep C+luc (AUG) in each cell line. The black bars correspond to translation initiation at AUG and gray at
CUG. The results are displayed as mean = SD of three representative experiments. Statistical significance in panel E was calculated compared
to control using Student’s t-test, (*) P<0.05, (**) P<0.01, (***) P<0.001.
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A sequence close to the DSH that has the ability to form
another shorter hairpin was also mutated (DSH-out). In this
variant, seven conservative mutations were introduced
maintaining the amino acid sequence. This alteration mod-
ifies the secondary structure of the RNA after the DSH se-
quence generating even shorter hairpins (Fig. 6). The
behavior of this variant was quite similar to that of the con-
trol with regard to the production of C and the signaling of
the initiation codon, even when CUG was present (Fig. 7A,
E). Moreover, in mosquito cells this variant was more effec-
tive than DSH-stem 16, perhaps due to the differences in
the free energy of both variants (Fig. 7C,E). Using DSH-
destab, we also designed a construct to restabilize the
stem by mutating the corresponding bases to hybridize
with the formerly mutated bases (DSH-re-stab). This variant
shows a similar structure to DSH-wt by computer predic-
tion, but exhibited a lower free energy and the mutations
modified the composition of C protein in six amino acids
(Fig. 6). Transfection of the replicon containing DSH-re-
stab (AUG) recovered its ability to produce C protein sim-
ilar to that of DSH-wt (AUG) in BHK cells (Fig. 7A,E).
However, the DSH-re-stab (CUG) variant only partially re-
covered its activity to use CUG as the initiation codon, as
the synthesis of authentic C was only 15% as compared
with 80% using DSH-wt (CUG). Moreover, we observed
high leaky scanning of the DSH-re-stab (CUG) variant since
part of the C protein synthesized started at the third AUG
codon, rendering a smaller product (C3). In C6/36 cells,
DSH-re-stab (CUG) partially recovered its functioning to
signal CUG as the initiation codon as compared with
DSH-destab (CUG) (15% versus 0%) (Fig. 7C,E). Thus,
restabilization of the DSH results in substantial synthesis
of C protein from the CUG initiation codon, suggesting
that the structure of the stem is important, but also that
the sequence plays a part in the DSH activity. A similar con-
clusion could be drawn with the DSH-stem 16, in which
substantial levels of C proteins were observed. However,
the free energy of the hairpin seems also to be important
for its correct functioning, since a more stable DSH is bet-
ter than that with lower stability. Nevertheless, if the DSH is
very stable, then insect ribosomes are hampered in their
ability to melt the structure. Regarding the DSH-out vari-
ant, practically no influence in the synthesis of C protein
was found, indicating that this sequence does not contrib-
ute to signal the start codon.

We recently reported that the DSH bears a resemblance
to the domain Il of the IRES sequence of hepatitis C virus
(HCV) (Carrasco et al. 2018). Not only was the structural or-
ganization of DSH and HCV domain |l similar, but the
sequences of the loop of DSH and the apical loop of
HCV domain Il were almost the same: CUAGCCAUG in
HCV and CUGCCAUG in SINV DSH. This observation
prompted us to analyze whether there is functional conver-
gence between the two structures and to what extent the
DSH could be replaced by HCV domain Il in SINV repli-
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cons. Our attention was also directed to know whether
the IRES domain from HCV could be involved in the signal-
ing of the start codon. It is well established that the mech-
anism of action of HCV domain Il involves its interaction
with the E and P ribosomal sites to replace the initiator
Met-tRNAMe® (Spahn et al. 2001; Lukavsky et al. 2003;
Locker et al. 2007). Notably, domain Il can even displace
the ternary complex from preloaded ribosomes (Jaafar
et al. 2016). Moreover, as occurs with SINV, the AUG initi-
ation codon of HCV RNA can be replaced by other codons
to initiate translation (Reynolds et al. 1995). The replace-
ment of the DSH by domain Il involves an increase in three
amino acids of C protein. Also, the inserted sequence con-
tains 25 different codons. To avoid a stop codon, a point
mutation was made without affecting the base-pairing in
the stem. The secondary structure of this DSH-HCV con-
struct is shown in Figure 6. Production of C from DSH-
HCV (AUG) in BHK cells reached 55% of control DSH-wt
(AUG) levels, and only a small production of C3 (3%) was
observed (Fig. 7B,E). A similar proportion was detected
in C6/36 cells, but no leaky scanning was detected (Fig.
7D,E). The initiation on CUG in DSH-HCV (CUG) was
very inefficient as compared with the control, with about
5% of initiation on CUG in BHK cells (Fig. 7B,E) and slightly
more (7%) in insect cells (Fig. 7D,E). In addition, leaky scan-
ning was evident in both cell lines (20% in BHK cells and
10% in C6/36 cells).

In the case of HCV, the sequence of the apical loop in
domain Il is important for IRES function (Kalliampakou
et al. 2002). Thus, we next tested whether the sequence
of the DSH loop from SINV was important for the function-
ing of this structure. Accordingly, two additional variants
were made: one containing two point mutations in this
loop (DSH-Loop2), and the other with 6 nt modified
(DSH-Loopé) (Fig. 6). Both variants were tested with AUG
or CUG as the initiation codon of C protein. The replicons
DSH-Loop2 bearing AUG or CUG behaved similar to their
controls in both cell lines (Fig. 7B,D,E). In contrast, initia-
tion at CUG in DSH-Loopé resulted in a very poor produc-
tion of C, representing only 10% as compared with the
control in BHK cells and even less (2%) in insect cells.
This finding is paramount in understanding the functioning
of DSH, since in this case the structure and the free energy
of DSH were not modified, but it was unable to signal CUG
as the initiation codon in both cell lines. Also, this finding is
consistent with the potential functional convergence be-
tween domain Il of HCV and SINV DSH, since the exact se-
quence in the loop plays an important part in their activity.

Construction of a SINV variant bearing CUG in place
of AUG in sgRNA

We reasoned that since substantial levels of C protein are
produced with the sgRNA variant bearing CUG, it might be
possible to obtain a viable virus containing this initiation
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codon for further analyses under infection conditions.
Accordingly, the plasmid containing the genomic RNA
clone was mutated at the AUG to CUG in the sgRNA se-
quence. Also, the third arginine of C was mutated to a va-
line to facilitate proteomic analysis. The transcribed
genomic RNA (gRNA [CUG]) was transfected into BHK
cells and the virus was collected after four passages. We
initially confirmed the presence of CUG in this gRNA using
RT-PCR and sequence analysis of the corresponding band,
which indicated that the CUG was present in SINV-CUG.
Once it was assured that the CUG remained in the virus af-
ter these passages, BHK cells were infected with wt SINV
or the variant SINV-CUG. Cells were then radioactively la-
beled at different stages post-infection, and the proteins
synthesized were analyzed by SDS-PAGE followed by au-
toradiography. Figure 8A shows that the kinetics of viral
protein synthesis were similar between wt SINV and
SINV-CUG, albeit in the latter case the level of the struc-
tural proteins synthesized was lower than in the control.
Nevertheless, both viruses were able to interfere with cel-
lular translation.

Itwas of interest to test whether the initiation of C protein
was with leucine or with methionine in BHK cells infected
with SINV-CUG. Cells were thus infected and extracted
proteins were separated by SDS-PAGE at 7 h post-infection
(hpi). As before, the band corresponding to C protein was
excised from the gel and subjected to proteomic analysis.
Notably, a variety of amino-terminal peptides were ob-
tained, some of them starting with leucine, and others
with methionine (Supplemental Table 1). This finding dem-
onstrates that the initiation of sgRNA (CUG) can occur with
leucine or methionine under the intracellular conditions
generated in SINV infected cells. The finding that other
peptides were also identified was striking. For instance,
threonine was incorporated before leucine, indicating
that the ACC codon located before CUG was recognized
by the initiation complex. This ACC codon is in a good ge-
nomic context since there are purines at —6, —3, and +4 po-
sitions. Indeed, initiation of cellular mMRNA translation with
threonine has been recently reported (Na et al. 2018).
Curiously, leaky scanning occurred in some instances, since
phenylalanine, glycine or valine were also found at the ami-
no terminus. Moreover, a peptide starting with asparagine
was detected, suggesting that initiation can also occur at
this AAU codon. Another possibility, however, is that these
peptides are generated after the removal of the initial
amino acids present at the amino terminus. In conclusion,
the initiation event on sgRNA exhibits great plasticity
for translation initiation on non-AUG codons in virus-
infected cells.

Action of bruceantin on the translation of sgRNA

The inhibitor bruceantin has been previously used to se-
lectively block the initiation of protein synthesis; specifi-

cally, it is thought that bruceantin at low concentrations
blocks the initiation at the P ribosomal site, whereas at
higher concentrations it can interfere with the elongation
steps (Liao et al. 1976; Starck et al. 2008; Giirel et al.
2009). To test the action of bruceantin on the initiation of
translation mediated by AUG or CUG, sgRNA was translat-
ed in RRL. As control mRNAs, we used SINV gRNA-luc,
which is translated by a canonical mechanism (Carrasco
et al. 2018), and an mRNA bearing the intergenic region
(IGR) of Cricket paralysis virus (CrPV) followed by the lucif-
erase gene: IGR CrPV-luc mRNA (see scheme in Fig. 8B).
This latter messenger contains an IRES that initiates trans-
lation at the A site. We found that concentrations of bru-
ceantin >10 nM inhibited protein synthesis directed by
SINV gRNA-luc, whereas under the same conditions trans-
lation directed by IGR CrPV-luc mRNA was stimulated (Fig.
8C). Of note, translation of sgRNA C + luc (CUG) was also
stimulated by bruceantin under the same conditions,
whereas protein synthesis directed by sgRNA C+luc
(AUG) was partially inhibited. These findings indicate that
sgRNA C +luc (CUG) translation is not blocked by bru-
ceantin, but rather stimulated. In this regard, the behavior
of sgRNA C + luc (CUG) may be similar to that of IGR CrPV-
luc mRNA, suggesting that it might start translation at the
Asite.

We also wished to analyze the action of bruceantin on
viral protein synthesis in infected cells. Thus, BHK cells
were infected with wt SINV or SINV-CUG and 7 h later
the cultures were preincubated for 15 min with different
concentrations of bruceantin. Subsequently, the cell cul-
tures were radioactively labeled during 1 h in the presence
of the inhibitor and extracted proteins were separated by
SDS-PAGE. Results showed that in control BHK cells, bru-
ceantin blocked cellular translation by 80% at 100 nM and
>90% at higher concentrations (Fig. 8D,E). We noted that
the sensitivity of protein synthesis to bruceantin in intact
cells was lower than in cell-free systems, as higher concen-
trations were necessary to interfere with translation in in-
tact cells. In cells infected with wt SINV, the inhibition of
sgRNA translation was less affected than for cellular
mRNAs after bruceantin treatment. Accordingly, an inhibi-
tion of only 30% was observed at 100 nM bruceantin, al-
though higher concentrations (400 nM) resulted in a
profound blockade of translation (Fig. 8D,E). sgRNA trans-
lation was even less affected in SINV-CUG-infected cells
and 100 nM bruceantin inhibited viral protein synthesis
by only 22%. It is likely that high concentrations of this in-
hibitor interfere with the elongation steps, as previously
reported (Liao et al. 1976; Fresno et al. 1978). Therefore,
bruceantin selectively inhibits the initiation steps only at
low concentrations, such as those used in cell-free sys-
tems, whereas higher concentrations might block the
ribosomal A-site and, consequently, the elongation phase
of translation (Liao et al. 1976; Starck et al. 2008; Gurel
et al. 2009).

www.rnajournal.org 443


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.068858.118/-/DC1

Sanz et al.

SINV (CUG) Mock SINV SINV (CUG)

Bruceantin
6 8 hpi =~ 100 200 400 =~ 100 200 400 =~ 100 200 400 (nM)

Mock
N

kDa kDa
75
75 - — B e | PE2
P2 [ LR 1
—E1
50 - -E2 50— e - E2
Acti
— Actin - Actin
37
37+
_C1
25 — c3 Wy S — — —_ 8;
25—
- -
B E
SINV gRNA-luc 150
Cap SG.P.
{C | PEZ2IBKIET ] An 100
Sp3” T
CrPV * .
IGR CrPV-luc ISR e —An S0 . - pol:
CapAUG NI 13131313
XS SN
sgRNA C+luc (AUG) LC | luc An W ¢ C C Chlc o coc ¢
Cap QUG Relative % of Relative % of Relative % of
sgRNA C+luc (CUG) ICT luc An Actin synthesis C synthesis C synthesis
C
201 o I SINV gRNA-luc
> *
g 200 %% [11GR CrPV-luc
< 160 |
o * H sgRNA C+luc (AUG)
g I
2120 [ sgRNA C+luc (CUG)
3
o .
2
©
O
4
°2888 °2888 °2888 °2]gg Bucentn

(nM)

FIGURE 8. Bruceantin differentially affects cellular and viral protein synthesis. (A) BHK cells were mock infected or infected with 10 plaque-form-
ing units/cell wt SINV or SINV (CUG). Then, the medium was changed to a labeling medium with [*>S] Met/Cys to detect the proteins synthesized
during the next hour at the indicated times post-infection. Proteins were separated by SDS-PAGE and fixed and labeled proteins were visualized
by autoradiography. Synthesized viral proteins C, PE2, E1 and E2 are indicated in the gel as well as cellular actin. (B) Schematic representation of
the in vitro transcribed mRNAs: SINV gRNA-luc, IGR CrPV-luc, sgRNA C + luc (AUG), and sgRNA C + luc (CUG). (C) RRL were pretreated or not with
the indicated concentrations of bruceantin for 20 min. Subsequently, 100 ng SINV gRNA-luc, IGR CrPV-luc, as controls, and sgRNA C + luc (AUG)
and sgRNA C + luc (CUG) mRNAs were added and incubated for 90 min at 30°C. Luciferase synthesis was estimated by measuring luciferase ac-
tivity. The values shown are percentages of the value of their respective nontreated counterparts and are the mean = SD of three independent
experiments. Statistical significance was calculated compared to each respective control using Student's t-test, and is shown as (*) P<0.05.
(D) BHK cells mock infected or infected with 10 plaque-forming units/cell wt SINV or SINV (CUG) were maintained in growth medium for 7
h. The medium was then changed to a labeling medium and cells were nontreated or treated with different amounts of bruceantin for 15 min
before addition of [*S] Met/Cys to detect the proteins synthesized during the next hour. Proteins were separated by SDS-PAGE and fixed
and labeled proteins were visualized by autoradiography. The viral proteins C, PE2, E1, and E2 are indicated in the gel and also the cellular actin.
(E) Densitometric analysis of protein synthesis. In mock-infected cells, the level of actin was used to determine the effect of bruceantin in treated
versus untreated cells. In cells infected with wt SINV or SINV (CUG), protein C was used to determine the inhibitory effect of the compound by
comparing the amounts present in treated cells versus their nontreated counterparts. The results are displayed as mean =+ SD of three represen-
tative experiments.
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Infection of wild-type and double knockout
(elF2A™/elF2D™) HAP1 cells by SINV

Itis generally considered that translation initiation on non-
AUG codons can occur with the ternary complex of active
elF2 incorporating a methionine, whereas when leucine is
at the amino terminus, this role is fulfilled by elF2A, that

duced the phosphorylation of elF20. (Supplemental Fig.
3C). Finally, the action of 5 uM TG or 200 uM Ars, was as-
sayed in both cell lines infected with wt SINV or SINV-CUG.
As shown in Figure 9, TG or Ars treatment exhibited a sim-
ilar action on protein synthesis in cells infected with these
viruses. Consistent with the observation that sgRNA trans-
lation is resistant to the inactivation of elF2 in infected

could deliver leucyl-tRNA to the ribo-
some, for a review see (Kearse and
Wilusz2017). However, the exact func-
tioning of elF2A remains a mystery,
since KO mice for elF2A gene do not
show any alteration (Golovko et al.
2016). In some viral RNAs such as
HCV or SINV, the possibility that
elF2A or elF2D are involved in the ini-
tiation eventon AUG codons has been
suggested (Ventoso et al. 2006; Dmi-
triev et al. 2010; Skabkin et al. 2010).
However, using a human haploid cell
line (HAP1) with a double knockout
(KO) for elF2A and elF2D (elF2A~/
elF2D7), we recently demonstrated
that these factors were not required
to initiate translation on HCV or SINV
mRNAs (Sanz et al. 2017; Gonzalez-
Almela et al. 2018). Nevertheless, it
might still be possible that initiation
on CUG in sgRNA could be mediated
by elF2A or elF2D, as proposed for
other cellular mRNAs (Starck et al.
2012, 2016). To address this, we
analyzed SINV infection in wt HAP1
and HAP1-double KO cells. Results
showed that the kinetics and the level
of SINV protein synthesis were similar
between the two cell lines infected
with wt SINV or SINV-CUG (Supple-
mental Fig. 3A). Moreover, the shut-
off of host translation was also ex-
tremely potent in both cell lines. This
finding clearly indicates that elF2A
and elF2D are not necessary to initiate
translation on CUG in SINV-infected
cells.

As it was possible that active elF2
may participate in this initiation event
when elF2A and elF2D are absent, as
in double KO cell line, we treated cells
with different concentrations of TG or
Ars to inhibit the activity of elF2. Both
compounds potently blocked protein
synthesis in the two cell lines exam-
ined (Supplemental Fig. 3B). Western
blotting confirmed that TG and Ars in-
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FIGURE 9. Infection of HAP1 wild-type (wt) and the double KO cell line HAP1 elF2A™/elF2D™~
by wt SINV or SINV CUG. (A) HAP1 wt and HAP1 double KO cells were mock infected or infect-
ed with 10 plaque-forming units/cell wt SINV or SINV (CUG) for 1 h. Then, the infective medium
was replaced by fresh growth medium. At 7 h post-transfection, cells were incubated in radio-
active labeling medium with [3*S] Met/Cys and treated or not with thapsigargin (TG; 5 uM) or
sodium arsenite (Ars; 200 uM) for 1 h. Then, cells were collected in loading buffer and analyzed
by SDS-PAGE, fluorography and autoradiography. (B) In parallel, the state of phosphorylation
of elF2 was analyzed by western blotting with anti-P-elF2a. and anti-elF20 antibodies.
(C) Densitometric analysis of C synthesis is shown in the graphs as relative to their correspond-
ing untreated samples. The results are displayed as mean * SD of three representative exper-
iments. The black bars correspond to translation initiation at AUG and gray at CUG.
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cells, there was very little inhibition of viral protein synthe-
sis in the human cell lines. Analysis of elF2a phosphoryla-
tion in the infected cells, with or without TG or Ars
treatment, showed that SINV infection resulted in in-
creased phosphorylation of elF2a, which was very clear af-
ter TG or Ars treatment, both in wt HAP1 and HAP1-
double KO cells (Fig. 9B). These observations demonstrate
that elF2, elF2A and elF2D are not required to initiate
translation of sgRNA using CUG as the initiation codon.

DISCUSSION

All living organisms, including viruses, need to synthesize
the correct proteome in order to replicate and survive.
Accordingly, the adequate selection of the initiation co-
don is very important for the synthesis of authentic pro-
teins, since initiation at other sites would lead to aberrant
polypeptides (Drummond and Wilke 2009; Rozov et al.
2016). Whereas the vast majority of both cellular and viral
mRNAs initiate translation at AUG codons (Haimov et al.
2015; Kearse and Wilusz 2017), some can initiate their pro-
tein synthesis on codons other than AUG, particularly up-
stream ORFs (Starck et al. 2016; Kearse and Wilusz
2017). On these occasions, initiation can take place at co-
dons such as CUG, GUG, AUU, among others (Peabody
1989; Van Damme et al. 2014). To what extent methionine
is also incorporated at these non-AUG codons or whether
the initiation of translation can take place with other amino
acids remains contentious (Starck et al. 2012; Liang et al.
2017, Sellier et al. 2017; Na et al. 2018). In this regard, it
has been shown that in mammalian cells leucine is incorpo-
rated as the first amino acid during translation of some
mRNAs that contain CUG instead of AUG (Starck et al.
2012). However, few studies have analyzed the initiation
with amino acids other than methionine in near-AUG co-
dons, perhaps because the initiation in near-AUGs codons
is little efficient (Liang et al. 2017). In this sense, the viral
system we used allows to obtain relatively high amounts
of protein C initiating in near-AUG codons, particularly
in CUG, which facilitates this type of study. It is thought
that in those cases where methionine incorporation is
directed by non-AUG codons, the ternary complex Met-
tRNAM®LelF2-GTP is misincorporated at the amino termi-
nus at the ribosomal P site. In other instances, as occurs
when the initiator is leucyl-tRNA'®Y, it has been suggested
that the monomeric protein elF2A replaces the trimeric
elF2 (Starck et al. 2012, 2016). However, only partial inhibi-
tion of this initiation event was found after knockdown of
elF2A. Thus, the exact mechanism by which initiation takes
place using non-AUG codons is still a matter of research. In
this sense, the use of KO cell lines similar to the one used in
the present work will be important to uncover the proteins
involved in this process.

The best understood mechanism of initiation at non-
AUG codons is on the second cistron of CrPV RNA. In this
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case, initiation is mediated by an IRES present in the IGR
of CrPV in such a way that a pseudoknot structure in the re-
gion 3 of the IGR IRES interacts with the ribosomal A site
and is then translocated to the P site (Johnson et al. 2017;
Pisareva et al. 2018). The initiation codon used is GCU,
which directs the incorporation of alanine at the amino ter-
minus when the second cistron is translated. None of the
elFs participate in this initiation event and alanyl-tRNA is
bound to the A ribosomal site mediated by translation
elongation factor 1A (eEF1A) (Jan and Sarmow 2002;
Fernandez et al. 2014). This aminoacyl-tRNA is then trans-
located to the P site mediated by eEF2in a GTP-dependent
process. We have previously advanced the idea that some
similarities exist between the mechanism of initiation di-
rected by IGR CrPV and the alphavirus sgRNA (Garcia-
Moreno et al. 2015; Sanz et al. 2017; Carrasco et al. 2018).

SINV provides a unique model to study the initiation of
translation on non-AUG codons and the mRNA require-
ments to accomplish this task. In principle, several possibil-
ities might account for translation initiation on non-AUG
codons. One is that methionine can be incorporated
even when CUG was present. Alternatively, it is possible
that leucine is the first amino acid at the amino terminus.
Our present findings demonstrate that both possibilities
can occur, although leucine is preferentially incorporated
at the amino terminus. Therefore, methionyl-tRNA or
leucyl-tRNA act as initiators on this CUG codon.
However, we do not yet know which isoform of Met-tRNA
participates in this process: the initiator, Met-tRNAM®!, or
the isoform that participates during the elongation phase
Met-tRNAMS. Met-tRNAM® forms the ternary complex
with elF2 and GTP, whereas Met-tRNAMS interacts with
eEF1A and GTP. Two models can thus be envisaged.
Either leucyl-tRNA or methionyl-tRNA forms a ternary com-
plex with elF2, or they both interact with eEF1A. The fact
that elF2 is very selective for the initiator Met-tRNAM®
and that this initiation factor forms ternary complexes
with other aminoacyl-tRNAs very inefficiently (Kolitz and
Lorsch 2010), does not support the participation of elF2
in this process. Moreover, the demonstration that elF2 be-
comes inactive after its phosphorylation in SINV-infected
cellsis also consistent with the idea that elF2 is not involved
in this initiation event. The replacement of elF2 by other
factors such as elF2A or elF2D can also be discarded,
because the synthesis of SINV capsid protein can occur
on double KO cell lines for these factors, even when AUG
has been replaced by CUG. Yet another mechanism could
involve the participation of a putative cellular factor that in-
teracts with some aminoacyl-tRNAs and is able to bind
them to ribosomes (Schleich et al. 2017; Hellen 2018).
For instance, the heterodimer DENR-MCT-1 can interact
with tRNA to recruit it to ribosomes during the reinitiation
of translation (Schleich et al. 2014; Lomakin et al. 2017;
Ahmed et al. 2018). There is still the possibility that low
amounts of unphosphorylated elF2 may participate in
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sgRNA translation. Also, the presence of phosphatases in
the foci where sgRNA translation takes place could provide
small amounts of unphosphorylated elF2. We believe that
these speculations are unlikely because elF2 and ribo-
somes do not colocalize in SINV-infected cells (Sanz et al.
2009). Moreover, even low amounts of phosphorylated
elF2 strongly decrease translation since GDP-GTP ex-
change is blocked (Donnelly et al. 2013). It could also be
possible that eEF1A or another cellular protein with the
ability to interact with aminoacyl-tRNA participates in this
initiation event. In the case of the ternary complex amino-
acyl-tRNA-eEF1A-GTP, it has to interact with the A site on
the 80S ribosomes, since elongation factors have to bind
to the GTPase center located at the major ribosomal sub-
unit. We have previously suggested that this A site should
be open if the P site is occupied by the DSH element
(Garcia-Moreno et al. 2015; Carrasco et al. 2018). Our pres-
ent findings are in good agreement with this idea since
bruceantin had no effect on sgRNA C + luc (CUG) transla-
tion in RRL, and the blockade of viral translation by bru-
ceantin was poorer than that for cellular protein synthesis
in BHK cells infected with SINV-CUG. Interestingly, the
DSH element can directly interact with the 18S rRNA
(Toribio et al. 2016) and, in this manner, could promote
the formation of the 80S ribosome on the initiation codon,
as we have previously suggested (Fig. 10; Carrasco et al.
2018). In addition, DSH exhibits structural similarities to
the domain Il of the HCV IRES (Carrasco et al. 2018), and
there are similarities between this domain and the CrPV
IRES (Pisareva et al. 2018). Hence, it is likely that both
DSH and the HCV domain Il share functional properties.
Also, consistent with this model is the finding that threonine
or valine, among others, can be found at the amino termi-
nus of C protein, indicating that other amino acids can also
participate in the initiation event depending on the codon
present at the A site.

The finding that CUG can replace the AUG initiation co-
don in SINV sgRNA and that this is dependent on the in-
tegrity of DSH opened the possibility to analyze the
structural requirements of DSH in this process. Our present
findings provide further insight into the structural require-
ments of DSH to participate in signaling the initiation co-
don. Overall, our observations lend support to the model
in which DSH interacts with the 40S subunit, promoting
the recruitment of the 60S to form the 80S ribosome
(Fig. 10; Carrasco et al. 2018). For this interaction, the
structure, but not the sequence of the stem region, seems
to be important. However, the loop sequence is crucial
because the mutation of the six nucleotides of this loop
decreases the initiation on CUG codons, particularly in in-
sect cells. Indeed, this DSH variant demonstrates that the
functioning of DSH is not to stall the preinitiation complex-
es at the correct codon. According to Kozak’s model, the
optimal position for a hairpin to stall ribosomes at the ini-
tiation codon is at 14 nt (Kozak 1990, 1991). However, po-
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FIGURE 10. Schematic representation of the initiation events of SINV
sgRNA. Initially, the 40S ribosomal subunit together with elF1, elF1A,
and elF3 interact with the cap structure at the 5 end of sgRNA. Then,
scanning of the leader sequence takes place until the AUG initiation
codon is recognized. The DSH structure interacts with the 40S to
stop scanning and to promote the binding of the 60S ribosomal sub-
unit, after the dissociation of elFs promoted by elF5B. Once the 80S
ribosome is formed, the elongation phase proceeds.

sitioning DSH from 24 to 15 nt downstream from the AUG
is highly detrimental for its activity (Frolov and Schlesinger
1996). DSH structure is very important for sgRNA transla-
tion (for review, see Carrasco et al. 2018). However, DSH
structure can be modified to some extent maintaining its
function, although it cannot be replaced by any hairpin,
even if it has a similar free energy (Garcia-Moreno et al.
2015). Our current results lead to the following conclusions
about the structure-activity relationship of DSH: (i) The
structure of the stem is crucial, but not its sequence, (ii)
the sequence of the loop plays an important part in the
function of DSH, and (iii) the DSH can be replaced to
some extent by domain Il of the HCV IRES.
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MATERIALS AND METHODS

Cell cultures and viruses

BHK-21 cells (ATCC: CCL-10) were cultured at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS) at 5% CO,. Wild-type HAP1 human haploid
cells and cells double knockout for elF2A and elF2D (cat#
HZGHCO005122c010) were purchased from Horizon Discovery
Group ple. This line has a 16 bp deletion in exon 4 of the elF2A
gene and a 22 bp deletion in exon 3 of elF2D gene. HAP1 cells
were cultured in Iscove’'s modified Dulbecco’s medium
(Invitrogen) supplemented with 10% FCS at 5% CO,. The Aedes
albopictus cell line C6/36 (ATCC: CRL-1660) was grown at 28°C
in M3 medium, containing 10% FCS and without CO,. All media
contained 100 pg/mL streptomycin and 100 1U/mL penicillin.
Viral stocks were derived from the infective cDNA clones wt
SINV, from pT7 SVwt (Sanz and Carrasco 2001), and the SINV
CUG-variant, from the same plasmid but with the AUG initiation
codon of C mutated to CUG. In vitro transcribed genomes were
transfected into BHK cells and viruses were amplified in the
same cell line.

Plasmids

Plasmids were used as DNA templates for in vitro RNA transcrip-
tion with T7 or SP6 RNA polymerases. pToto1101/Luc (SINV
gRNA-luc) was generously provided by Charles Rice (Rockefeller
University) (Bick et al. 2003). Plasmid T7 Rluc AEMCV IGR-Fluc
was used to obtain IGR CrPV luc mRNA (Wilson et al. 2000).
The pTM1-Luc vector was constructed as described previously
(Sanz et al. 2010). Cap.pGlobin-Luc transcripts were obtained by
in vitro transcription using pKS-GL-FL as a template, as described
previously (Castello et al. 2009)

pT7 SVwt (Sanz and Carrasco 2001) and pT7 rep C+ luc (Sanz
et al. 2007) were used as template plasmids to obtain variants
of infective clones or replicons, respectively. The plasmids to pro-
duce sgRNAs derived from their respective replicons, which were
modified to introduce the promotor sequence of T7 RNA poly-
merase directly upstream of the sgRNA sequences. To obtain
each variant, we used four oligonucleotides: Two included Hpal
or Aatll restriction sites and two were designed specifically to in-
troduce the mutations with complementary sequences. We
carried out two PCR reactions using pT7SV wt or pT7 rep C+
luc as template DNA and the oligonucleotides 5'Hpal and the
3'-specific oligonucleotide or 5'-specific oligonucleotide and
3'Aatll. We then performed a second PCR with a mixture of these
products as DNA template and the oligonucleotides with Hpal
and Aatll sites. The products of the second PCR were digested
as appropriate and cloned into pT7 SV wt or pT7 rep C +luc. To
introduce the CUG mutation into pT7 rep Lluc-luc (Sanz et al.
2010), we used the same protocol but used the oligonucleotide
3'Sphl-luc in place of 3'Aatll. To obtain the plasmids to produce
sgRNAs, we used the oligonucleotides 5'Sacl - T7prom and
3'Aatll with the respective pT7 rep C + luc variant DNA templates.
The PCR products are digested with Sacl and Aatll and cloned
into pT7 rep C + luc. The sequence of C with all in frame AUG trip-
lets mutated to CUG (or all but the first) was obtained by multiple
PCR reactions using specific oligonucleotides. The sequences in-
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troduced into plasmids were then verified by sequencing. The list
of oligonucleotides used is shown in Supplemental Table 1.

Antibodies

The following primary antibodies were used: rabbit polyclonal
antibody against purified SINV C protein, generated in our labo-
ratory; rabbit polyclonal anti-firefly luciferase (ab 21176, Abcam);
goat polyclonal anti-TIA-1 (C-20) sc-1751 and rabbit polyclonal
anti-elF2o antibodies (Santa Cruz Biotechnology); mouse mono-
clonal anti-a-tubulin (T5168, Sigma-Aldrich); rabbit polyclonal
anti-elF2D antibody (Proteintech Group); rabbit polyclonal anti-
elF2A (Bethyl Laboratories Inc.); and rabbit polyclonal antibody
anti-phospho-elF20. (serine 51) (Cell Signaling Technology).
Anti-rabbit or anti-mouse IgG secondary antibodies coupled
to peroxidase (Amersham Biosciences) were used at a 1:5000
dilution.

In vitro transcription and transfection

Plasmids digested with Xhol were used as templates for in
vitro RNA transcription with T7 or Spé RNA polymerases (New
England Biolabs). With the exception of IGR CrPV luc, all in vitro
produced RNAs were capped by adding the m’G(5)ppp(5)G
cap analog to the transcription mixture. The transcription mix-
tures were treated with DNAse | and used directly for transfection.
BHK or C6/36 subconfluent cells grown in 24-well plates were
transfected (per well) with a mixture of 1 pg RNA and 2 pL
Lipofectamine 2000 in 200 pL Opti-MEM | medium (both from
Invitrogen). Experiments to analyze the translation of sgRNAs
were performed in Opti-MEM | medium. For those experiments
requiring a longer duration, the transfection medium was
changed after 2 h to DMEM with 10% FCS for BHK cells or M3
with 10% FCS for C6/36 cells.

Immunofluorescence and confocal microscopy

Fixation, permeabilization, and confocal microscopy were per-
formed as described previously (Madan et al. 2008) using an
LSM 710 confocal laser scanning and multiphoton microscope
coupled to an inverted microscope (Axio Observer). Primary anti-
bodies were detected by secondary antibodies coupled to Alexa
488 or Alexa 555. Nuclei were stained with DAPI (4’-6-diamidino-
2-phenylindole). All images were collected and analyzed using
Zeiss ZEN 2010 software.

In vitro translation

A nuclease-treated rabbit reticulocyte lysate system (RRL,
Promega) was used for in vitro translation. Reactions containing
100 ng of in vitro transcribed mRNAs were incubated for 90 min
at 30°C. An in vitro translation assay in Drosophila embryo ex-
tracts was also carried out, as previously described (Gebauer
etal. 1999). Reaction mixtures containing 1 pg of in vitro synthe-
sized RNA, 40% embryo extract (a kind gift from Dr. F. Gebauer,
Centre for Genomic Regulation, Barcelona, Spain), 0.1 mM
spermidine, 60 uM amino acids, 16.8 mM creatine phosphate,
80 ng/pL creatine kinase, 24 mM HEPES pH 7.4, 1.4 mM
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magnesium acetate, 100 mM potassium acetate and 100 ng/uL
calf liver tRNA were incubated in a final volume of 50 pL at 25°
C for 90 min. Protein synthesis was determined by measuring lu-
ciferase activity or by western blotting.

Luciferase activity measurement

BHK cells were lysed in a buffer containing 0.5% Triton X-100,
25 mM glycylglycine pH 7.8, 1 mM dithiothreitol and complete
EDTA-free protease inhibitor cocktail (Roche Molecular Systems
Inc.) at the concentration indicated by the supplier. Luciferase ac-
tivity for cells and RRL assays was determined using the Luciferase
Assay System (Promega) and a Sirius Luminometer (Titertek-
Berthold).

As a control, cycloheximide was added to block translation,
which allowed us to determine the luciferase synthesized in the
absence of compounds during the first hour of transfection.

Analysis of protein synthesis by radioactive
labeling

Protein synthesis was analyzed at the times indicated by replacing
growth media with 0.2 mL DMEM without methionine-cysteine
supplemented with 1 pL of EasyTag EXPRESS %S Protein
Labeling mix, [3SS]Met—Cys (11 mCi mL™"; PerkinElmer) per well
of an L-24 plate. Cells were then collected in sample buffer,
boiled for 5 min and analyzed by autoradiography on SDS-poly-
acrylamide gels. Protein synthesis was quantified by densitometry
using a GS-800 calibrated imaging densitometer (Bio-Rad).

Western blotting

Cells were collected in sample buffer, boiled for 5 min and pro-
cessed by SDS-PAGE. After electrophoresis, proteins were trans-
ferred to nitrocellulose membranes. Protein bands were visualized
with the ECL detection system (Amersham). Quantification was
made by densitometry, as above.

Mass spectrometry analysis of SINV capsid
amino terminus

BHK cells (1 x 10°) were transfected with 5 ug of in vitro synthe-
sized replicons, rep C+ luc (AUG), rep C + luc (CUG), or rep C+
luc (GUG), all containing the R3 to V mutation in C, and 10 pL
Lipofectamine 2000. After 8 h, cultures were collected and pro-
tein extracts were separated by SDS-PAGE and visualized by
coomassie blue staining. Protein bands migrating at the molecu-
lar weight of C from each replicon were excised. A sample of
cells infected with wt virus was used to determine C mobility.
The same protocol was followed for the analysis of cells infected
with SINV (CUG) at 10 plaque-forming units/cell and collected
after 7 h.

In-gel digestion

After drying, gel bands were destained in acetonitrile:water (1:1),
reduced and alkylated (disulfide bonds from cysteinyl residues
were reduced with 10 mM DTT for 1 h at 56°C, and thiol groups

were alkylated with 50 mM iodoacetamide for 1 h atroom temper-
ature in the dark), and then digested in situ with sequencing grade
trypsin (Promega) as described previously (Perez et al. 2012). The
gel pieces were dehydrated by removing all liquid using sufficient
acetonitrile, which was then removed and the gel pieces dried in
a speed vac. Gels were reswollen in 50 mM ammonium bicarbon-
ate pH 8.8 with 12.5 ng/pL trypsin for 1 h in an ice-bath. The diges-
tion buffer was then removed and gels were covered again with
50 mM ammonium bicarbonate and incubated at 37°C for
12 h. Digestion was stopped by the addition of 1% trifluoroacetic
acid. Supernatants were dried down and then desalted onto
ZipTip C18 Pipette tips (Millipore) for mass spectrometric analysis.

Reverse phase-liquid chromatography
RP-LC-MS/MS analysis

The desalted protein digest was dried, resuspended in 10 pL of
0.1% formic acid and analyzed by RP-LC-MS/MS in an Easy-nLC
Il system coupled to an ion trap LTQ-Orbitrap-Velos-Pro hybrid
mass spectrometer (Thermo Scientific). The peptides were con-
centrated (on-line) by reverse phase chromatography using a
0.1 mmx20 mm C18 RP precolumn (Thermo Scientific), and
then separated using a 0.075 mm x 250 mm C18 RP column
(Thermo Scientific) operating at 0.3 pL/min. Peptides were eluted
using a 100-min dual gradient from 5% to 25% solvent B in 68 min
followed by gradient from 25% to 40% solvent B over 90 min
(Solvent A: 0.1% formic acid in water, solvent B: 0.1% formic
acid, 80% acetonitrile in water). ESI ionization was done using a
stainless steel nano-bore emitter, ID 30 um, interface (Proxeon
Biosystems). The Orbitrap resolution was set at 30.000. Peptides
were detected in survey scans from 400 to 1600 amu (1 pscan), fol-
lowed by fifteen data-dependent MS/MS scans (Top 15), using an
isolation width of 2 u (in mass-to-charge ratio units), normalized
collision energy of 35%, and dynamic exclusion applied during
30 sec periods. Peptide identification from raw data was carried
out using PEAKS Studio 8.5 software (Bioinformatics Solutions
Inc.) (Han et al. 2004, 2011; Zhang et al. 2012). Database search-
ing was performed against Local Data Base (SINV capsid se-
quence). The following constraints were used for the searches:
tryptic cleavage after Arg and Lys, up to two missed cleavage
sites, and tolerances of 20 ppm for precursor ions and 0.6 Da
for MS/MS fragment ions, and the searches were performed al-
lowing optional Met oxidation, amino-terminal acetylation and
Cys carbamidomethylation. False discovery rates (FDRs) for pep-
tide spectrum matches were limited to 0.01.

Secondary structure prediction

RNA optimal secondary structures were predicted using the
RNAfold webServer: http:/ma.tbi.univie.ac.at/cgi-bin/RNAfold.cgi.

Statistical analysis

Data analysis was performed using Excel (Microsoft). Data are
shown as mean with standard error. Statistical validation was
done using unpaired two tails Student’s t-test with unequal vari-
ances. Statistical significance is shown as * P<0.05, ** P<0.01,
*** P<0.001.
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