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Abstract—Viruses exploit the translation machinery of an infected cell to synthesize their proteins. Therefore, viral mRNAs
have to compete for ribosomes and translation factors with cellular mRNAs. To succeed, eukaryotic viruses adopt multiple
strategies. One is to circumvent the need for m’G-cap through alternative instruments for ribosome recruitment. These
include internal ribosome entry sites (IRESs), which make translation independent of the free 5’ end, or cap-independent
translational enhancers (CITEs), which promote initiation at the uncapped 5’ end, even if located in 3’ untranslated regions
(3" UTRs). Even if a virus uses the canonical cap-dependent ribosome recruitment, it can still perturb conventional riboso-
mal scanning and start codon selection. The pressure for genome compression often gives rise to internal and overlapping
open reading frames. Their translation is initiated through specific mechanisms, such as leaky scanning, 43S sliding, shunt-
ing, or coupled termination-reinitiation. Deviations from the canonical initiation reduce the dependence of viral mRNAs
on translation initiation factors, thereby providing resistance to antiviral mechanisms and cellular stress responses.
Moreover, viruses can gain advantage in a competition for the translational machinery by inactivating individual transla-
tional factors and/or replacing them with viral counterparts. Certain viruses even create specialized intracellular “transla-
tion factories”, which spatially isolate the sites of their protein synthesis from cellular antiviral systems, and increase avail-
ability of translational components. However, these virus-specific mechanisms may become the Achilles’ heel of a viral life
cycle. Thus, better understanding of the unconventional mechanisms of viral mRNA translation initiation provides valuable
insight for developing new approaches to antiviral therapy.
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DEDICATION

We wrote this review in tribute to Alexander S. Spirin,
an outstanding scientist who made groundbreaking con-
tributions to the studies of protein biosynthesis. Although
the main areas of interests of Prof. Spirin were the ribo-
some and basic translation processes, he was also fascinat-
ed by translation of viral mRNAs. This interest can be

highlighted by his studies on the structure and translation-
al control of plant virus RNAs, on the peculiarities of
translation initiation of poxviruses, usage of viral transla-
tion mechanisms to optimize cell-free protein synthesiz-
ing systems. This text is written by his colleagues, friends,
students, co-authors, and collaborators. All of us highly
admire him as a scientist and a person, and we dedicate
our review to his memory with great respect and gratitude.
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INTRODUCTION

Our planet is inhabited by viruses, and many of
them are pathogens of eukaryotes. Despite the fact that
viral genomes can be larger in size and complexity than
those of some primitive bacteria, as of now there is not a
single case when they would contain a complete set of
genes necessary for protein biosynthesis [1]. This makes
viruses almost completely dependent on the cellular
translational apparatus. Moreover, most often they do
not just use what is available: many viruses are able to
usurp the protein-synthesizing machinery, redirecting
the lion’s share of cellular resources to the production of
their own proteins. In the course of evolution, viruses
have acquired the ability to manipulate different stages of
the translational cycle, with translation initiation being
the primary target. By hijacking or undermining transla-
tion machinery components, and using non-canonical
mechanisms to recruit ribosomes, viruses gain a compet-
itive advantage for their mRNA and halt the cellular
antiviral response.

In this review, we describe some of the structural and
functional features of viral mRNAs and discuss how they
allow successful competition for the translational appara-
tus of infected cells.

CANONICAL MECHANISM OF TRANSLATION
INITIATION IN EUKARYOTES

Cytoplasmic mRNAs of the eukaryotic cell have a
specialized chemical structure at the 5’ end, the m’G-cap
(7-methylguanosine, attached through a 5’,5'-triphos-
phate bridge to the first nucleotide of mRNA), and are
usually equipped with a poly(A)-tail at the 3’ end. Such
multifunctional “labels” are recognized in the cytoplasm
by specialized proteins [2-5]. Under conditions of active
translation, the 5’ cap is associated with the eIF4F which
consists of three subunits: a small cap-binding protein
elF4E, a large scaffold eIF4G, and an ATP-dependent
RNA helicase elF4A. The 3’ end of mRNA is usually
associated with several molecules of the poly(A)-binding
protein PABP, which, via interaction with eIF4G, shapes
mRNA into a closed-loop structure (Fig. 1).
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Another set of translation initiation factors binds to
the small subunit of the ribosome, forming the 43S pre-
initiation complex [6]. The GTP-bound heterotrimer
elF2 delivers the initiator Met-tRNA, to the ribosomal P-
site. Three other factors — elF1, eIF1A, and elF5 — bind
in close proximity and control tRNA accommodation.
The giant elF3 protein, which consists of 13 subunits in
mammals, wraps the 40S subunit, forming multiple con-
tacts with almost all other initiation factors.

Due to the interaction of elF3 and elF4G, the 43S
complex is recruited to the mRNA. Importantly, during the
canonical translation initiation, the eukaryotic ribosome
enters strictly at the 5’ end of the transcript accommodat-
ing it into the RNA-binding channel of the 40S subunit.
The 43S complex then starts travelling towards the 3’ end,
searching for an AUG triplet (“ribosomal scanning”).
Recognition of the appropriate start codon (usually AUG
in a suitable nucleotide context, but sometimes a near-cog-
nate codon like CUG, ACG, GUG, etc.) is ensured by
stringent monitoring of the Met-tRNA, conformation at
the P-site by factors elF1, eIF2, elF5, and certain subunits
of eIF3. During recognition of the start codon, inorganic
phosphate (P,) is released from the hydrolyzed el F2-bound
GTP due to coordinated action of the factors, which caus-
es their sequential dissociation and irreversible arrest of the
scanning ribosome. At this stage, the factor eIF5B binds to
the complex and facilitates 60S joining. The resulting 80S
particle is ready to accept aminoacyl-tRNA into the A-site
and proceed to elongation.

This classical mechanism of translation initiation is
called cap-dependent scanning and is predominant for
cellular mRNAs [3, 7]. Its steps are regulated depending
on the conditions the cell is exposed to. In particular,
under certain types of stress, elF2 is phosphorylated and
sequestered into an inactive complex with the guanine
nucleotide exchange factor eIF2B. This stops delivery of
Met-tRNA,to the initiation complex and leads to transla-
tion repression. Another subject of regulation are the cap-
binding factors: eIF4E—elF4G interaction is disrupted by
the 4E-BP proteins, which are activated upon dephos-
phorylation. Both pathways are often involved in the cel-
lular response to viral infection.

In the course of evolution, many viruses have devel-
oped alternative modes of translation initiation, as well as

Abbreviations: CaMV, cauliflower mosaic virus; circRNA, circular RNA; CITE, cap-independent translation enhancer;
CrPYV, cricket paralysis virus; DENYV, dengue virus; EMCYV, encephalomyocarditis virus; FCV, feline calicivirus; FM DV, foot-and-
mouth disease virus; gRNA, genomic RNA; HalV, Halastavi drva virus; HAV, hepatitis A virus; HCV, hepatitis C virus; HIV-
1, human immunodeficiency virus type 1; HNV, human Norwalk virus; 1BV, influenza B virus; IGR, intergenic region;
IRES, internal ribosome entry site; ITAF, IRES trans-acting factor; ORF, open reading frame; PEMV-2, pea enation mosaic
virus 2; pgRNA, pre-genomic RNA; PTE, panicum mosaic virus-like translation enhancer; PV, poliovirus; RHDYV, rabbit hemor-
rhagic disease virus; RhPV, Rhopalosiphum padi virus; RRL, rabbit reticulocyte lysate; SARS-CoV-2, severe acute respiratory syn-
drome coronavirus 2; sgRNA, subgenomic RNA; TCYV, turnip crinkle virus; TED, translation enhancer domain; TLS, tRNA-like
structure; TMEYV, Theiler’s murine encephalomyelitis virus; TMV, tobacco mosaic virus; TPL, tripartite leader of late adenovirus
mRNAs; TURBS, termination upstream ribosomal binding site; TYMYV, turnip yellow mosaic virus; UTR, untranslated region;
VACY, vaccinia virus; VPg, viral protein genome-linked; WGE, wheat germ extract.
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Fig. 1. Translation cycle of the eukaryotic mRNA and major non-canonical translation initiation mechanisms used by viral mRNAs. Full
names of the viruses are given in the text of the article.
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various ways of manipulating its different stages and reg-
ulation. This provides viral mRNA with a competitive
advantage over cellular transcripts.

“DEVIANT” CAP-DEPENDENT INITIATION
EMPLOYED BY VIRAL mRNAs

In this section, we will consider the mechanisms of
translation initiation of viral mRNAs that contain a func-
tional m’G-cap structure at the 5’ end, but nevertheless
use unconventional modes of ribosomal scanning or start
codon selection.

Manipulations with the mechanism of start codon
selection. Due to their compactness, viral genomes often
contain overlapping open reading frames (ORFs). More
than one protein can be synthesized from one mRNA —
and they can be encoded both in different reading frames
and in the same frame, starting from different start
codons (in the latter case, these can be either co-terminal
isoforms or individual proteins obtained by proteolytic
processing). In classical cap-dependent scanning, the
ribosome does not always start translation from the 5’
proximal AUG codon. The 43S scanning complex may
not recognize an AUG and simply “drive” through [7].
The probability of such an event depends on the
nucleotide context of the AUG, primarily on the
nucleotides at positions —3 and +4. Pyrimidines in these
positions (“weak” context) reduce the recognition effi-
ciency, which leads to so-called “leaky scanning”.
Purines in both positions form a “strong” context, usual-
ly referred to as Kozak’s context after M. Kozak, who first
discovered this phenomenon. Recognition can also be
enhanced by stable secondary structure of mRNA down-
stream of the considered triplet, since this slows the
advance of the scanning complex (see below). However,
even if the complex recognizes AUG and stops, final fix-
ation on the selected codon requires hydrolysis of the
GTP molecule bound to elF2 and, most importantly,
release of the P;, making the hydrolysis irreversible. If this
does not happen for a long time (for example, under con-
ditions of inactive eIF5), the complex can resume scan-
ning and reach the next suitable codon [8]. This second
mechanism is called 43S sliding, and it is context-inde-
pendent.

In practice, it is difficult to distinguish between leaky
scanning and 43S sliding. Both have the same conse-
quences, although the mechanism and kinetics of these
processes are different. However, since 5’ proximal AUG
codons are often ignored in the different contexts, both
phenomena seem to be quite common.

Many viruses exploit such mechanisms for their own
purposes. For example, the P/C mRNA of the murine
respirovirus, better known as Sendai virus (SeV), simulta-
neously encodes eight products, and leaky scanning is
used for initiation of the synthesis of three of them (C’, P
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and C in the order of initiation sites) [9]. In this case, pro-
teins C’ and C have a common C-end and are encoded in
one frame, and P — in another, which strongly overlaps
with the first. For the initiation complex to reach the C
protein start codon, it must skip the two previous ones.
This occurs because the C' protein start codon is ACG,
and in the case of P, the AUG codon context contains
pyrimidine at position —3. Similar principles allow pro-
duction of several proteins from a single mRNA in the
case of other viruses, often with an AUG-like triplet act-
ing as the first of the start codons (see review in [10]). One
of the most striking cases, when the coding potential of
mRNA is used especially effectively by employing leaky
scanning, is the subgenomic RNA (sgRNA) of some
umbraviruses [11], where two large proteins are encoded
in different but almost completely overlapping frames.
Some viral mRNAs violate classic leaky scanning
principles. For example, in the case of the genomic
RNA (gRNA) of the turnip yellow mosaic virus (TYMYV),
initiation frequency at the first of the two start codons
depends on recognition efficiency of the second one and
on the distance between them [12], which is difficult to
explain from the standpoint of the classical unidirection-
al (5'-3") scanning, even taking into account all the
nuances [13]. An especially efficient form of leaky scan-
ning has been shown for the S1 mRNA of avian reovirus
(ARYV), which allows placing the pre-initiation complex
at the start codon of the ¢C frame. It is possible that in
these cases the primary role is played by sliding of the 43S
complex or the choice of start codon changes depending
on the concentration of mRNA and factors in the cell
[14]. Skipping of AUG codons is possible not only in the
case of cap-dependent initiation, but also in other scan-
ning scenarios (see below). The choice of the start codon
can also be influenced by specialized elements of second-
ary structure of the viral mRNA. Stable hairpins located
at a distance of 14 nt or slightly further downstream of the
initiation codon not only promote its recognition, as
mentioned above, but can also somehow reduce the need
of such mRNA for some initiation factors (in particular,
elF2 and elF4F). Such structures, called DLP (down-
stream loop), are present in the sgRNA of some
alphaviruses (for example, Sindbis virus, SINV, and
Semliki forest virus, SFV), as well as in the related
rubiviruses (rubella virus, RuV) [15-17]. In infected cells,
phosphorylation of eIF2 by PKR kinase at the late stages
of infection leads to suppression of translation of cellular
mRNAs and the viral gRNA [16, 18], while sgRNA is still
translated efficiently. This translation is also resistant to
artificial inhibition of elF2, and eIF4A helicase [19, 20],
as well as to elF4G cleavage [19], but all this is true only
in the context of viral infection. The reason for this is not
fully understood, as well as the mechanism of Met-tRNA,
delivery to the initiation complex in the absence of el F2
under these conditions [21]. During reconstruction of the
SINV sgRNA translation from purified components,
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elF2 can be replaced by recycling/reinitiation factors
elF2D or MCTS « DENR [22]; however, this activity is
most likely a side effect and is hardly significant
in vivo [23]. A conserved hairpin (cHP) in the correspon-
ding position of the coding region, which helps in the
selection of the start codon, is also present in the mRNA
of some flaviviruses (for example, dengue virus,
DENY) [24]; however, translation resistance to elF2
phosphorylation has not been documented in this case.
Interestingly, mRNA of DENYV and related flaviviruses
has reduced requirements for activity of the cap-binding
apparatus (see below); however, the cHP hairpin is appar-
ently not involved in this phenomenon [25].

Nonlinear scanning. The classical model of riboso-
mal scanning assumes continuous inspection of every
position in the 5 UTR by the pre-initiation complex.
However, in some viral mRNAs, certain regions of the
leaders seem to avoid this. In these cases, AUG codons or
stable hairpins present in the 5 UTRs, which usually pre-
vent progression of the 43S complex, do not affect the
translation levels of the main frames. This situation is
termed nonlinear scanning or shunting.

Nonlinear scanning is an umbrella term. Most of the
relevant reviews start with the case of 35S pre-genomic
RNA (pgRNA) of the CaMV pararetrovirus (cauliflower
mosaic virus), in the description of which this term was
introduced [26]. However, we will break this tradition,
since it is now known that what was once called “shunt-
ing” on 35S pgRNA is based not on nonlinear scanning of
the 43S leader by the pre-initiation complex, but rather
on a special mechanism of translation reinitiation, which
is activated after reading and termination on the stop
codon of the first short frame located in the 5" UTR.
Therefore, we will consider this case below in the section
dealing with reinitiation.

Shunting as bona fide nonlinear scanning was first
documented in 1988 when translation of the aforemen-
tioned P/C mRNA of the Sendai virus was studied [27].
While initiation of translation of the first three ORFs in
this mRNA occurs by the conventional or leaky scanning
mechanisms, ribosomes reach the three distal start
codons (located in-frame and giving rise to the co-termi-
nal proteins Y1, Y2, and X) bypassing the 5’ proximal
region [9, 28]. This, however, requires the capped 5’ end
of the P/C mRNA. The mechanism of shunting during
initiation on the AUG codons Y1 and Y2 (separated by
15 nt) has been studied in great detail. After binding to the
5’ cap and scanning of the first ~50 nt of the leader, the
pre-initiation complex jumps to the start codons Y1 or
Y2. No discreet donor site could be delineated, and the
acceptor site lies close to the AUG codons Y1 and Y2,
including the 24-nt sequence necessary for shunting
located immediately after the latter codon. Interestingly,
in an artificial construct that directs the ribosome to the
same codons by classical cap-dependent scanning, this
sequence did not affect efficiency of their recognition
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(i.e., the need for this structure is not associated with
stopping scanning, as in the case of the above-described
DLP). Another unique feature is that the AUG start
codons Y1 and Y2 can be replaced with other triplets
without loss of shunting efficiency. Viral proteins are not
required for shunting on the P/C mRNA.

The second case, also considered a classic one, is
nonlinear scanning of the so-called tripartite leader
(TPL) of late mRNAs of human adenovirus 5 (HAdV-5),
as well as mRNA IVa2 of the same virus. The
R. Schneider group showed that the 40S subunit first
binds to the capped 5’ end and starts scanning, but then
skips the internal highly structured part of the TPL.
According to the authors, base-pairing of a certain TPL
region with 18S rRNA plays an important role in this
shunting variation [29]. This process can occur in unin-
fected cells, but it requires unidentified auxiliary pro-
tein(s) in addition to the canonical initiation factors [30].
During infection, shunting is further stimulated by aden-
oviral protein 100K, which simultaneously binds TPL
and elF4G [31]. The mechanism of this phenomenon is
not clear, but, remarkably, the 100K protein contains an
RGG motif (arginine-glycine-glycine), which is common
for many cellular mRNA-binding proteins and can in fact
mediate their binding to eIF4G [32]. In the case of cellu-
lar RGG proteins, however, this interaction leads to the
formation of inactive ribonucleoproteins (mRNPs). The
TPL-directed translation is resistant to partial inactiva-
tion of elF4F [33], although whether this is associated
with shunting is unknown.

There are other, less characterized cases of shunting:
for example, on the mRNA of human papillomavirus 18
(HPV 18), which encodes the El protein; on the
bicistronic pgRNA of duck hepatitis B virus (DHBV); on
the tricistronic mRNA S1 of ARV reovirus; on the mRNA
3 of coronavirus causing transmissible gastroenteritis
coronavirus (TGEV), and some others (see reviews
[10, 34]). Translation initiation on all of these mRNAs
requires a capped 5’ terminus, but introduction of stable
hairpins and AUG codons into the region “shunted” by
the ribosome does not lead to translation inhibition.
Molecular mechanisms in all these cases are also not fully
characterized, but they, apparently, differ from the two
described above, since they do not exhibit the specific
features described above.

Translation initiation on viral mRNAs with unstruc-
tured 5’ UTR. mRNAs of some viruses have entirely sin-
gle-stranded leaders. This reduces their requirements for
some of the initiation factors. A classic example is alfalfa
mosaic virus (AMV) sgRNA 4, which contains a 36-nt
long, unstructured U-rich 5" UTR. In an in vitro system
reconstituted from purified components, this mRNA can
form a 48S initiation complex in the absence of ATP and
elF4 factors (elF4A, e¢lF4B, elF4F) [35]. While in the
complete cell lysate translation of the AMV-4 mRNA
apparently requires the complete elF4F factor (see dis-
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cussion in [36]), the mentioned structural features give
this mRNA a competitive advantage over cellular tem-
plates and allow relatively efficient translation even in the
absence of 5’ cap.

The A-rich omega leader of the tobacco mosaic virus
(TMV) mRNA, which is capable of directing highly effi-
cient translation in various eukaryotic cell-free systems
even in the absence of the 5’ cap, apparently also has a
predominantly single-stranded conformation [37].
Experiments performed at the A. Spirin lab demonstrated
that an mRNA bearing this leader can form 48S initiation
complexes in the absence of eIF4F and ATP in a recon-
stituted translation system [38]. The authors proposed a
model of “diffusion wandering”, i.e., bidirectional ATP-
independent scanning of this leader, although the ques-
tion of whether such a process can occur in a complete
cell lysate or in an intact cell remains unanswered.

The unusual properties of single-stranded 5' UTRs
are even more pronounced in the case of transcripts with
oligo(A)-leaders, which are characteristic of intermediate
and late mRNAs of the vaccinia virus (VACV). According
to early estimates, the length of these leaders, formed
during transcription by means of non-template synthesis,
is about 30-40 nt; however, later data indicate a shorter
length ranging from 7-8 nt for intermediate mRNAs to
11-20 nt for late ones [39, 40], and suggest prevalence of
the non-capped transcripts among the mRNAs synthe-
sized at these stages of infection [40]. Shirokikh and
Spirin [41] showed that the mRNAs with oligo(A)-lead-
ers can operate in the 48S reconstitution system not only
without eI F4F, but also without eIF3. Perhaps this prop-
erty underlies the preferential translation of VACV
mRNA during infection, as well as its resistance to cleav-
age by elF4G and inhibition by cap analogs in vitro
[42, 43]. A similar situation takes place in the case of
mRNA of yeast virus-like elements (VLE) pGKL1/2,
which also have oligo(A)-leaders of variable length, but
usually not exceeding 12 nt [44]. As with VACV, many
VLE transcripts are uncapped, and thus their translation
does not require elF4E. To effectively initiate translation
in infected cells, the length of oligo(A)-leaders should not
exceed 12 nt [45]. This can be explained by the fact that
longer oligo(A)s are able to bind PABP [5], which would
inevitably interfere with ribosome entry. In human cells
infected with VACV, predominant translation of the
mRNAs with oligo(A)-leaders requires phosphorylation
of the ribosomal protein RACK1 by viral kinase [46], but
the reason for this is unclear.

Alternative cap-binding apparatus. Viruses which
encode their own cap-binding proteins that replace the
elF4F initiation factors or some of its subunits deserve
mentioning. As the initiation process per se does not dif-
fer from the standard, we are just listing such cases, while
interested readers can refer to the relevant papers
[47, 48]. Giant protozoan viruses encode their own
ortholog of the eIF4E; the cap-binding subunit PB2 of
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influenza virus RNA polymerase (influenza A virus, IAV)
binds elF4G and thus replaces cellular eIF4E (which is
inactivated upon infection) for viral mRNA; protein N of
some arenaviruses (Junin virus (JUNYV), Tacaribe virus
(TCRV) and Pichinde virus (PICV)) appears to have a
similar activity; and the hantavirus (Sin Nombre ortho-
hantavirus (SNV) family Bunyaviridae) N protein
replaces the entire eIF4F factor and has the activities of
all three of its subunits.

In the next section, we will consider cases where the
5’ cap functions (all or only some) are performed by pro-
teins covalently linked to the 5’ end of the viral mRNA.

VPg-DEPENDENT TRANSLATION INITIATION

Presence of the cap structure is not obligatory for
initiation of 5’ end-dependent translation. Some viral
mRNAs do not have a cap, but are able to use the same set
of initiation factors, involving them in translation in the
same order as during cap-dependent initiation. The VPg
protein (viral protein genome-linked) is bound covalent-
ly to the 5’ end of the mRNA and can be used instead of
the cap. Although the presence of VPg is a trait of many
RNA viruses, where it participates in RNA replication,
VPg as a cap substitution was described only for the rep-
resentatives of the families Potyviridae, Caliciviridae, and
Astroviridae.

Caliciviruses that infect mammals are notable exam-
ples. Their VPg can function as a substitute of 5’ cap,
allowing viral mRNA binding to eIF4E or even directly
to elF4G and PABP, as described for the members of the
Vesivirus and Norovirus genera [49, 50]. For example, the
C-terminal VPg region of the murine norovirus (MNV)
interacts with the HEAT-1 domain of the elF4G factor,
which leads to the efficient assembly of pre-initiation
complexes on the viral mRNA [50]. Similar cases are
known for plant viruses: VPg of potyviruses is able to
compete for the cap-binding site of the eIF4E factor.
Thus, on the one hand, the cap-dependent initiation of
mRNA of the infected cell is suppressed, and on the
other hand, translation of the viral mRNAs is promot-
ed [51]. In addition, a synergistic effect of VPg and PABP
has also been shown: PABP increases the VPg binding to
elF4F 3-4-fold, which stimulates translation of the
turnip mosaic virus (TuMV) mRNA in a cell-free system
from wheat germ extract (WGE). When the purified
PABP was added to the WGE system depleted of eIF4F,
elFiso4F, and PABP, a 30-fold increase in translation of
viral mRNA was observed [52], which was almost an
order of magnitude higher than the stimulating effect of
PABP on the translation of cellular mRNAs in this sys-
tem. Alternative mechanisms of attracting the initiation
complex are also possible: for example, VPg of the feline
calicivirus (FCV) and human Norwalk virus (HNV) bind
elF3 [53].
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In addition to recruiting initiation factors, VPg can
perform other functions in translation: for example, the
noroviral VPg interacts with G3BP1, one of the key com-
ponents in the formation of stress granules, and this bind-
ing also stimulates production of viral proteins [54]. The
importance of these mechanisms is highlighted by the fact
that proteolytic removal of VPg (for example, in the vesic-
ular exanthema virus (VEV), a representative of cali-
civiruses) results in the complete loss of infectivity of the
viral mRNA [55].

All of the above indicates that the presence of VPg in
potyviruses and caliciviruses is a vital necessity in the
struggle for control over the cellular translational appara-
tus. The design of small molecule inhibitors that can
specifically uncouple the interaction of VPg with its part-
ners may be a promising direction in the treatment of dis-
eases caused by caliciviruses in mammals and potyviruses
in plants.

INTERNAL TRANSLATION INITIATION

An alternative way to initiate translation is via the use
of special cis-acting RNA elements, called internal ribo-
some entry sites (IRESs). As a rule, IRESs are high-order
RNA structures located in 5" UTRs or in intergenic spac-
ers of polycistronic mRNAs. Individual domains of the
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SOROKIN et al.

IRESs bind initiation factors and ribosomes, or in certain
cases mimic tRNA or other translational components
(Fig. 2). An IRES performs two tasks: first, it recruits the
initiation complex regardless of the presence of a 5’ cap in
the mRNA, and, second, it ensures remodeling of the
small ribosomal subunit so that the latter can accommo-
date an internal region of the template into the RNA-
binding channel, which is prohibited during convention-
al translation initiation. This second aspect of IRES
activity is crucial for achieving internal initiation of trans-
lation and distinguishes IRESs from, for example, the
cap-independent translation enhancers discussed below.

Such a special route of attracting initiation complex-
es often allows IRES-containing mRNAs to have reduced
requirements for the set of initiation factors (and in some
cases to operate without any of them). This enables
IRESs to function effectively under conditions when
translation of cellular mRNAs is suppressed. Many virus-
es build their strategies of translational dominance upon
this property via inactivation of individual components of
the cellular translational machinery.

IRES diversity and difficulties in their classification.
A wide variety of viral IRESs is known in terms of their
structure and mechanism of functioning. However, not all
of them have been studied thoroughly, which greatly com-
plicates their classification. Recently discovered and/or
superficially studied IRESs are sometimes assigned to
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Fig. 2. Main types of classic IRESs as exemplified by the most typical representatives (full names of viruses are given in the text of the article).
Secondary structure of type I-IV elements [panels (a-d), respectively], proteins specifically binding to them, as well as areas of contact with
40S and 60S subunits (yellow and blue shading, respectively) are shown schematically. Also shown are aminoacyl-tRNAs, which ensure deliv-

ery of the N-terminal amino acid of the future protein.
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new types, which further confuses the matter. In addition,
a significant portion of the work on identification of
IRESs (mostly of cellular origin) was performed without
taking into account possible artifacts (see next section),
which is why some cases may eventually turn out to be
false. The situation is further complicated by the fact that
viruses effectively exploit horizontal transfer between
phylogenetically distant groups, which prevents reliable
use of taxonomy for their classification.

In our opinion, a convenient classification of IRESs
should be based on the similarity of their secondary struc-
tures, mechanism they use to attract ribosomes, and a
minimal set of the required initiation factors that is pre-
determined by their structure. For the purposes of this
review, we will highlight 4 main types of IRESs, num-
bered in the order of their discovery, and separately
describe the groups that do not fit this classification.
However, we do not insist that this classification is better
than those used by our peers [47, 56-60].

Challenges in IRES research. Advances in the study
of the classical viral IRESs described below have largely
contributed to the opinion that many viral mRNAs use
the mechanism of internal ribosome binding to initiate
translation. Indeed, a number of viral mRNAs that are
translated under conditions when most of the cellular
mRNAs are inactive, have 5" UTRs with a complex sec-
ondary structure and multiple uAUGs, which should
greatly reduce efficiency of ribosomal scanning.

To confirm the presence of an IRES in a particular
fragment of mRNA, the bicistronic assay, which was pro-
posed in the pioneering studies on this topic [61, 62], is
routinely used. It is based on the assessment of expression
of two non-overlapping reporters encoded within a single
mRNA. The 5’ proximal reporter is translated via the
cap-dependent mechanism and serves as an internal ref-
erence. The second reporter, however, can only be effi-
ciently translated if ribosomes are capable of binding to
the intercistronic region, that is, if the latter contains an
IRES. This elegant approach has become widely adopted,
but there is a high risk of false positive results if it is mis-
applied and its limitations are overlooked [63-66].

One of the main problems with this method is the use
of plasmids to deliver bicistronic reporters. When tran-
scribed in mammalian cells, plasmid DNA, in addition to
the authentic bicistronic mRNA, generates a chaotic set
of aberrant transcripts — products of background promot-
er activity and/or uncontrolled splicing [64, 67]. Among
them are monocistronic mRNAs encoding the reporter
that is assayed to monitor internal initiation. Thus, in
some cases, this minor product can be the exclusive
source of reporter signal, despite the fact that its quantity
is miniscule compared to the correct bicistronic mRNA.
As an alternative approach devoid of these drawbacks, the
use of bicistronic mRNAs synthesized in vitro has been
proposed [63, 67] but as of now it has not become com-
mon practice. The RNA transfection method also has
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limitations. In particular, when cationic lipid-based
reagents are used, most of the liposomes attached to the
cells are not delivered into the cytoplasm; therefore, for
example, it is meaningless to analyze the amount or sta-
bility of mRNA that has entered the cells with the RT-
gPCR method [68].

Yet, the main flaw of the bicistronic assay emerges
when one compares translation driven by the hypothetical
IRESs among each other (as well as with negative control,
i.e., with a bicistronic mRNA that lacks an IRES). The
fundamental problem is subjectivity of the interpretation
of the results of such comparison [63]. This approach is
only justified if the sequence under study naturally resides
in an intercistronic position (as, for example, in the case
of the intergenic IRES of Dicistroviridae); however, such
situations are rare. When a putative IRES originates from
a 5" UTR (and especially, if the mRNA is naturally
capped), it is necessary to compare not only different
bicistronic reporters, but also the bicistronic and capped
monocistronic mRNAs that contain the studied 5" UTR
in either intergenic, or 5’ terminal position, respectively.
Only such comparisons make it possible to evaluate the
mechanism by which natural mRNA is translated.
Comparable levels of translation directed by the putative
IRES from 5" UTR or internal position indeed suggest a
noticeable contribution of internal initiation and, thus,
represent reasonable evidence of IRES function [63].
However, this approach also does not guarantee an unam-
biguous conclusion, since there is a risk that incorpora-
tion of the studied RNA fragment into unnatural context
may affect its functional activity.

Another source of false positive results during identi-
fication of IRESs may be the popular cell-free translation
system, rabbit reticulocyte lysate (RRL) with hydrolyzed
endogenous mRNA. This system does not reproduce the
competitive conditions of the cell and has a depleted
repertoire of RNA-binding proteins; therefore, mRNAs
translated in it demonstrate a relatively weak dependence
on the 5’ cap, increased sensitivity to variations in the sec-
ondary structure of the 5" UTR, and aberrant internal ini-
tiation in the extended unstructured regions containing
AUG codons (see discussion in [63, 65, 69]). In addition,
some of the eIF4G molecules that make up eIF4F remain
bound to the capped 5’ end fragments of the hydrolyzed
mRNA and are released upon addition of the cap-
dependent initiation inhibitors (m’GTP, 4E-BP1, or pro-
teases that cut elF4G), which leads to stimulation of
translation of the uncapped or otherwise ineffectively
translated capped mRNA. Aberrant internal initiation in
the case of bicistronic constructs and apparent cap inde-
pendence in the case of monocistronic constructs can be
misinterpreted as evidence of IRES activity. These phe-
nomena are usually not reproduced in cell-free systems
prepared from cultured mammalian cells [69, 70].
However, even when working with such systems, one
should remember that the results can strongly depend on
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the preparation conditions and concentration of the com-
ponents, and be careful when correlating the data
obtained in the specific cell-free system with the results in
cultured cells, and even more so in vivo.

Next, we will describe the methods of IRES-mediat-
ed initiation using examples of the most studied represen-
tatives of each of the four types (Fig. 2, Table 1), and then
we will touch upon those cases that are in the process of
being studied and have not yet been assigned to any of the
types, or require additional confirmation.

Classic type I IRESs. Internal initiation of transla-
tion of eukaryotic mRNA was first demonstrated in the
late 1980s using the IRES of poliovirus (poliovirus, PV,
family Picornaviridae) [62, 77], which epitomizes type |
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IRESs. Representatives of this group were found only in
the 5" UTR of gRNAs of some picornaviruses, and PV
IRES is the most studied among them (Fig. 2a).

Like in other picornaviruses, PV gRNA is not capped
at its 5’ end but rather covalently linked to VPg (which,
unlike the above described cases, is not involved in trans-
lation initiation). The IRES is about 650-nt long and
occupies most of the ~740 nt 5" UTR. This region con-
tains several structural domains (II-VI) necessary for
IRES activity [78, 79], followed by the weakly structured
160-nt region and the start codon AUG;,4;, 13th from the
5" end (Fig. 2a). At the base of domain VI is an oligopy-
rimidine tract (Y,) containing the conserved UUUCC
sequence. Other representatives of this type of

Table 1. Classic types of internal ribosome entry sites (IRESs) and their brief characteristics

IRES Representative viruses* Family (Genus) Location Required elFs Ky, nM
type of viruses in mRNA and ITAFs**
I Poliovirus (PV) Picornaviridae | 5" UTR (elF1), (eIF1A), elF2, elF3, 78 (elF4G) [71]
(Enterovirus) elF4A, (elF4B), elF4G, (PTB), |40 (elF4F) [71]
Human Coxsackievirus B3 (CVB3) PCBP2, (PCBP1, GARS, UNR, |41 (PTB) [71]
La) 250 (PCBP1) [72]
Human rhinovirus A (HRV)
II Encephalomyocarditis virus Picornaviridae | 5" UTR (elF1), (eIF1A), elF2, elF3, 55 (40S) [73]
(EMCYV) (Cardiovirus) elF4A, (elF4B), elF4G;
PTB, (ITAF45)
Foot-and-mouth disease virus Picornaviridae
(FMDV) (Aphthovirus)
111 Hepatitis C virus (HCYV) Flaviviridae 5" UTR (eIF1A), elF2/elF5B, elF3 1.9 (40S) [74]
(Hepacivirus) 35 (elF3) [74]
Classical swine fever virus (CSFV) | Flaviviridae
(Pestivirus)
Seneca valley virus (SVV) Picornaviridae
(Senecavirus)
Porcine teschovirus 1 (PTV-1) Picornaviridae
(Teschovirus)
Porcine enterovirus & (PEV8) Picornaviridae
(Enterovirus)
IV a| Cricket paralysis virus (CrPV) Dicistroviridae | IGR none (eEF2) 22-26 (40S) [75]
(Cripavirus) 8 (80S) [76]
b | Taura syndrome virus (TSV) Dicistroviridae none (¢EF2) 25 (80S) [76]
(Aparavirus)
¢ | Halastavi drva virus (HalV) not assigned none -

Notes. Typical representatives (the viruses from which these elements were isolated), location in the gRNA, factors and ITAFs required for transla-
tion initiation, as well as equilibrium dissociation constants (K,) for some of them are indicated.

* The names of viruses with the most well-characterized IRESs of this type are highlighted in bold.
** Requirements for initiation factors and ITAFs are deduced primarily from experiments on reconstruction of initiation complexes from purified
components, and may be specific to this particular system; names in brackets denote factors that either stimulate the 48S assembly (eIF1A, eIF4B,
PTB), or are not absolutely necessary for all representatives of this type (ITAF45), or are needed for additional purposes — for example, choosing
the correct start codon (elF1), transition to elongation (¢EF2) or translation in other cell-free systems (some ITAF).
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IRESs — such as those present in the gRNA of enterovirus
A71 (enterovirus EV-A71), Coxsackievirus type B
(Coxsackievirus B3, CVB3), and human rhinovirus A
(human rhinovirus A2, HRV A2) — have a similar struc-
ture (for details, see reviews [56, 59, 80]).

A puzzling feature of this type of IRES is the pres-
ence of a “cryptic” AUG-codon (AUGs in the case of
PV) located inside domain VI, 18-20 nt downstream of
the Y, motif. This codon is important for the efficient
operation of the IRES [81]. It can be recognized by the
initiation complex, however, due to the suboptimal
nucleotide context, this AUG is not the main start codon
for viral polyprotein synthesis. The authentic start codon,
AUG,;, lies more than 100 nt downstream of domain VI.
In the case of HRYV, a similar pair is formed by AUGsg,
and AUGg,, located opposite each other near the base of
the hairpin of domain VI. In different viruses, these two
AUG codons can be located in the same or in different
reading frames.

The results of mutagenesis experiments show that the
Y, motif, the cryptic AUG codon, and the fixed-length
spacer between them form a combined functional Y,-X,,-
AUG module, which is important for the efficient opera-
tion of the IRES and, most likely, is the site of ribosome
entry (see [81] and references therein). The Y,-AUG tan-
dem is also typical for other types of picornavirus IRESs,
but it is not always strictly necessary (see below).
Particular interest in this structural element is due to the
fact that it determines neurovirulence of the virus.
Mutants of the highly neurovirulent mouse strain of
poliovirus, in which the main initiator AUG;,; was trans-
ferred to the location of the cryptic AUG of the tandem
in a favorable context, showed a high degree of attenua-
tion (decrease in pathogenicity) in experiments in mice.
At the same time, these mutants largely retained the abil-
ity to multiply in cultured cells (including those of a neu-
ronal lineage), and their RNA exhibited high translation-
al activity in the cell-free system based on Krebs 2 ascites
carcinoma cells, thereby indicating presence/absence in
the cells of the central nervous system of a specific factor
or factors that determine significance of the Y, -X,,-AUG
module for poliovirus biology [82]. Interestingly, a recent
study found [83] that in a number of enteroviruses
AUGsyg, is not “silent”, but rather directs synthesis of the
65-aa-long peptide that affects the course of infection of
intestinal epithelial cells. It is possible that some of the
previously described effects of AUGs, mutations on the
pathogenicity of the virus are associated with impaired
synthesis of this peptide.

Another intriguing area of study is the poorly under-
stood mechanism of ribosome relocation from the Y,-X,,-
AUG region to the main start codon AUG,;. Data on
mutagenesis of the region between these codons, intro-
duction of stable hairpins and additional AUGs suggest
nonlinear scanning of this region, reminiscent of shunt-
ing [84, 85]. In the case of HRV, where two AUGs are
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located opposite each other in a stable hairpin, some
ribosomes also relocate from AUGsg to AUGq,, by
shunting it [86].

An almost complete set of the canonical initiation
factors, except elF4E, is required for the functioning of
type I IRESs (Table 2; [85]). Instead of binding eIF4E to
the cap, the process begins with the interaction of eIF4G
with the V domain of the IRES, and then the sequence of
events is very similar to the standard for eukaryotes:
elF4G binds elF3 and recruits the 43S pre-initiation
complex, which then recognizes the AUG codon in the
downstream region. There are, however, significant dif-
ferences. First of all, the 40S subunit does not attach to
the mRNA 5’ end but to the internal region (apparently,
to the region of the cryptic AUG); it is possible that the
direct affinity of IRES for the ribosome plays some role in
this [73]. In addition, auxiliary proteins (IRES frans-act-
ing factors, ITAFs), which do not take part in the canon-
ical translation, are required for operation of these IRES.

As a rule, ITAFs are cellular RNA-binding proteins,
which either help bind initiation factors or simply main-
tain the correct spatial IRES structure, thus functioning
as RNA chaperones [56, 60]. Although binding to the
type I IRES has been documented for dozens of different
proteins, only a very small number of these interactions
have clearly demonstrated functional significance. In
particular, in the cell-free system reconstituted from puri-
fied components only poly(rC)-binding protein PCBP2
interacting with several sites in domain IV (see [85] and
references therein) or its paralog PCBP1 were strictly
required for the assembly of the 48S complex on the PV
IRES out of the eight analyzed ITAFs. The efficiency of
complex formation was somewhat enhanced by another
ITAFE, polypyrimidine-binding protein PTB/PTBPI, a
classical RNA chaperone that facilitates recruitment of
the eIF4G factor [87]. Other ITAFs, such as GARS [88],
La/SSB [89], or UNR/CSDEI1 [90], despite specific
binding to regions of the IRES and stimulating its activi-
ty in other in vitro systems, did not affect assembly of the
48S complex in this experiment [85].

Nevertheless, the set of ITAFs and their interaction
with individual structural regions of RNA appear to
determine the tissue-specific activity of type I
IRESs in vivo. This fact is important for viral pathogene-
sis. Thus, the effects of attenuating mutations in the
internal region of the 5" UTR of the Sabin live polio vac-
cine strains, which reduce affinity for the translation ini-
tiation factors [71, 91], are pronounced more in neural
cells than in the cells of other lineages [92-94]. This dif-
ference, directly associated with pathogenesis of
poliomyelitis, could be likely explained by the intercellu-
lar variations in the concentration or set of ITAFs or
translational factors.

Another important aspect of pathogenesis is associ-
ated with the mechanisms by which viruses of this group
provide translational advantage to their mRNA. In the
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early stages of infection, enteroviral protease 2A cleaves
factor eIF4G, cutting off the el F4E binding site from it,
which entails suppression of translation of cellular
mRNA (see reviews [56, 80]). PABP also undergoes
degradation; however, the full-length protein disappears
only by the time that the viral RNA needs to shift from a
translation mode to one involving replication (picor-
navirus mRNAs are polyadenylated and PABP is used to
stimulate translation [95]). Also, in the late stages of
infection, protease 3C hydrolyses PTB and PCBP2,
thereby suppressing activity of the IRES, and cleaves
elF5B (however, the proteolytic fragment thus obtained is
in fact bigger than the deletion variants that are fully
functional in vitro in the 80S assembly, therefore the phys-
iological role of eIF5B proteolysis is unclear) [80].

During replication of RNA-containing viruses,
which include poliovirus, a double-stranded RNA is syn-
thesized and activates protein kinase R (PKR/EIF2AK?2).
This results in phosphorylation of eIF2a, but translation
of the viral mRNA continues [96]. One possible explana-
tion is that the elF2a-specific subunit of PP1 phos-
phatase, CReP/PPP1R15B, is capable of retaining active
elF2o. on the membrane of the endoplasmic reticulum,
where translation of the viral mRNA occurs. This physi-
cally protects translational complexes from inactivating
kinases [97].

Classic type II IRESs. IRESs of this type were dis-
covered in the pioneering study by the E. Wimmer group
in 1988 [61]. As classic representatives of this type, struc-
tures in the 5" UTR of two picornaviruses: encephalomy-
ocarditis virus (EMCV belonging to the genus
Cardiovirus) and foot-and-mouth disease virus, (FMDYV,
a member of the genus Aphthovirus) are usually consid-
ered. These IRESs have practically the same length
(about 450 nt) and very similar domain organization
(domains II-V/VI or, according to another nomenclature,
domains H—K/L [98], see Fig. 2b), however, they differ in
the location of their start codons. In addition, some
aspects of the biology of IRESs of this type have been stud-
ied in detail using the example of another cardiovirus,
Theiler’s murine encephalomyelitis virus (TMEV).

Similar to the representatives of the previous group,
type Il IRESs contain a high-affinity eIF4G binding site
located in domain IV (J-K) [99]. This way of attracting
elF4G makes the translation independent of the 5’ cap
and elF4E. However, it is important to understand that
the involvement of initiating factors alone is not a suffi-
cient condition for internal initiation. For example, when
only the J-K domain is introduced into the 5" UTR or
3’ UTR of the reporter mRNA, its translation almost
completely ceases to depend on the cap, but the ribosome
can still be bound exclusively to its 5" end [100]. This
example clearly shows that the picornavirus IRES has a
modular structure, in which the J-K domain can be con-
sidered as a kind of CITE (see below), and other domains
are required for mRNA placement into the channel.
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Landing of the ribosome occurs, as in the case of PV,
at the 3’ side of the IRES. In this case, the AUG of the
conserved Y, -X,,~AUG module located at its border usu-
ally serves as an authentic initiation codon, and integrity
of the Y,-AUG tandem is not critical for the overall activ-
ity of the IRES, yet it is important for neurovirulence (see
below). Analysis of the influence of insertions and dele-
tions introduced into this region of the TMEV IRES
made it possible to formulate the concept of a “starting
window” [101]. According to it, IRES places the 43S ini-
tiation complex at a specific region of mRNA, after which
it can either recognize the AUG codon inside this region,
or, if there is no AUG there, start scanning and choose a
starting point downstream. The rules for selection of the
initiation codon within the starting window do not quite
correspond to those in standard scanning. On the one
hand, the nucleotide context plays the same role here; on
the other hand, the probability of AUG recognition
greatly increases from the 5’ to the 3’ terminal boundary
until it reaches a plateau [101]. This difference is clearly
visible when comparing the pattern of 48S complex distri-
bution between the AUG codons in the EMCYV initiation
region in two cases: when translation is directed by the
IRES and when most of the IRES is removed and ribo-
somes scan the resulting mRNA directly from its 5’ end
[8, 102]. In the first case, the complexes are predomi-
nantly formed on AUGg;, (11th in a row), which is the
main start codon of the EMCV polyprotein, while the
upstream AUGyg,c is almost not recognized by the ribo-
somes despite its good context, because it apparently lies
close to the 5" boundary of the starting window. On the
contrary, when ribosomes enter the same region by means
of cap-dependent initiation, then the opposite situation is
observed in complete accordance with the prediction of
the scanning model. It is pertinent to note that similar
rules are also characteristic of the classical 5" end-
dependent translation initiation in the case of AUG
codons located near the very 5’ end — this similarity is
probably due to the common features for these two cases
that arise during mRNA placement into the channel of
the 40S subunits. The analogy is enhanced by the fact that
in the reconstituted translation system the 48S complexes
on AUGg,, of EMCYV can be seen in the absence of the
elF1, i.e. under the same conditions in which it is possi-
ble to see the complexes on the AUG located near the
5" end on the cap-dependent mRNA [103].

There is another AUG in the initiation area of the
EMCV mRNA, the 12th in a row (AUGy,), which is in
the same frame with AUGg,,. The 43S complex described
above can slide onto it under certain conditions [8], but
normally it is not used as an initiation codon. In contrast,
FMDV has two functional start codons (also located in
the same frame), separated by an extended 84-nt spacer,
that give rise to two isoforms of the leader (L) protease,
with the second AUG used more frequently [80].
Apparently, the pre-initiation complex assembles on the
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FMDV IRES in the vicinity of the first of these AUGs,
after which it is either recognized or the elF1-dependent
scanning and recognition of the second AUG takes place
(see [104] and references therein).

The requirements for canonical initiation factors for
the type II IRESs in the cell-free system are basically the
same as for the PV-like ones [105, 106]. However, ITAFs
deserve special attention here, since in some cases they
determine the biology of the relevant viruses — in partic-
ular, their ability to synthesize proteins and replicate in
certain cell types, as well as neurovirulence in vivo. For
example, all three above-mentioned IRESs (from EMCYV,
TMEYV, and FMDV) require PTB for the assembly of the
488 initiation complex, but FMDV also requires an addi-
tional ITAF, the Mppl/ITAF45/PA2G4 protein
[105, 106]. PA2G4 is associated with the cell cycle and is
present only in proliferating cells, while it is absent in
neurons, which is probably why replacement of the IRES
of the neurovirulent strain GDVII of TMEV with the
FMDV IRES V leads to a complete loss of their ability to
multiply in neural cells [105].

There are interesting cases of the relationship
between mutations in the ITAF recognition sites and loss
of the viral neurovirulence without losing the ability to
reproduce and synthesize proteins in other types of cells.
For example, destruction of the Y,-AUG tandem in
TMEV by changing critical distance between its
polypyrimidine block (which probably serves as one of the
PTB binding sites [107]) and AUG does not significantly
affect viral reproduction in cultured BHK-21 cell and
cell-free translation [101], but sharply decreases neu-
rovirulence in mice [108]. Other similar examples are also
known (see discussion in [105, 109]). The mechanism of
this relationship was established by studying dependence
of TMEV neurovirulence on the interaction of its IRES
with various forms of PTB. The cells of the central nerv-
ous system (in particular, neurons) are deficient in the
PTBP1 protein, but they produce its neuron-specific par-
alog — nPTB/PTBP2. Both forms of PTB bind to the
same TMEV IRES regions and exhibit a comparable abil-
ity to stimulate translation. However, some mutations in
PTB-binding motifs reduce the affinity of IRES to the
nPTB significantly more than to the “normal” PTB.
These mutations significantly reduce neurovirulence of
the virus without significantly affecting its translational
activity and reproduction in other cells [109].

Functional properties of the cis-elements of 5" UTR
of IRES-dependent viruses also affect the nature of clin-
ical symptoms of the diseases they cause. The engineered
TMEYV mutants can cause either lethal tetraplegia or mild
neurological disorders, depending on the context of the
AUG codon in the starting window [110]. These exam-
ples illustrate how the peculiarities of non-canonical
mechanisms of translation initiation of viral RNAs, relat-
ed to the structure of the corresponding cis-elements and
the variety of cellular factors interacting with them, can
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determine key aspects of the pathogenesis of viral dis-
eases.

Pathogenesis of picornaviruses with type II IRESs is,
of course, also associated with their mechanisms of sup-
pression of cellular translation. For example, FMDV
encodes two proteases cleaving elF4G: 3C and L [80].
EMCYV does not encode enzymes capable of cleaving this
factor; however, upon infection, the cellular repressor
protein 4E-BP1 is activated [111], leading to inhibition of
cap-dependent translation and giving priority to the viral
mRNA.

In connection with the described strategies of eIF4F
repression, it is appropriate to mention one more type of
picornavirus IRESs harbored in the 5 UTR of hepatitis A
virus (HAV). Despite the clear similarity with the picor-
navirus type II IRESs, the HAV IRES has long been
placed in a separate group, since it requires the full-com-
ponent elF4F factor, including both e¢IF4E and intact
elF4G, for its operation [112]. In addition, its domain V,
which binds eIF4G, differs in primary structure from the
corresponding (J-K/IV) domains of EMCV and FMDVW.
However, subsequent studies have shown that the spatial
structures of these domains are similar [113]. As for the
dependence on elF4E, it turned out that in the case of
other picornavirus IRESs, eIF4E has a positive effect on
the affinity of eI F4G and helicase activity of e[F4A [114],
thus the peculiarity of HAV IRES was, rather, in the
degree of the eIF4E requirement. In any case, proteolysis
of eIF4G is not required for the functioning of IRESs of
types I and II: viral proteases have not yet been synthe-
sized at the early stages of infection, therefore intact
elF4F is used to attract ribosomes.

Classic type III IRESs. IRESs of this type are pres-
ent in the mRNAs of several families of viruses:
Flaviridae, Picornaviridae, and, possibly, individual rep-
resentatives of Dicistroviridae. The characteristics of the
elements of this type were best studied for the IRES from
the 5" UTR of the hepatitis C virus (HCV), a flavivirus
(Fig. 2c) [115]. Translation initiation directed by this
~330-nt long 5" UTR does not include a scanning step in
contrast to the mechanisms described above. The IRES
binds the 40S ribosomal subunit directly [116] with the
AUG codon in the immediate vicinity of the P-site of the
small ribosomal subunit. The larger domain III binds to
40S from the side facing the solution and interacts with
both ribosomal proteins and rRNA, while domain II is
located in the region of the E-site (see [117-120] and ref-
erences therein). In addition to the 40S subunit, HCV
IRES is also able to bind the elF3 factor [121], although
stability of the RNA+<40S complex (K; = 1.9 nM) is
much higher than that of the RNA «elF3 (K ; = 35 nM)
[74]. Early in vitro experiments showed that only the fac-
tors elF2 and elF3 are fundamentally required for trans-
lation initiation on HCV mRNA [116]. eIF1A helps sta-
bilize Met-tRNA, at the P-site [122]. Additional proteins
(ITAFs) are optional, although some of them may be
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capable of enhancing translation directed by the HCV
IRES (see review [123]). A recent study demonstrated an
important role of the modified nucleotides (m°A) as well
as of the m®A-binding protein YTHDC?2 in the activity of
the HCV IRES [124].

Later, the classical elF2-dependent pathway was
found not be the sole option for Met-tRNA,; delivery. It
was demonstrated that translation directed by HCV IRES
could occur even when functional el F2 was not available
(phosphorylated under conditions of cellular stress or in
the presence of specific inhibitors) [125, 126]. It was
shown in vitro that the delivery of Met-tRNA, to the 48S
complex on HCV-like IRESs is possible using eIF5B, the
ortholog of bacterial IF2 [126, 127], and this was later
confirmed by structural studies [128]. A functional initia-
tion complex on HCV IRES can also be assembled from
purified components using the 40S recycling and transla-
tion reinitiation factors: elF2D or MCTSI+ DENR
dimer [22, 129, 130]. However, knockout of the EIF2D
gene does not lead to loss of el F2-independence of HCV
IRES [122, 131], which may indicate that this factor is
most likely not involved in the initiation of HCV mRNA
translation in living cells (although for a more correct
experiment elF2D should be removed simultaneously
with one of the components of the MCTSI1+ DENR
dimer, since these factors are interchangeable [22, 132]).
In a study by Kim et al. [133], a Met-tRNA;-delivering
activity during initiation of HCV mRNA translation was
also attributed to the el F2A factor, although in the direct
experiment on assembly of the initiation complex it was
not active [129], and knockout of its gene did not lead to
loss of resistance to inactivation of elF2 [122, 131].
Moreover, the pre-initiation complex with Met-tRNA,; on
some IRESs of this type can be obtained without the par-
ticipation of translational factors, as described for the
IRES of simian picornavirus type 9 (SPV9) [134]. Such a
complex was also obtained on the HCV IRES, but only at
a nonphysiologically high concentration of Mg?* [135],
and this pathway is probably extremely ineffective [126].

Initially, it was assumed that the position of eIF3 in
the initiation complex on type III IRES coincides with
its position in the analogous complexes formed during
the cap-dependent translation. However, structural stud-
ies have shown that the binding sites of IRES and elF3
on the surface of the 40S subunit overlap. This suggests
different orientation of eIF3 in the initiation complexes
formed on HCV-like IRESs. Thus, elF3 does not con-
tact the 40S subunit at all in the complex of 40S, elF2,
elF3, and DHX29 with the CSFV IRES devoid of
domain II [120]. It was therefore suggested that the main
purpose of the IRES binding to elF3 is to displace the
latter from the 40S subunit to gain access to the ribosome
surface and reduce formation of the canonical 43S com-
plexes, thereby favoring translation of viral mRNAs.
Additional experiments should show whether this is real-
ly the case. Note, however, that the IRESs of HCV and
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CSFV lacking domain II are unable to form an 80S com-
plex [127, 136], and the eIF5B-dependent mechanism of
the initiator tRNA delivery requires participation of eI F3
[126, 127].

Of particular interest is the ability of this type of
IRESs to capture (hijack) the translating ribosome. Single
molecule spectroscopy and cryoelectron microscopy have
shown that HCV IRES is able to bind a ribosome that
translates another mRNA or the same mRNA in which it
is located. IRES firmly binds to the platform of the 40S
subunit and, presumably, remains in this state until the
moment of termination. After the release of the synthe-
sized peptide and disassembly of the ribosome, domain 11
ofthe IRES is folded into the E-site, directing HCV RNA
to the mRNA-binding channel [137]. This “reservation”
of the ribosome probably helps viral RNA achieve trans-
lational dominance in the infected cell.

In addition to Flaviviridae, HCV-like IRESs have
been also found in some groups of Picornaviridae (see
review by Arhab et al. [59] for details), which confirms
the existence of horizontal transfer of not only genes but
also of individual regulatory elements of viral RNA.

Classic type IV IRESs. The aforementioned types of
IRES require participation of at least some initiation fac-
tors to ensure internal landing of the ribosome. However,
there are IRESs that do not require initiation factors,
auxiliary proteins such as ITAF, or even initiator Met-
tRNA, for their function [138]. Translation directed by
these elements does not start with methionine [138, 139].
Such IRESs are characterized by a small length (~200 nt)
and have so far been found only in representatives of the
Dicistroviridae family, where they are located in the
intergenic region (IGR) of gRNA [56]. Independence
from initiation factors and interaction with the highly
conserved intersubunit region of ribosomes allows these
IRESs to initiate translation in heterologous systems —
for example, cells (and their extracts) of mammals,
insects, plants, protozoa, yeasts, and even bacteria [58] —
which is completely uncharacteristic, for example, of
type I, II and IIT1 IRESs.

At the moment, three subgroups of type IV IRESs
are known. The classic representative of the subtype 1Va,
as well as of the whole type, is the IGR IRES of the crick-
et paralysis virus (CrPV), which is responsible for transla-
tion of the second cistron of its gRNA (Fig. 2d). Three
domains of this IRES, containing pseudoknots (see [140]
and references therein), directly bind the ribosome and
functionally replace tRNA and translation factors [138,
141, 142] allowing assembly of an elongation-competent
808 ribosome, thus bypassing classical stages of initiation.
The details of this mechanism were elucidated using cryo-
electron microscopy: domain 3 of the CrPV IRES (and
other IRESs from similar viruses) bind to the A-site of the
ribosome. At the same time pseudoknot PKI, a compo-
nent of the IRES, mimics tRNA in a codon-anticodon
interaction with mRNA [141, 143]. During pseudo-
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translocation the elongation factor eEF2 promotes
domain 3 movement to the P-site, freeing the A-site for
eEF1A-dependent Ala-tRNA”"? landing (GCU is the first
coding codon of the second CrPV cistron) [75, 141, 144,
145]. Synthesis of the polypeptide chain begins after the
next (second) act of translocation, immediately proceed-
ing to elongation, with the alanine becoming the first
amino acid residue in the protein [138]. It was shown by
FRET that the CrPV IRES is able to bind both to the free
408 subunit and to the fully assembled 80S ribosome [75].

Subtype IVb is represented by the IGR IRESs of
Taura syndrome virus (TSV), red fire ant virus (Solenopsis
invicta virus 1, SINV-1), and honey bee paralysis virus
(HBPYV). They are distinguished from the IRESs of sub-
type IVa by the presence of an additional hairpin structure
(SLIIT) in domain 3, the role of which is not yet com-
pletely clear. Removal of this hairpin, however, does not
prevent binding to the 80S ribosome or translocation
activity of eEF2, but makes productive translation impos-
sible [76, 146]. Structural studies show that SLIII is
involved in mimicking tRNA and interacts with 28S
rRNA [143]. In all likelihood, SLIII is necessary for the
correct positioning of the IRES on the ribosome, but it
may somehow affect translocation as well [76, 143].

Features of the recently characterized mechanism of
translation initiation on IGR IRES of the Halastavi drva
(HalV) virus isolated from the intestinal contents of
freshwater carp allowed assigning it to a separate subtype
I'Ve. Its main difference from the CrPV is the inability to
bind the free 40S subunit due to the absence of the func-
tional domain 2. The HalV IRES binds the 80S ribosome
using domain 1, which interacts with the 60S subunit,
while domain 3 binds to the 40S subunit immediately in
P-, and not in the A-site. As a consequence, initiation of
HalV on IRES does not require e EF2-dependent pseudo-
translocation, which makes it the simplest of all current-
ly known translation initiation mechanisms [147].

In addition to translating the frame coding for enve-
lope proteins, some IGR IRES are also capable of direct-
ing translation of the alternative (+1 and +2) reading
frames. The mechanism and physiological significance of
this process are not yet fully understood (see discussion in
[148, 149]). The second interesting feature, inherent only
to some of the mentioned groups of viruses, is a very sta-
ble 14-18-bp hairpin (SLVI) at the end of the first cistron,
just before the start of the IRES. Probably, this hairpin
helps regulate the flow of ribosomes “en route” to the
IRES, preventing its unfolding [149].

Chimeric and unclassified IRESs. Speaking about
Dicistroviridae, it should be noted that the mRNAs of
these viruses are modified by VPg; therefore, translation
of their first cistron also cannot be cap-dependent. It is
directed by IRESs, and different viruses of this family use
various strategies to attract ribosomes. The first strategy is
based on a 5" UTR that contains extended single-strand-
ed regions capable of “nonspecifically” bind the 40S sub-
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unit in the presence of the elF3 factor [150, 151]. Such
unstructured segments are usually enriched in uridine or
adenine residues, as in the case of the 5’ terminal IRESs
of the bird cherry-oat aphid virus (Rhopalosiphum padi
virus, RhPV) and HalV, respectively. Only elF2, elF3,
and the 408 subunit are strictly required for the formation
of pre-initiation complex; however, to find the start
codon by limited scanning, elF1 is also required, while
both eIF1A and factors of the el F4 group strongly stimu-
late assembly [150, 151]. Due to the fact that this mecha-
nism does not use specific binding of mRNA to the com-
ponents of the translational apparatus, the 5’ terminal
IRES of RhPV allows initiation of translation in any
eukaryotic system, from yeast to mammals.

The 5" terminal IRES of another member of
Dicistroviridae family, the already mentioned virus CrPV,
apparently has a distant functional similarity with the
HCV IRES, despite differences in their structures. It
specifically binds the elF3 factor, and in this case, this
interaction is strictly necessary for the 40S subunit land-
ing [152, 153]. Like HCV IRES, the 5' terminal CrPV
IRES interacts with the “optional” ribosomal protein
RACKI1, which explains the previously found depend-
ence of the translation of the first but not the second
CrPV cistron on this protein [154]. Nevertheless, detailed
structural and functional analysis of the reconstructed
complex of this IRES with purified 40S and el F3 revealed
a number of unique features [152]. Its three domains
cover the “head” of the 40S subunit interacting with pro-
teins and rRNA, and the single-stranded region following
domain III is loaded into the mRNA channel. Addition of
Met-tRNA, and either elF2 or eI F5B leads to the forma-
tion of pre-initiation complex, in which the P-site con-
tains not the start codon AUG;y, but the preceding
uAUG;;, codon. For complex assembly on the AUG;,
start codon, additional factors are required (elF1 and
elF1A), and in this case elF2 can no longer be replaced
by elF5B [152]. This suggests a local scan of the initiation
region, similar to that of the above-described EMCV
IRES. Interestingly, uAUG;, opens a small ORF,
AUGUGA; therefore, during real translation, it is impos-
sible to exclude the ribosome reaching the AUG, start
codon also as a result of reinitiation.

Another group of IRESs that do not fall into the
above classification are “chimeric” IRESs found in some
picornaviruses. In terms of domain organization, they are
similar to types I and II; however, some domains in their
composition are more similar to the corresponding
regions of the type I IRESs, while others to domains of the
type II elements [59]. Among the representatives of
Flaviviridae, there are also viruses carrying IRESs of the
picornavirus type with poorly characterized structure [59].

Due to currently insufficient information, the IRES
detected in the Triticum mosaic virus, TriMV, has not yet
received an unambiguous classification. The uncapped
mRNA of this virus has an unusually large 5 UTR
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(739 nt) for plant viruses, containing 12 uAUGs, which
excludes efficient translation initiation using a scanning
mechanism. Indeed, placing a stable hairpin at the 5’ end
of the viral mRNA does not suppress translation. The
mechanism of operation of this IRES is poorly under-
stood, however it has been shown to bind elF4G [155].
This, as well as the presence of polypyrimidine sequence
important for translation in front of the initiation codon,
possibly makes it similar to picornavirus IRESs of types I
and II [156], but conclusion is not final yet.

Cases requiring further studies. Due to the great
social significance of the human immunodeficiency
virus 1 (HIV-1), much research has been devoted to the
study of translation of its mRNA. HIV-1 mRNA, synthe-
sized by the cellular RNA polymerase II from proviral
DNA, is capped and polyadenylated. Alternative splicing
leads to formation of several transcripts encoding various
viral proteins, while unspliced (aka genomic) RNA
encodes gag-pol. Its 5" UTR is 335-nt long and contains
a number of secondary structure elements necessary for
viral replication, and a stable hairpin called TAR, located
at the very 5’ end of the gRNA. Such hairpins are believed
to effectively inhibit 5’ dependent translation initiation.
On the other hand, presence of the 5’ cap and absence of
uAUG-codons in the 5" UTR speak in favor of the stan-
dard mechanism of translation initiation of this mRNA.
Like picornaviruses, HIV-1 encodes a protease that is
capable of cleaving eIF4G (as well as PABP) [157-160].
However, it acts only on one of the elF4G paralogs,
elF4Gl1/elF4G1, without affecting the second, eIF4GII/
elF4G3 [158, 159]. The data on the effects of this cleav-
age are contradictory: in some studies, it resulted in the
suppressed translation of only cellular mRNAs, without
affecting synthesis of the gag and translation of the
reporter mRNAs with picornavirus IRES; in others, it
negatively affected any mRNA (including reporters with
the HIV-1 leader and picornavirus IRES), except those
containing IRES HCV [157-159]. On the other hand,
picornavirus proteases suppress translation of the HIV-1
mRNA, which is opposite to their effect on the classical
IRES-dependent initiation described in the preceding
sections.

Nevertheless, attempts have been made in a number
of studies to show the presence of an IRES in the genom-
ic HIV-1 mRNA [161-163]. Unfortunately, in most of
them, the authors used bicistronic plasmids and RRL,
and the main approach was to compare different
bicistronic constructs with each other. In the only study
to date that used mRNA transfection of cells, no signifi-
cant contribution of internal initiation to translation
directed by the 5" UTR of HIV-1 was found [164]. The
same result was obtained in a cell-free systems based on
cultured cell lysates. It was found that the hairpin struc-
ture of TAR, which strongly suppresses translation in
RRL [165], has little effect in living cells [164].
Introduction of a uUAUG into the 5" UTR of HIV-1 sig-
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nificantly suppressed translation of the viral mRNA,
which is in better agreement with cap-dependent scan-
ning than with internal initiation [164, 166]. At the same
time, it cannot be ruled out that the translation of HIV-1
mRNA, in addition to the canonical initiation factors,
involves some auxiliary proteins that facilitate scanning of
the structured leader such as RNA helicases RHA/DDX9
and DDX3, the viral Tat protein or a component of the
nuclear cap-binding complex CBP80/NCBPI (see dis-
cussion in [164]).

An even more extravagant hypothesis proposes exis-
tence of an IRES within the HIV-1 and HIV-2 gag cod-
ing sequences [167-169]. The idea that an IRES could be
located entirely within a coding region, where its struc-
ture would be constantly disrupted by translating ribo-
somes, seems somewhat doubtful, and the arguments in
favor of this IRES are not highly convincing. To test this
hypothesis, the authors used a leaderless mRNA, that is,
mRNA that does not have a 5 UTR at all [167-169]. This
excluded any influence of the natural 5 UTR on the
translation. The authors proceeded from the premise that
a leaderless mRNA cannot effectively initiate translation
by the 5’ end-dependent mechanism. However, this
assumption is at odds with the facts: such mRNAs in
eukaryotic systems can use up to four different methods
of translation initiation, including the classical one
[170, 171]. Another premise of the authors is that initia-
tion at the 5" end AUG codon of a leaderless mRNA with
a hypothetical IRES in the coding part has different
requirements for the concentration of initiation factors
than translation from the internal AUG codons [167].
However, similar differences have been described for the
common cap-dependent mRNAs containing several start
codons [14, 172]. Thus, despite the abundance of studies
investigating translation initiation of mRNA of the retro-
and lentiviruses (see review [173]), it cannot yet be stated
that it occurs by some unusual mechanism.

The non-canonical mechanism of translation initia-
tion is undoubtedly characteristic of mRNAs of the
Flaviviridae family members: Zika virus (ZIKV), West
Nile virus (WNYV), yellow fever virus (YFV), and the
aforementioned DENYV. Although these mRNAs are
capped, their efficient translation continues after inacti-
vation of eIF4E and elF4G, and the presence of a func-
tional cap is not necessary [25, 174, 175]. According to
some data, this property is completely determined by the
5" UTR of viral mRNA [174, 175], while according to
others, it also requires interaction of 5’ and 3’ UTR [25],
yet the above-described cHP hairpin in the coding part is
not required for this. Although in 2006 it was demonstrat-
ed [25] that the 5" UTR of the DENV mRNA had no
IRES activity, two recent studies [174, 175] dispute this
statement. Taking into account the difficulties described
above in the interpretation of the results obtained using
bicistronic reporters, additional studies would help
resolve this issue. There is no doubt, however, that these
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viruses employ an unconventional translation initiation
mechanism.

Another insufficiently studied case is the polypurine
IRES in sgRNA of the crTMV plant virus. It directs syn-
thesis of the CP protein encoded by the second cistron of
this bicistronic mRNA. It resembles the above-described
IRESs from the 5 UTR of RhPV and HalV viruses: RNA
segments rich in adenine residues seem to form extended
single-stranded elements that are capable of providing
internal translation initiation not only in plants, but also
in yeast and mammalian cells [176]. On the other hand,
like all tobamoviruses, crTMYV encodes a separate mono-
cistronic sgRNA CP, and due to this, the bicistronic
mRNA contributes only about 3% of the total synthesis of
CP [177]. A similar assessment of the contribution of
internal initiation was made for the unstructured IRES
from the turnip wrinkle virus (TCV) [178]. The physio-
logical role of this redundancy of CP synthesis remains to
be elucidated.

STRUCTURAL ELEMENTS OF VIRAL 3" UTRs
INVOLVED IN TRANSLATION INITIATION

Positioning of translation enhancers at the very
3’ end of an mRNA, i.e., at the maximum possible dis-
tance away from the initiation site, is not as strange as it
may seem. First of all, translation of viral gRNAs com-
petes with their replication, and location of a translation
enhancing sequence close to the 3’ end is an elegant solu-
tion to the problem: when RNA-dependent RNA poly-
merase (RdRp) starts negative strand synthesis, it almost
immediately “melts” the structure of the 3’ proximal ele-
ments, inhibiting translation and, thereby, ensuring
unobstructed genome replication. For example, it has
been shown that binding of RdRp to 3’ UTR of the TCV
gRNA caused irreversible structural rearrangements in
the 3’ terminal element, simultaneously initiating replica-
tion and inhibiting translation of the viral RNA, which
proceed in opposite directions [179].

In addition, (+)RNA viruses often employ sgRNAs,
which are usually 3’ terminal fragments of gRNAs, as
templates for protein synthesis. In some cases, translation
of sgRNAs is regulated by the same 3’ proximal structur-
al elements as translation of the full-length gRNA, pro-
viding genome compaction — the strategy commonly
used by viruses.

In contrast to animal viruses, the majority of plant
viruses require living host cells to spread to adjacent cells
via interconnecting plasmodesmata. That is why com-
plete suppression of cellular protein synthesis by direct
competition or by destroying parts of the translation
machinery is uncommon for this group. Generally,
gRNAs of plant viruses are not more efficient templates
compared to cellular mRNAs, but binding of the initia-
tion factors and/or ribosomal subunits to their 3’ proxi-
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mal structural elements helps them maintain optimal
translational activity regardless of the level of cellular pro-
tein synthesis.

3’ terminal cap-independent translation enhancers
(3' CITEs). Most gRNAs of (+)RNA plant viruses lack-
ing a 5’'-terminal cap or VPg contain in their 3' UTR the
so-called cap-independent translation enhancers
(3' CITEsS), structural elements that bind translation ini-
tiation factors and/or ribosomal subunits and functional-
ly replace the cap structure. Nearly all plant virus
3’ CITEs participate in a kissing long-distance interac-
tion with the apical loop of a hairpin proximal to the
5" end of gRNA, mimicking circularization of capped
cellular mRNAs mediated by the interaction of elF4F
with PABP.

3" CITEs are classified into six types according to
their well-defined secondary structures, namely barley
yellow dwarf virus (BYDV)-like translation enhancer
(BTE), translation enhancer domain (TED), panicum
mosaic virus-like translational enhancer (PTE), I-shaped
structure (ISS), Y-shaped structure (YSS), and T-shaped
structure (TSS) (Fig. 3a; Table 2).

All 3’ CITEs, except TSS, bind the initiation factor
el F4F, but with some variations. In the case of PTE and
TED, and, probably, ISS and YSS, the eIF4E subunit
serves as the main binding point. Genetic, biochemical,
and structural data obtained for PTE, TED, and ISS
imply their interaction with the cap-binding pocket of
elF4E, with a highly mobile guanine residue mimicking
the cap. It is worth mentioning that while PTE binds
el F4E with high affinity, close to that of binding the com-
plete elF4F, TED interacts with eIF4E much less effi-
ciently than with the complete elF4F (difference in K, is
more than an order of magnitude). It is likely that in the
latter case, structural rearrangement in el F4E caused by
the interaction with e[F4G could increase the strength of
its binding to 3’ CITE in much the same way as it occurs
upon binding to the 5’ end of a capped mRNA.

BTE is the only 3’ CITE that binds elF4G directly.
At the same time, its binding to eIF4F is about 5-fold
stronger, which can be the result of conformational
rearrangements in eIF4G caused by its association with
elF4E. It has been shown that a minimal fragment of
elF4G sufficient for 3’ CITE binding and for enhancing
translation includes the binding sites for e[F4A and elF3,
and the RNA-binding domain, while regions interacting
with eIF4E and PABP are not necessary [189].

It looks plausible that the ability of 3’ CITEs to bind
tightly and hence sequester the factors of the elF4 family
is used by viruses not only to stimulate synthesis of their
own proteins but also to suppress the cap-dependent
translation of cellular mRNAs. It has been shown that
RNA fragments containing 3’ CITEs of different types
served as efficient inhibitors of in vitro translation of both
viral and capped reporter mRNAs [190]. In addition,
translation of a capped template in a cell-free system was
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3’ CITE

Fig. 3. Main elements located in 3" UTRs of viral mRNAs that enhance translation. a) Five main types of 3" CITEs and components of
translation apparatus associated with them. b) Aminoacylated 3’ TLS in complex with eEF1A. ¢) Rotavirus 3’ CS and components closing

gRNA in a ring. For abbreviations see the text and Table 2.

significantly suppressed by the parallel translation of a
viral gRNA containing PTE 3’ CITE [191].

Unlike the other types of 3’ CITEs, TSS directly
binds the large ribosomal subunit, as well as the 80S ribo-
some, and, in the case of kI-TSS from the pea enation
mosaic virus 2 (PEMV-2) gRNA, also the small riboso-
mal subunit. Structural analysis revealed that TSS forms a
tRNA-like structure, which, however, cannot be aminoa-
cylated, since it is not located at the very 3’ end of gRNA.
However, TSS can compete with aminoacyl-tRNA for
ribosome binding, and preliminary cryo-EM data have
confirmed that TCV TSS enters the P-site of the 80S
ribosome [192].

In one of the isolates of the melon necrotic spot virus
(MNSYV), a short (65 nt) translation enhancer was identi-
fied, probably the result of recombination with the
3" UTR gRNA of the Asian variant of cucurbit aphid-
borne yellows virus (CABYV, Xinjiang isolate) from the
Polerovirus genus, Luteoviridae family [193]. Since the
secondary structure of this element, two joint short hair-
pins, does not resemble the structure of any known
3" CITE, it is sometimes considered as a separate
type — CXTE (CABYV-Xinjiang-like Translation
Element). The mechanisms behind the CXTE-mediated
translation have not yet been studied in detail. Little is
known about its interaction with the 5’ proximal region of
the gRNA, as well as its requirement for translation fac-
tors, except that CXTE remains active in plants with sup-
pressed elF4E activity.

How factors immobilized at the 3’ end of the tem-
plate stimulate initiation of translation remains unclear.
The majority of accumulated data indicate that in this
case, ribosome landing occurs at the 5’ end of the mRNA,
followed by canonical scanning in search of the correct

initiation codon. The necessity of a free 5’ end was con-
firmed by the fact that addition of a stable hairpin to the
very end of the 5' UTR caused complete blockage or
strong inhibition of viral or reporter mRNA translation,
both in vivo and in vitro [194, 195]. Scanning of the
5" UTR was confirmed by conventional tests — introduc-
tion of additional AUGs [183, 195-197] or stable hairpins
between the 5’ end and the initiation codon [195, 198]. In
most cases, the priority AUG codon was the closest to the
5’ end, and internal hairpins inhibited protein synthesis.

However, it is necessary to mention an unusual
3’ CITE identified in both gRNAs of the blackcurrant
reversion nepovirus (BRV) that promotes efficient cap-
independent translation by interacting with the 5 UTR
but also can stimulate internal initiation in protoplasts
even when the 5’ UTR sequence is inserted between two
reporter ORFs [199]. Hence, this 3" CITE can be consid-
ered as a part of a composite IRES.

It is still unclear whether 3’ CITEs bind only initia-
tion factors or whether they can assemble a 40S-contain-
ing pre-initiation complex and transfer it to the 5’ end. It
has been shown that the weak binding of the 40S subunit
to BYDV BTE is enhanced by the addition of elF4F,
elF4A, elF4B, and ATP [200], indicating formation of
pre-initiation complex on this 3' CITE. However, the
prevailing view is that it is the helicase activity of initia-
tion factors that enhances direct binding of the 40S to the
BTE region complementary to 18S rRNA [189].
Recently, it was shown that the PEMV-2 gRNA with a
point mutation, that prevented long-range kissing inter-
action and blocked transfer of the initiation components
from the 3’ to the 5’ end, quantitatively bound the 40S
subunit in WGE [191], while the gRNA with deleted PTE
3" CITE did not. This is direct evidence that PTE, in
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addition to initiation factors, also binds the small riboso-
mal subunit (supposedly through a chain of interactions).

In contrast to the other types of 3' CITEs, TSS binds
the large ribosomal subunit and the whole 80S ribosome.
Unlike initiation factors of the eIF4 family employed by
the rest of 3' CITEs, 60S subunits are not deficient com-
ponents of the translation apparatus. Immobilization of
the 60S subunits on viral gRNA to ensure its efficient
translation in a competitive environment does not seem
very useful. Sequestration of the 60S subunits to suppress
translation of cellular mRNAs also cannot be effective,
due to the relatively small amount of viral RNA in the
cell. Moreover, most viral gRNAs containing TSS do not
have structures facilitating interactions between the
5"and 3’ ends, i.e., there is no mechanism for the delivery
of bound subunits or ribosomes to attend translation ini-
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tiation. It has been suggested based on the indirect data,
that the 80S ribosome binds 5" UTR and 3’ TSS of TCV
gRNA simultaneously, closing the RNA loop [201].
However, it remains unclear how the bound ribosome can
be included in the initiation process. It can be assumed,
that a more or less traditional mechanism is used based on
the fact that translation of the reporter RNA with 5" and
3" UTR of TCV gRNA was considerably suppressed in the
cells deficient in the initiation factor eIF4G [202].
Apparently, precise relative positioning of 5 UTR
and 3’ CITE is not very important for efficient initiation
of translation or selection of the proper start codon.
Extension of the gRNA 5" UTR [195, 196] or change in
the position of the hairpin mediating the end-to-end kiss-
ing interaction [196, 197] do not dramatically affect the
level of protein synthesis. In the only known case

Table 2. Types of 3’ end cap-independent translation enhancers (3' CITEs) and their brief characteristics

3'-CITE type Family (Genus) of viruses Interaction with Bind K4, nM

5" end of gRNA
BTE Luteoviridae (Luteovirus); Tombusviridae (Necrovirus, | Yes elFAG 177 [180]
BYDV like Dianthovirus, Umbravirus*) (RCNMV?)** elF4F 37 [180]
Translation
Enhancer
TED Not attributed (Albetovirus); Tombusviridae Yes elF4F 17-30 [181]
Translation (Carmovirus) (STNV?)** elFiso4F 33-50 [181]
Enhancer elF4E 780 [181]; 313 [182]
Domain elF4isoE 660 [181]
PTE Tombusviridae (Panicovirus, Carmovirus, Aureusvirus, Yes elF4E 58 [182]
PMV-like Umbravirus™) (PEMV-2 no) elF4F 48 [182]
Translation
Enhancer
ISS Tombusviridae (Tombusvirus, Carmovirus, Aureusvirus) | Yes elF4F 190 [183]
I-Shaped
Structure
YSS Tombusviridae (Tombusvirus) Yes elF4F [184]***
Y-Shaped elFiso4F [184]***
Structure
TSS Tombusviridae (Carmovirus, Umbravirus*) No 60S 340 [185]; 233 [186]
T-Shaped 80S 450 [185]; 300 [187];
Structure 1720 [186]
kI-TSS Tombusviridae (Umbravirus*) Yes 40S 360 [186]
Kissing loop 60S 300 [186]
T-Shaped 80S 520 [186]; 610 [188]
Structure

Notes: * Assignment to Tombusviridae is provisional: umbraviruses contain two gRNAs and only one of them (which carries 3' CITE) resembles

other members of this family.

** In this case mutation analysis did not confirm the predicted kissing interaction with a 5’ proximal hairpin.

*** Factor binding was demonstrated by a non-equilibrium method.
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(PEMV-2 gRNA), when the 3’ terminal site of long-
range kissing interaction is not a part of the main PTE
3’ CITE that binds eI F4E (eIF4F) but is a part of the sep-
arate auxiliary 3’ CITE (kI-TSS), transfer of the interac-
tion point to PTE does not significantly change the
gRNA translation level in vitro [191]. These observations
suggest that neither recognition of the 5’ end nor posi-
tioning of the initiation complex on a specific AUG
codon is determined by the geometry of the 5 UTR-
3" CITE interaction. In other words, 3’ CITE only pro-
vides spatial convergence of the initiation factors (or pre-
initiation complexes) with the mRNA 5’ end reducing
total entropy of the process. At the same time, initiation
at the second AUG is prevalent on the sgRNA of the same
PEMV-2, where the 3' CITE-dependent synthesis of two
auxiliary proteins starts from closely spaced AUG codons
located near the hairpin providing long-range interaction.
Relative efficiency of the synthesis of these two proteins
depends on the distance between the AUG codons and
their position relative to the point of 5'-3’ interac-
tion [195]. It is likely that under certain conditions inter-
action of the initiating 40S subunit with the RNA chain
via bound 3’ CITE could determine its preferred position
during scanning and thereby ensure recognition of the
proper AUG codon.

It is obvious that scanning of 5 UTR or translation of
the beginning of a reading frame should destroy the RNA
secondary structure and lead to the loss of long-range
interactions between the 3’ CITE and the gRNA 5’ end,
intermittently shutting down initiation of translation. It is
assumed that such dynamic “oscillating” character of ini-
tiation is a sort of regulation, which provides the level of
translation optimal for virus fitness [196, 197]. Indeed, it
was shown that loading of the in vitro translated PEMV-2
gRNA with ribosomes is low compared to a capped
mRNA, being limited to 1-3 ribosomes [191, 195]. This
means a relatively low frequency of ribosome recruitment,
which may be a consequence of the periodic blockage of
translation initiation. It has been suggested [191] that
such a “disperse” distribution of ribosomes on gRNA is
important for the efficient synthesis of RdRp, which is
provided by programmed frameshifting caused by three
sequential structural elements located near the point of
the ORF shift [203]. It is clear that translation of gRNA
will melt these structural elements and their restoration
may require significant spatial and temporal gaps between
the translating ribosomes.

tRNA-like structures (TLSs). Specific elements
structurally and functionally resembling tRNAs (tRNA-
like structures, TLSs — Fig. 3b) were found at the 3’ end
of the gRNAs of different plant viruses belonging to eight
genera of three different families. All TLSs contain a
pseudoknot that allows formation of an analog of the
aminoacylated acceptor stem without the involvement of
the RNA 5" end. TLSs possess three key features of
tRNA: they serve as a substrate for cellular CCA-
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nucleotidyltransferase, can be aminoacylated by specific
aminoacyl-tRNA synthetases, and form a ternary com-
plex with eEF1A « GTP.

Three main types of TLSs have been described: those
aminoacylated by valine (typical for the members of the
Tymoviridae family), histidine (Viraviridae), and tyrosine
(Bromoviridae). Each of these types possesses character-
istic primary and secondary structures that provide speci-
ficity of aminoacylation. Although the ability of TLSs to
be aminoacylated and to bind elongation factor implies
involvement of these structural elements in translation, so
far only their role in initiation of (-)RNA strand synthesis
by the viral replicase, and a telomere-like function medi-
ated by nucleotidyltransferase have been demonstrated
convincingly.

TYMV TLS is the most studied example of the
tRNA-like translational enhancer. TYMV gRNA is
capped, and simultaneous capping of the 5’ end and
aminoacylation of the 3’ end is crucial for its efficient
translation [204]. Since the ability to bind eEF1A « GTP
is required for translation enhancement, and specificity
of aminoacylation is not important, it was concluded that
the enhancement effect is mediated by the elongation
factor eEF1A. Crystal structure of the TYMV TLS con-
firmed similarity of its surface with the tRNA side inter-
acting with aminoacyl-tRNA synthetase and factor
eEF1A [205]. Recently, it was shown that the TYMV TLS
can bind the ribosome [205] (albeit using prokaryotic 70S
ribosomes only). Given the above, the question arises: do
aminoacylated 3' TLS provide the main function of
aminoacyl-tRNA — inclusion of an amino acid into the
synthesized protein? After the discovery of TLS aminoa-
cylation, this function seemed obvious and efforts were
made to prove it. Although several studies have shown
transfer of a radioactively labeled amino acid from TYMV
TLS to the synthesized protein, other studies have not
confirmed these results, and later the authors themselves
admitted that these results were artifacts caused by the
transfer of amino acid to the corresponding tRNA (see
discussion in [206]). The story repeated itself a quarter-
century later, when, based on the data obtained in vitro,
the Trojan horse mechanism was proposed to explain effi-
cient initiation at the second initiation codon of TYMV
gRNA, suggesting direct recognition of this codon by the
ribosome associated with Val-TLS and the start of protein
synthesis with N-terminal valine [207]. However, inde-
pendent examination carried out with the same objects
and in the same translation system did not confirm the
results [208]. Evidence was provided that in this case, an
unusual variant of leaky scanning takes place (see above)
[12] and that the initiation of translation at the second
initiation codon depends on the presence of 5’ cap, and
not TLS [208]. To sum up, direct involvement of TLS in
translation as a functional analog of aminoacyl-tRNA
remains an interesting hypothesis that has not yet been
convincingly proven.
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Another example of a relatively well-studied transla-
tion enhancer is TLS of brome mosaic virus (BMYV) [209].
Mutations disrupting the TLS structure led to reduced
efficiency of the BMV gRNA translation in vitro [210]. In
this case, aminoacylation of TLS (with tyrosine) was also
important for the enhancer activity, suggesting a similar
mechanism of BMV and TYMV TLS action, although the
details remain unclear so far. Synergism in the action of
the 5’ cap and 3’ TLS suggests that the TLS-bound eEF1A
somehow interacts with the initiation factor eIF4F, substi-
tuting for the canonical chain of interactions
elF4F « PABP « poly(A). On the other hand, binding of
the aminoacyl-TLS to the ribosome [205] indicates the
possibility of the same translation enhancement mecha-
nism as in the case of 3’ CITE TSS, for which the binding
of ribosomes was also postulated due to mimicry of the P-
site tRNA.

At this time, it is not clear whether translation
enhancement is a common and necessary property of all
aminoacylated TLSs. Some data raise doubt about this.
For example, the TMV tRNA-like structure, similar to
the TYMV TLS, has no influence on translation [211],
and TLS of the peanut clump virus (PCV) does not bind
eEF1A « GTP [212].

Aminoacylated 3’ TLSs have also been found in the
RNA of some animal viruses, for example, members of
tetraviruses (Tetraviridae) that infect insects [213, 214].
However, these structures have hardly been studied yet.

Elements functionally replacing the poly(A)-tail.
(+)RNAs of all group A rotaviruses (RVA) contain the
GACC consensus sequence at the 3’ end (3’ consensus
sequence, 3’ CS — Fig. 3c), which specifically binds the
N-terminal domain of the viral non-structural protein 3
(NSP3) [215]. The C-terminal domain of this protein
interacts with eIF4G [216] competing with the poly(A)-
binding protein. NSP3 is a very efficient enhancer of viral
translation [217] supposedly substituting for PABP in the
formation of the cyclic structure of viral RNA. In addi-
tion, NSP3 is a potent inhibitor of translation of cellular
mRNAs, since displacement of PABP from the complex
with elF4G prevents circularization of polyadenylated
templates [217].

A similar mechanism is realized during translation of
the AMV gRNA. 3" UTR forms a pseudoknot structure
resembling TLS and is recognized by the viral replicase
and tRNA-specific enzymes. However, this tRNA-like
structure is destroyed upon binding of the viral coat pro-
tein (CP), causing blockage of the synthesis of (-)RNA
strands and leading to increased translation [218, 219].
CP also binds eIF4G or elFiso4G [220] mimicking the
elF4G « PABP ¢ poly(A) interaction, providing cycliza-
tion of viral gRNA, and stimulating its translation.

A hairpin at the 3’ end of DENV gRNA [221] and a
structural element containing several pseudoknots within
the 3’ UTR of TMV gRNA [211] are capable of replacing
3’ poly(A) upon translation of capped reporter mRNAs.
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The 3" UTR of HCV also can nonspecifically increase the
rate of mRNA translation, regardless of the translation
initiation mechanism [222]. Thus, these viral elements
can be considered as functional equivalents of the
polyadenylated mRNA 3’ end.

REINITIATION EVENTS DURING VIRAL
mRNA TRANSLATION

Viral mRNAs containing several separate or partially
overlapping reading frames can use the translation re-ini-
tiation mechanism to deliver ribosomes to the distal
ORFs. Usually, the eukaryotic ribosome is not prone to
reinitiation after reading full-length protein-coding
frames, since, due to the monocistronic nature of most
mRNAs, evolutionary pressure acts against aberrant
reinitiation on the 3' UTR [223]. However, there are at
least two exceptions to this rule. The first is re-initiation
after translation of the uORFs located in the 5 UTR of
many mRNAs. Its effectiveness can vary greatly depend-
ing on the length of the uORF, distance from the stop
codon to the main frame, and presence of the cis-acting
elements in the 5 UTR. The second exception involves
cases when, due to specialized mechanisms, effective
reinitiation becomes possible after reading the full-length
frame, and this pathway is primarily utilized by viral
mRNAs.

TURBS-mediated translation reinitiation. For the
synthesis of several proteins from one RNA, some viruses
use a special mechanism of termination-reinitiation on
partially overlapping frames [224], translation of which is
coupled. In places where such frames overlap, variants of
the mutual arrangement of the start and stop codons are
possible, some of which are shown in Fig. 4a. Such reini-
tiation has been well studied for the representatives of the
Caliciviridae family (rabbit hemorrhagic disease virus,
RHDYV, as well as the previously mentioned FCV, MNYV,
and WNYV) and slightly less for the influenza B virus (IBV)
from the Orthomyxoviridae family. Thus, one of the
RHDV sgRNAs encodes the main capsid protein VP1 in
the first frame and the small capsid protein VP2 in the
second. The mechanism of coupled termination-reinitia-
tion apparently allows maintaining optimal stoichiometry
of the two proteins, contributing to the correct assembly
of the capsid.

This mechanism is based on “forcing” the ribosome,
which terminated at the stop codon of the first frame, to
reinitiate translation instead of dissociating from mRNA
(recycling) (Fig. 4b). It requires the presence of a special
structural element termed TURBS (termination
upstream ribosomal binding site), that binds the ribo-
some at the end of the first frame shortly before the stop
codon [225-227]. TURBS contains a conserved motif 1
(m1l), complementary to the loop in the h26 hairpin of
the 18S rRNA, and motif 2 (m2/2 *), which forms a hair-
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pin structure with the loop containing m1 [228, 229]. As
a result of interaction of h26 with the UGGGA region
common for ml caliciviruses and 1BV, some of the 40S
subunits after termination and disassembly of the post-
termination complex remain associated with mRNA.
This allows them to reinitiate if a start codon is available
in the vicinity. Thus, in a sense, TURBS provides an
internal initiation of translation; however, unlike IRESs,
it is able to operate only with the previously attracted
ribosome, i.e., when there is no need to re-fold mRNA
into the channel of the 40S subunit.

The concepts of what translational factors are
required for TURBS-mediated reinitiation are controver-
sial. In the early studies, it was shown that elF3, like 408,
is able to bind directly to the FCV TURBS in the in vitro
RRL-based system. On this basis, it was suggested that
elF3 plays a key role in this process and is strictly neces-
sary for effective reinitiation by this mechanism [225].
This was in agreement with the important role of this fac-
tor in reinitiation on some cellular mRNAs containing
uORFs [223]. However, later, it was shown in an in vitro
reconstituted system that reinitiation on RHDV and
human norovirus (HNV) mRNA:s is possible without par-
ticipation of elF3, although its addition enhances the
effect [230]. The authors also showed that reinitiation is
possible in several scenarios. In one case, Met-tRNA,,
elF1, eIF1A and elF2 are required; another variant
requires Met-tRNA,; and elF2D; the third mechanism
requires only Met-tRNA; for initiation and involves the
ribosome not dissociated into 80S subunits [230].

Nevertheless, in other studies of TURBS found in RHDV,
HNYV, and IBV, reinitiation in the presence of eIF3 was
efficient even on the mRNA with disrupted m1 TURBS
[231, 232] leading to a conclusion that binding of eIF3 to
TURBS is sufficient to maintain post-termination 40S
subunit on mRNA.

Differences in the observed mechanisms of reinitia-
tion can be explained by the fact that the process occurs
slightly differently for different viruses, and concentra-
tions of the initiating factors, magnesium and potassium
ions used in the in vitro reconstituted system, may differ
from the values in the complete lysate. Nevertheless,
based on the above data, it can be assumed that the key
role in TURBS-mediated reinitiation is played by the
binding of m1 with the 40S subunit, although elF3 can
enhance, stabilize, or even replace this interaction, and
also, possibly, participate in the regulation of reinitiation
depending on the state of the cell or stage of the virus life
cycle.

In addition to caliciviruses and IBV, other cases of
effective reinitiation on overlapping frames have been
described: for example, in mRNA of the HvV190S virus
of the parasitic fungus Helminthosporium victoriae, human
respiratory syncytial virus (HRSV), and the prototypic
hypovirus  (Cryphonectria hypovirus 1, CHVI-
EP713) [223]. The TURBS motif was not detected in the
RNA of these viruses; however, other poorly character-
ized regions of the nonconserved secondary structure
were identified that have complementarity with 18S
rRNA.
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Shunting mediated by reinitiation. The 35S pgRNA
of the CaMV pararetrovirus uses another unusual method
of reinitiation. This mRNA has a very long 5" UTR con-
taining an extended internal region with complex sec-
ondary structure, which includes a stable stem at the base
and branched hairpins in the distal part. This region con-
tains several non-functional AUG codons, and a short
uORF encoding a 6-residue peptide located immediately
in front of the stem [26]. In a series of studies carried out
by T. Hohn and his followers, it was shown that this vari-
ant of shunting requires translation of the uORE, termi-
nation at its stop codon and release of the peptide, after
which the ribosome “skips” the entire region with a sta-
ble secondary structure and re-initiates on the ORF VII
frame encoding the P7 protein [34]. Thus, in this case,
shunting is not, in fact, nonlinear scanning (already
described earlier), but acts as a special case of reinitiation
(Fig. 4c, left). The authors introduced various RNA frag-
ments into the region skipped by the ribosome including
lengthy ones containing a variable number of AUG
codons, and in one of the experiments even introduced a
break in the sugar-phosphate backbone — and all these
modifications did not decrease the translation efficiency
of ORF VII. The areas bordering this region received the
figurative names of the “take-off” and “landing” sites for
the ribosome, implying its detachment from the mRNA
during the “jump”. Nevertheless, the present more wide-
ly accepted point of view is that the mRNA chain does
not leave the channel of the small subunit during “jump-
ing”; instead, the stable hairpin “threads” through the
channel without unwinding. Such passage of an unwound
hairpin through the canal can be observed in an in vitro
reconstituted system in the presence of an incomplete set
of initiation factors, in particular, in the absence of elF1
[233]. Since recycling of the post-termination complex
and subsequent reinitiation imply an under-character-
ized overlap of functions between the SUI1-domain con-
taining factors eIF1, eIF2D, and DENR [132], the pecu-
liarity of the 35S CaMV pgRNA may include the use of
unusual combination of the factors in these post-termi-
nation processes.

CaMV is not the only virus using this unusual strate-
gy. pgRNA of a number of other plant para-retroviruses
(including most members of the Caulimoviridae family),
DNA pararetroviruses (for example, rice tungro bacilli-
form virus, RTBV), gRNA of one of the picorna-like
plant viruses (spherical rice tungrovirus spherical virus,
RTSYV), as well as pgRNA of spumaviruses — retroviruses
with a DNA genome (in particular, human spumavirus,
prototypic foamy virus, PFV), have similar structures that
provide the same reinitiation with shunting of a large
RNA region [34].

Mechanisms of reinitiation involving viral proteins.
Plant pararetroviruses also use another method of effec-
tive reinitiation, which was characterized in a series of
studies carried out under the leadership of L. Ryabova,
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also using CaMV mRNA as an example. This mechanism
is associated with activity of the viral protein P6/TAV
(transactivator viroplasmin) and is called TAV-mediated
reinitiation (Fig. 4c, right).

TAV binds to the elF3 factor in the initiation com-
plex (probably at the moment when eIF4B factor leaves
it) and retains it after joining of a large ribosomal subunit
due to its affinity for several 60S proteins (for more
details, see review [34]). In addition, TAV attracts TOR
kinase to polysomes and promotes its activation [234].
TOR, in turn, activates kinase S6K1, which then phos-
phorylates the h subunit of e¢IF3 contributing to the
retention of this factor on the ribosome during elongation
and promoting reinitiation [235].

Another important player in this process is the cellu-
lar protein RISP, which acts as a TAV partner in the bind-
ing of elF3, 40S, and 60S subunits [236]. In the recent
study by the same group [237], an interesting model has
been proposed, according to which an elongated RISP
molecule, interacting simultaneously with the eS6/RSP6
and elL24/RPL24 proteins, acts as a clamp, holding
together the large and small ribosomal subunits. In this
case, binding is regulated by phosphorylation of ¢S6 and
RISP itself by the TOR-S6K1 signaling cascade.

Apparently, under conditions of viral infection, the
presence of TAV and activated RISP on the ribosome
stimulates efficient reinitiation via two mechanisms act-
ing simultaneously. First, retention of eIF3 on the elon-
gating ribosomes allows the 40S subunit to remain bound
to the mRNA after termination and 60S departure to
quickly recruit initiation factors and resume scanning.
Second, impaired recycling of the 60S subunit presum-
ably promotes 80S-mediated reinitiation (which was pre-
viously shown in other eukaryotic systems [132, 230, 238,
239]). Whether these mechanisms are specific for the
aforementioned plant viruses or whether they may oper-
ate in the case of other polycistronic viral mRNAs is still
unknown.

STOPGO TRANSLATION

Some viruses of the families Picornaviridae, Ifla-
viviridae, Tetraviridae, Dicistroviridae, and Reoviridae
also have another, fundamentally different way of produc-
ing an individual polypeptide encoded in an internal
region of mRNA — the so-called “StopGo” (or “Stop-
Carry On”) mechanism [240]. It requires a special amino
acid sequence — 2A-peptide. A ribosome that synthesizes
such a peptide does not form a peptide bond at a single
specific position with near 100% probability, but subse-
quently continues normal translation. As a result, a sepa-
rate protein molecule is produced, although no new act of
translation initiation occurs during this process. The 2A
peptide from FMDV is considered a classic example,
while in practice the more active peptides E2A and T2A
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from the PTV-1 and TaV (Thosea asigna virus), respec-
tively, are widely used [240, 241].

TRANSLATION OF CIRCULAR RNAs

Circular (covalently closed) protein-coding RNAs
(circRNAs) are also of great interest. Such circRNAs do
not have a free 5’ end and must initiate translation via
internal ribosome entry; hence, they are likely to contain
IRESs [242]. However, the available data on this subject
are contradictory, obtained mainly by bioinformatics
methods and do not always have experimental confirma-
tion. In eukaryotic cells, circular transcripts are produced
as a result of “reverse” splicing, in which a subsequent
exon joins the previous one. Similar spliced RNAs were
also found in viruses [243], but little is known about their
translation mechanism.

One of the translated circRNAs encodes the papillo-
ma virus E7 oncoprotein [244]. E7 induces malignant
transformation of cells by modifying chromatin structure
and altering transcription of protooncogenes and tumor
suppressors. It has been shown that the HPV circRNA,
synthesized after transfection of cervical carcinoma cells
with a plasmid with the E7 minigene, contains m°A mod-
ified nucleotides and is translated in polysomes [244].
circRNAs are found in the life cycle of other viruses, for
example, Epstein-Barr virus (EBV), Kaposhi sarcoma
herpes virus (KSHV), HBY, etc. [245]. However, it is not
certain whether they function as mRNAs.

In the world of viruses, there are also RNAs that are
initially circular by design — mainly viroids and virusoids.
However, very few cases are known where the viral
circRNA encodes a protein. One of them is a satellite
virus of rice yellow mottle virus (RYMYV), whose “RNA
nanogenome” is a covalently closed 220-nt long RNA.
According to AbouHaidar et al. [246], this circRNA con-
tains a ribosome binding site (AAGGA) 11 nt before the
AUG codon, which provides internal initiation. The
translation product is a 16-kDa protein that lacks homol-
ogy with other known proteins. This polypeptide is able to
bind its mRNA and is probably required for protection of
the viral genome [246].

MECHANISMS ENSURING TRANSLATIONAL
DOMINANCE FOR VIRAL mRNAs

Above, we described the mechanisms of translation
of viral mRNAs aimed at increasing the efficiency of viral
protein synthesis, as well as allowing to adapt to a wide
range of stress conditions that inevitably arise in cells dur-
ing infection. In this section, we briefly describe the most
striking examples of mechanisms that allow viruses to
provide translation priority for their mRNAs. This is
often achieved by inhibition, modification or destruction
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of the components of the cellular cap-binding apparatus
or other elements of the canonical mechanism of transla-
tion initiation (Fig. 5). In addition, there are strategies
based on compartmentalization of the components of the
life cycle of viruses, which allow them to be spatially sep-
arated from the defense mechanisms of an infected cell.

Manipulation of translation machinery components.
Many viruses actively manipulate translational compo-
nents to effectively compete for cellular resources. A
striking example is the NSP1 protein of the SARS-CoV-
2 coronavirus. It binds to the mRNA entry channel of the
40S subunit with its C-terminal domain acting as a stop-
per [247-249]. The N-terminal domain stabilizes this
binding and, probably, also interacts with 40S. While
interfering with cellular mRNA entering the ribosome,
NSP1 still allows translation of the SARS-CoV-2
mRNA. This is due to the fact that the viral gRNA and
sgRNAs have a common leader containing the hairpin
structure SL1, which specifically binds to the N-terminal
domain of the protein [250-252]. This interaction leads
to the release of the C-terminal domain of NSP1 from
the mRNA channel of the ribosome and allows transla-
tion to begin [251, 252]. Interestingly, initiation factors
favor NSP1 binding to the 40S subunit, while interaction
of the protein with the whole ribosome is weaker [253].
This suggests that in an infected cell, the inhibitory com-
plex is formed specifically at the stage of translation ini-
tiation. One way or another, NSP1 is a powerful tool that
helps the virus tap into the cell’s resources, but at the
same time it can be a convenient target for antiviral ther-
apy [250].

The NSPI1 protein of another coronavirus, SARS-
CoV, is also able to bind to the ribosome, inhibiting trans-
lation of cellular mRNAs. However, in this case, NSP1
probably recruits cellular endonucleases that selectively
cleave mRNA depending on the employed mechanism of
translation initiation [254].

Examples are known when viruses carry out limited
proteolysis of translation initiation factors. In particular,
we described viral proteases that cleave e[F4G in the sec-
tions devoted to IRESs. Such mechanisms allow viruses
to increase efficiency of cap-independent translation by
redirecting the liberated cellular resources [80, 255]. In
some cases, initiation factors necessary for translation of
the viral mRNA (subunits elF3, eIF5B, PABP, and oth-
ers) are also cleaved, which can be used to regulate the life
cycle.

Other ways of influencing the initiation apparatus
have also been described [255]. For example, RNA poly-
merase and NS1 protein of the influenza virus recruit the
elF4G factor to viral mRNAs, ensuring that they win
competition for this limiting factor; the ICP6 protein of
the herpes simplex virus 1 (HSV-1) enhances interaction
of el F4E with elF4G, preventing the cell from inactivat-
ing translation via 4E-BP1 in response to infection; the
EMCYV virus, on the other hand, activates 4E-BP1 (see
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above) because it does not need elF4E; the simian poly-
omavirus SV40 also activates 4E-BP1 in the late stages of
infection; a number of viruses manipulate the PABP pro-
tein, modulating formation of the closed loop (rubella
virus capsid protein, influenza virus NS1, KSHV virus
SOX10 and K10 proteins, rotavirus NSP3 protein). More
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information on this topic can be found in the
review [255].

Manipulations with the 5’ cap. Some viruses use
another cunning strategy for winning the competition
with cellular mRNAs — they disable cellular templates.
Thus, the D9 and D10 proteins of the VACYV virus direct-
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ly bind and remove the cap of cellular mRNAs. This frees
up resources for translation of non-capped viral mRNAs
with the 5’ poly(A)-leader, which is necessary in the late
stage of infection (see above). Interestingly, the D9 pro-
tein only inhibits translation by decapping mRNA and
thereby provoking degradation, while D10 additionally
stimulates translation of mRNA with poly(A)-lead-
ers [256].

Even more devious is the mechanism of cap snatch-
ing from cellular mRNA, carried out by the (-)RNA
viruses of the families Arenaviridae, Bunyaviridae, and
Orthomyxoviridae. These viruses do not have their own
capping enzymes, but they encode proteins that can bind
the cap and cleave it, forming a 15-20-nt long capped 5'-
terminal fragment of the cellular mRNA. This fragment is
then used as a primer for synthesis of the (+) strand of
viral RNA, which will include the capped segment of the
cellular mRNA. For example, the replicase (RdRp) of the
IAV influenza virus consists of three subunits: PA, PBI1,
and PB2, with PB2 responsible for cap binding and PA
exhibiting endonuclease activity. Representatives of are-
naviruses and bunyaviruses combine the functions of cap
and endonuclease binding in one protein L.

Many RNA and DNA viruses replicating in the cyto-
plasm acquired their own capping apparatus during evo-
lution, since the cellular machinery is confined to the
nucleus. Capping enzymes are encoded in the genomes of
VACYV, RuV, SARS-CoV, SARS-CoV-2, Ebola virus
(EBOV), vesicular stomatitis virus (VSV), protozoal giant
viruses, and others. The most studied is the D1-D12
VACV heterodimer, which is widely used for capping
mRNAs synthesized in vitro. More details about decap-
ping, cap snatching, and non-canonical capping of viral
RNAs can be found in the review [257].

Compartmentalized translation of viral mRNAs.
Mechanisms associated with localized translation, for-
mation of RNP granules, and generation of viral com-
partments within the cell deserve separate considera-
tion [258]. In many RNA viruses, the life cycle is based on
the formation of specialized “viral factories”
(VFs) — intracellular structures made up of the mem-
brane-bound organelles of the cell [259]. As a rule, VFs in
(+)RNA-containing viruses serve exclusively as platforms
for the synthesis of viral RNA, while in a number of virus-
es with dsSRNA and (-)RNA genomes, they are also
involved in the translation of their mRNA, protecting
them from the action of cellular regulatory mechanisms.
Viruses can actively recruit translational factors into such
specialized compartments [258]. Association of viral
mRNA translation with membranes could play a role in
its resistance to the cellular response to infection even
without regard to VE This is evident from the case of
poliovirus mRNA described above, which escapes the
inhibitory effect of eIF2a phosphorylation due to mem-
brane localization of the active elF2 fraction in the
infected cell [97].

SOROKIN et al.

The cellular response to viral infection includes for-
mation of stress granules. Although this is not the main
function of stress granules, this decreases the concentra-
tion of available translational components in the cytosol,
which should interfere with the translation of viral
mRNAs. However, many viruses skillfully manipulate this
process, either by preventing granule formation (for
example, by proteolysis of their key components), as do
ZIKYV, VSV, IAV, and a number of picornaviruses, or, con-
versely, facilitating their assembly at an advantageous
time in their life cycle, like RuV [260, 261]. More details
about the mechanisms associated with localized transla-
tion of viral mRNA and manipulation with the mem-
brane and granular compartments can be found in the rel-
evant reviews [258-261].

Manipulation of translation-related signaling path-
ways. Another common strategy employed by viruses to
manipulate stress responses is to directly target cell sig-
naling pathways. A classic example of this is inhibition of
the elF2 oa-subunit kinases, which allows viruses to cir-
cumvent the repression of translation initiation mediated
by these proteins. The proteins US1 of the HSV-1 virus,
SM of EBV, E3L and K3L of VACV, NS5A of HCV bind
to the PKR/EIF2AK?2 kinase and inhibit its activity. The
gB proteins of HSV-1, K3L of VACV, and HCV E2 act on
another kinase, elF2a, PERK/EIF2AK3. In this case,
HCV E2 acts as a pseudosubstrate for both PKR and
PERK. Cases are known when small noncoding viral
RNAs bind to PKR, preventing its activation: for exam-
ple, such activity is exhibited by the EBER RNA of EBV
virus and V4 RNA of adenovirus [255, 262].

Indirect effects of viral infection on the initiation of
translation also deserve mentioning. For example, picor-
naviruses are able to affect permeability of the cell mem-
brane and alter intracellular salt concentrations, optimiz-
ing conditions for the initiation of translation by IRESs
and negatively affecting cap-dependent
translation [263, 264].

Often, different viral mechanisms of selective sup-
pression of protein biosynthesis in the cell work in a coor-
dinated manner, simultaneously depriving cellular
mRNAs of the 5’ cap, the apparatus of cap-dependent
translation, and canonical delivery of Met-tRNA,, as well
as of access to the compartments with active translational
components. Manipulating the mechanisms of the cell
stress response is an additional strategy. All this puts cells
under control of the replicating virus and often deprives
them of the chances not only for survival, but also for pro-
grammed death.

CONCLUSIONS
In this review, we examined the non-canonical

mechanisms of translation initiation that are characteris-
tic of viral mRNAs. During infection, these mechanisms
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provide them with competitive advantages, which are
often empowered by the activity of specialized viral pro-
teins. On the other hand, these features provide vulnera-
bilities to existing or potential drugs targeting specific
components of the involved biochemical pathways [265].
Small molecules and oligonucleotides that change the
complex structure of IRESs or CITEs, disrupt important
RNA-RNA and RNA-protein interactions, attack ITAFs
and other components critical for unconventional trans-
lation, can interfere with expression of viral mRNAs and
thus block infection. Development of novel antiviral
drugs based on these approaches holds great potential
and will be at the forefront of future efforts to battle
viruses.
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