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Abstract

Internal Ribosome Entry sites (IRESs) are RNA sequences that can recruit the tranglation
machinery independently of the 5 end of the messenger RNA. IRESs are found in both viral and
cellular RNAs and are important for regulating gene expression. Thereis great diversity in the
mechanisms used by IRESs to recruit the ribosome and thisis reflected in avariety of RNA
sequences that function as IRESs. The ability of an RNA sequence to function asan IRESis
conferred by structures operating at multiple levels from primary sequence through higher-order
three-dimensional structures within dynamic RNPs. When these diverse structures are compared,
some trends are apparent, but overall it is not possible to find universal rulesto describe IRES
structure and mechanism. Clearly, many different sequences and structures have evolved to
perform the function of recruiting, positioning, and activating a ribosome without using the
canonical cap-dependent mechanism. However, as our understanding of the specific sequences,
structures, and mechanisms behind IRES function improves, more common features may emerge
to link these diverse RNAs.
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Introduction

The process of translating an mMRNA molecule to produce the encoded protein is divided
into four phases, the first being trandlation initiation. During initiation, the ribosomeis
recruited to the mRNA and placed at the correct start codon, establishing the reading frame.
Initiation must be accurate to avoid starting protein synthesis at the incorrect codon and
must also be rapid to allow timely production of proteins when needed. Indeed, initiation is
considered the rate-limiting step in translation and is highly regulated in eukaryotes.
Understanding the regulated mechanisms by which ribosomes are recruited, positioned, and
activated on eukaryotic cellular mMRNASs is an area of active study, with implications for
human disease. Currently, ribosome recruitment to the message and subsequent translation

Correspondence to: Jeffrey S. Kieft, Jef f r ey. ki ef t @icdenver . edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Plank and Kieft

Page 2

initiation in eukaryotic cellsis described by two broad mechanisms: the canonical cap- and
scanning-dependent process and internal initiation of trandation.

Comparing cap-dependent and internal translation initiation

In the canonical cap-dependent mechanism, a modified nucleotide cap on the 5 end of the
mRNA sequence (usually a 7-methyl guanosing; m’G) binds the eukaryotic initiation factor
(elF) 4F complex. The el F4F complex is composed of el F4E (the cap binding protein),
elF4A (an RNA helicase) and el FAG (a scaffolding protein). Binding of the el F4AF complex
leads to the recruitment of the 43S complex (comprised of the 40S ribosomal subunit, elF2,
el F3 and initiator tRNA) (Fig. 1A). The 43S complex scansthe messageina %' to 3
direction until the start codon in good “context” is located (assisted by elF1 and elF1A).2 3
Start codon recognition halts scanning, and GTP hydrolysis resultsin dissociation of a
subset of elF proteins and joining of the 60S subunit to the 40S to result in atrangdlationally
competent 80S ribosome at the start codon. This cap-dependent process is the predominant
mechanism used by cellular mRNAs to recruit and position the ribosome and it is regul ated
in anumber of ways; for a more detailed description of canonical initiation and its regulation
the reader is directed to two excellent reviews.* °

Alternatively, mMRNAs may recruit ribosomes for translation initiation in a cap-independent,
internal process.® As the name implies, cap-independent initiation does not require the 5 cap
structure to recruit the ribosome to the message (Fig. 1B). Rather, in this mechanism it isthe
MRNA sequence itself that confers the ability to bind the trandlational machinery. This
RNA-dependent mechanism was first discovered in the 5 untrandated region (5’'UTR) of
two picornaviruses,”: 8 and the fact that these RNA sequences could initiate translation
independently of the 5’ end of the RNA led to the term “internal ribosome entry sites”
(IRESs). For the purposes of thisreview, IRESs are defined as RNAs which initiate
tranglation through a cap-and end-independent process. Although not considered |RESS,
there are examples of RNAs which can initiate trandlation through a cap-independent but not
end-independent process. For more information on this concept, the reader is directed to
another review.?

Since their discovery in two picornaviruses, |RESs have been found in a number of other
viral RNAs and also in cellular mRNAs. 10 11 |RESs are mostly found in the YUTRs
upstream of the open reading frame they control, but there are exceptions. Some are found
between open reading frames!2 13 and some are found within an open reading frame.14 Not
surprisingly, the purpose for IRES activity in different mMRNASs varies. For example, in some
viruses, the IRES drives translation of the viral genomic RNA to produce viral proteins
under conditions when host cell cap-dependent initiation is repressed® while in some
cellular mMRNAs the IRES drives trandation of mRNAs involved in the cellular response to
stress. The presence of IRESsin cellular mMRNAS has been proposed as a mechanism for
precise trandlational regulation of specific messages, allowing the cell to adjust its proteome
in response to certain conditions such as stress, stimuli or the cell cycle.11: 16 Taken
together, IRES-driven trangdlation initiation is an important strategy used by cellsto regulate
gene expression and is critical for the life cycle of many viruses.

The continued discovery of RNASs containing IRESs has revealed remarkable diversity in
terms of the apparent mechanisms used (Fig. 2).17 Some IRESs can recruit both ribosomal
subunits without using any elFs, whereas others use a subset of the elFsto initiate
trandation. Still others not only use a subset of the elFs, but also co-opt proteins not
normally associated with translation as part of their mechanism (called IRES trans-acting
factors; ITAFs).16: 18, 19 For most IRESs, the complement of proteins that are associated
with and used by the RNA remains unknown. Identifying these factors and how they affect
trand ation from specific IRES RNASs remains an area of active research.
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The ability of an RNA to function as an IRES is encoded entirely in its sequence and it is
this sequence that determines the structure of the IRES RNA and the binding sites for
interacting proteins. Thusit is not surprising that the various contextsin which IRESs are
found, the differencesin their purposes, and the variety of the proteinsthey bind is reflected
in adiversity of sequences. Thereisno single RNA sequence that defines an IRES; rather,
many different sequences and structures have evolved to perform this function.1” This fact
presents questions, including: What are the primary, secondary, and tertiary structural
determinants of IRES RNA function? How are these different levels of RNA structure used
by IRES RNAS? Can we learn anything about universal modes of IRES function by studying
the structures of the RNASs that drive this process? In this review, we present an overview of
what is known of how RNA structure drives IRES function, considering RNA structure at
several levels and how those structural features may drive function. We do not attempt to
discuss all known IRESs, but rather use a set of examplesto illustrate key points of our
understanding, with particular emphasis on current research.

How IRESs are studied functionally

Before discussing the relationship between different levels of RNA structure and IRES
function, it is worthwhile to note some of the ways in which IRES RNAs are identified,
characterized and studied. Often, an RNA sequence is suspected to contain an IRES if the
MRNA it iswithin is translated under conditions where cap-dependent trangdlation is
inhibited, such as during mitosis, 20 poliovirus infection,?! or hypoxiaZ? or if it is contained
within a RNA virus that does not contain a canonical m’G cap. Thereis great diversity in
RNA sequences and structures used by IRES RNAs, which has made identification of an
IRES by bioinformatic approaches such as homology searches and secondary structure
predictions technically challenging.23-2% Therefore identification of an IRES must be
demonstrated experimentally. There are many assays available to identify potential IRESs
and each assay has associated caveats and alternative explanations. Here, we do not attempt
to fully review all of these assays; thiswould be areview initself. Instead, we will present
the reader with afew important examples to assist in evaluation of the IRES literature. For a
more comprehensive analysis of these assays and the caveats associated with them, the
reader is directed to several excellent resources.% 26 27

A widely-used method for identifying an IRES involves placing the putative IRES RNA
seguence upstream of areporter gene and then measuring the levels of protein expressed
from the IRES RNA relative to a non-IRES control (the 5’ leader from B-globin is widely
used)(Fig. 3A). In addition to a negative control, aknown IRES is often used as a positive
control (commonly the Hepatitis C virus (HCV) IRES, or the Encephalomyocarditis virus
(EMCV) IRES). Different versions of the reporter construct are used. Specificaly, the
putative IRES can be positioned between two different reporters (dual- or bi-cistronic), or
placed upstream of a single reporter (monocistronic). In the bi-cistronic test, the sequence of
interest isinserted between two reporter ORFs on asingle mRNA. Expression of the
upstream reporter occurs through a cap- and end-dependent mechanism, while expression of
the downstream reporter only occursif ribosomes are recruited internally to the message. If
expression of the downstream reporter is greater from the putative |RES element than the
non-1RES control, the candidate RNA is considered a potential IRES. In the monocistronic
test, the candidate sequence is placed upstream of the ORF for asingle reporter protein and
expression of the protein is compared to a negative control. Unlike the case of the bi-
cistronic reporter, expression of the monocistronic reporter is not exclusively cap-
independent and thus must be studied under conditions where cap-dependent translation is
inhibited, or studied using an in-vitro transcribed RNA construct containing a modified cap
structure that is not capable of recruiting the trand ation machinery. If expression of the
reporter construct is maintained under these conditions relative to the non-IRES controal, the
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sequence of interest is tentatively considered to be able to initiate trandation in a cap-
independent process. It should be noted that the monocistronic test does not per se
demonstrate end- independent (or internal) initiation and thus must be complemented with
other approaches to demonstrate the presence of an IRES. The tests described above can be
performed in either cell-free extracts or in cell culture. Advantages of cell-free extracts are
that the conditions of the lysate can be varied readily. In cell culture, the RNA can bein
vitro transcribed and directly transfected into the cells, or produced in the cell’ s nucleus by
transfection of the cellswith a DNA vector containing the IRES-reporter sequence. Finally,
it isworth noting that a circularized RNA can also be used to identify an IRES.28 30 This
type of construct prevents any end-dependent ribosome recruitment 28 and challenges
previous views that eukaryotic ribosomes cannot bind circular RNAs.2% However, the
circularization approach has only been used afew times, 2 likely due to the technical
challenge of efficiently circularizing large RNAs.

Robust studies of a putative IRES generally couple the trand ation assays mentioned above
with control experiments designed to detect alternate explanations for apparent IRES
activity.26 Given some debate surrounding the concept of IRESsin cellular mRNAs,?: 31 32
these experiments have become especially important. For example, if a putative IRES
seguence contains a cryptic promoter, then transfection of cells with a plasmid containing a
dual luciferase reporter might give rise to capped monocistronic RNAs containing only the
second reporter and a portion of the IRES. As aresult, subsequent measurements of IRES
activity based on this reporter would be artificially high and would not reflect true IRES-
driven initiation (Fig. 3B). Cryptic splicing can also occur, giving rise to undesired
monacistronic constructs. Control experiments to detect these events include RT-PCR-based
methods, Northern blot analysis, promoter-less assays and shRNA-based approaches.26 A
way of avoiding cryptic events during reporter transcription and processing isto directly
transfect the cells with reporter mMRNAS, although this method does not allow the reporter to
interact with nuclear ITAFswhich may be important for the activity of some IRESs
(especially cellular).33 34 RNA transfection techniques also necessitate measurement of the
chemical stability of the RNAs within the cells to control for different degradation rates.
Other concerns include read-through of ribosomes from the upstream reporter (rather than
authentic internal entry) giving rise to production of downstream reporters (in dual-cistronic
constructs) (Fig 3C), or acombination of cap-dependent and independent entry of ribosomes
on monocistronic RNAs (Fig. 3D). Callectively, it is clear that establishing the presence of
an IRES in a specific RNA sequence requires careful consideration of the natural context of
the RNA, careful choice of the reporter systems (often more than one), thorough control
experiments, and stepwise elimination of alternate explanations.

Taken together, there is no single “gold-standard” experiment that can be used to establish
the presence of an IRES within an RNA sequence. Rather, robust identification of an
authentic IRES requires a set of carefully controlled experiments that are designed to
eliminate alternate explanations. However, once a set of suitable assays and controls are
established to measure protein production from a putative |RES sequence, the IRES
seguence can be mutated, portions del eted, truncations made, etc. to establish the sequences
that comprise the IRES activity and the conditions under which it is active. It should be
noted that some RNAs may control trandation initiation by a combination of mechanisms
and thus possess both IRES and non-IRES characteristics. These possibilities and some
pitfalls of some |RES assays are discussed in recent reviews.2”- 35

IRES activity based on primary structure (sequence)

As of 2010, there were at least 68 vira and 115 cellular IRESs reported.3® What, if any,
commonalities can be drawn between these IRES RNAs in terms of primary structure?
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Traditionally, long, GC-rich 5UTRs were thought to be good candidate IRESs, asin vitro
experiments suggested that such qualities made a 5’'UTR an inefficient substrate for
ribosome scanning in cap-dependent translation.3” However, a comparison of the GC
content of all published 5’UTRs containing |RESs (as of 2006) to all 5UTRs in the genome
indicate that there is no difference in their GC content.24 This observation is corroborated by
astudy comparing the translational efficiencies of the GC-rich 5’UTRs from Apaf-1 and c-
myc mRNAs which indicated that these UTRs were trandated efficiently by a cap-
dependent mechanism and the trandational efficiency was comparable to that produced by
the shorter, less GC-rich, ¥UTR from B-globin.38 Interestingly, these YUTRs are also
reported to initiate translation through an IRES,3%41 suggesting that these MRNASs may use
a combination of initiation strategies. In addition, the intergenic region (IGR) IRESs from
the Dicistroviridae are known to fold into complex three-dimensional (3-D) RNA structures
(see below) and yet are AU-rich. For example, the cricket paralysis virus (CrPV) IGR IRES
is64% AU. Together, these dataindicate that in general, the base composition of a
particular RNA is not directly correlated to, or predictive of, IRES function.

On the other hand, it does appear that UTRs containing IRES elements tend to be longer
than the average Y UTR length of ~150 nts.24 However, the actual RNA sequences which
contribute to IRES function can be quite diverse in length and generally tend to be smaller
than the UTRs which harbor them. For example, IRES-containing 5UTRs from
picornaviruses (including viruses such as poliovirus and EMCV) range in size from 610 to
1450 nts, however in amost al cases of thistype of IRES activity is conferred by an ~450 nt
segment within the UTR. HCV containsa5’UTR of 342 nts and an IRES of ~300 nt, while
the aforementioned Dicistroviridae IGR IRESs are around 190 nt. Smaller IRES sequences
also have been reported. For example, a 90 nt segment of the 1,040 nt 5YUTR from the
cellular type 1 insulin-like growth factor (IGF1R) mRNA“2 and a9 nt element from the 196
nt YUTR of the Gtx mRNA%2 both function as IRESs. The diversity in IRES sequence
lengths correlates with a diversity in mechanism. For example, in the case of the
picornavirus IRESs, maintenance of the global architecture of the RNA iscritical for
recruiting a subset of elFs, ITAFs and the 40S ribosomal subunit. In comparison, in the
IGF1R and Gtx |RESs accessibility of asmall RNA element appearsto be critical for IRES
function presumably through direct base-pairing to the 40S subunit, although this hypothesis
has not been directly tested with binding assays. Thus, in these cases, the primary structure
of the RNA appears to underlie IRES activity.

The IGF1R IRES is not the only IRES where small segments of RNA are important to IRES
function. Another example comes from the 298 nt 5’UTR of the yeast invasive growth gene,
YMR181c. Based on a series of well-controlled experiments, this 5’UTR was identified as
containing an IRES whose activity was dependent on a poly-A tract within a 60 nt
unstructured region of the RNA (Fig. 4). The poly-A tract serves as abinding site for the
yeast poly-A binding protein 1 (pabl), suggesting a mechanism for IRES function where
pabl binding to the 5’UTR could lead to internal initiation from the IRES by functionally
substituting for the cap and el FAE in recruiting el F4G.*4 The identification of short RNA
elements contributing to cap-independent translation in these and other 5’UTRs presents a
possible hypothesis for some IRES function where RNA primary structure (sequence)
provides non-canonical binding sites for components of the trandation machinery to initiate
tranglation in a cap-independent fashion.

IRES activity based on secondary structure

Thefact that there is no overall sequence similarity between identified IRES RNAsimplies
that the ability of many IRESs to form specific secondary structuresis critical to IRES
function. This hypothesisis highlighted by phylogenetic comparisons of picornavirus
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IRESSs, where overall secondary structure, rather than primary sequence, is well
conserved. At first glance, it is apparent that IRES RNA secondary structures are quite
diverse (Fig. 5A). For example, the Plautia stali intestine virus (PSIV) contains two IRESs,
one at the YUTR of the ORF1 gene,* and a second, intergenic (IGR) IRES between ORF1
and ORF2 (Fig. 6A).*” The UTR IRES structure is extended and composed of several
RNA hairpins and a putative pseudoknot, while in contrast the IGR IRES is more compact,
and comprised of several pseudoknot structures® (for the purposes of this review, we are
including discussions of pseudoknots with secondary structure as their presence can be
shown within atwo-dimensional diagram of base-pairing; review of pseudoknot folding: 49).
While lessis known about the YUTR IRES than the IGR IRES, it is clear that the two
function differently in in vitro translation extracts, suggesting a very different mechanisms
between these two |RESs.#6 This mechanistic difference may be related to differencesin
their secondary structures and how these structures drive initiation.

Despite the overall diversity in IRES secondary structure, some IRESs do have similar
secondary structures, which in turn correlate with a common mechanism (review:1). For
example, IRESs from members of the Flaviviridae family of single stranded positive sense
RNA viruses (including viruses such as HCV, GB virus B, Bovine Vira Diarrhea Virus
(BVDV) and classical swine fever virus (CSFV)) and many picornaviruses® can form
similar extended RNA secondary structures with three major structural domains numbered |1
to IV (Fig. 5B). The HCV IRES domains are comprised of several hairpin structures with
loops, bulges, and helical junctions as well as a pseudoknot structure. Extensive mutational
analysis of the HCV IRES indicates that secondary structure is critical to IRES function, and
through biochemical and functional assays, a structure-based mechanism for ribosome
recruitment has been deduced (reviews:51 52) (Fig. 5B). In summary, domains |V, I1b, 1113,
[11c-f and the pseudoknot bind the 40S directly, while domains I 11a-b are important for elF3
binding and recruitment of the ternary complex.3-57 Domain || and the apical parts of
domain I11 are important for 80S ribosome formation.52 56-58 Recent mutational and
biochemical studies have elucidated additional roles for the pseudoknot structure and
domain 11b.59-61 Taken together, it is clear that the HCV-like IRESs use a specific
secondary structure to recruit and properly position components of the translation machinery
to initiate translation non-canonically. Intriguingly, a recent study of the cellular IRES c-Src
determined that this IRES also could bind directly to the 40S subunit in an initiation factor-
independent fashion, features which are similar to the HCV-like IRESs.52 To our
knowledge, this study is the first example of a cellular IRES binding directly to the 40S
subunit. Given the commonalities between the factor requirements of the HCV-like IRESs
and the c-Src IRES, it isinteresting to speculate that the c-Src IRES may adopt a secondary
structure similar to the HCV-like IRESs, however this remains to be determined.

While the overall secondary structure of HCV-like IRESsis conserved and this structure
relates to a common mechanism, certain structural elements also are found in other IRESs,
although their functional roles may differ. For example, pseudoknots are found in the IGR
IRESs of the Dicistroviridae family of viruses aswell asin the cellular IRESs c-myc and |-
myc (Fig 6B). The IGR IRESs contain three pseudoknot structures (PK1-3) which al have
critical rolesin binding the ribosome and initiating cap-independent trangl ation.12 6367 |n
contrast, the pseudoknot of the c-myc IRES isinhibitory to IRES function, although how it
does so has not been explored.8 In the case of the I-myc IRES, the role of the pseudoknot to
IRES function has not been investigated.5® The identification of common RNA structures
with very different rolesin IRES function highlights the diversity of structure-based
mechanisms.

Currently, much more is known about the contribution of RNA secondary structure to the
function of viral IRESsthan to cellular IRESs, athough thisis starting to change. The
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growing body of evidence suggests that in the case of many cellular IRESs, the requirement
for specific RNA secondary structuresis not as critical for function. This hypothesisis based
on the following experimental observations. First, mutationsin cellular IRESs predicted to
disrupt secondary structure often have no effect or may even increase |RES activity.58
Second, deletion analysis of cellular IRESsindicates that small fragments of RNA are
capable of initiating internal translation initiation aswell, or sometimes better, than the full
length ¥UTR.#2-%4 Third, a comparison of the known secondary structures of cellular IRESs
indicates very little similarity, even between IRESs of closely related genes.19: 25 70 Fourth,
many cellular IRESs require ITAFs for function, potentially to remodel the RNA.71 While
these observations explain an overal trend for cellular IRESS, there are certainly exceptions.
For example, studies on the VEGF cedllular IRES have identified an RNA G-quadruplex
structure, that when modified to disrupt the structure completely abolished IRES activity.’2
This study provides one of the rare examples where local mutationsto acellular IRES
structure completely disrupt function. Taken together, it is clear that the contribution of
specific RNA secondary structuresto IRES function is quite diverse amongst IRES RNAS
and no global generalizations can be made.

IRES activity based on tertiary and three-dimensional folded structures

RNA, like proteins, can fold into defined 3-D structures that are critical for function, and
this suggests that the function of some IRESs may be conferred by higher-order RNA
structures. Evidence for thisisfound in the fact that many IRESs not only have extensive,
conserved, and functionally important secondary structures but also have conserved
seguences in parts of the RNA predicted to be single-stranded. These regions may be
involved in long-range RNA-RNA interactions that stabilize the 3-D conformation. In
addition, the aforementioned presence of pseudoknots in many IRESs suggests that folded
higher-order structures may be present, as pseudoknots can often fold into very compact and
stable structures with important biological functions.”

Despite evidence that folded 3-D RNA structures may be important determinants of function
for many IRESs, direct observation and characterization of these structures has been
accomplished for only two IRESs. the HCV IRES and members of the IGR IRESs from the
Dicistroviridae. Both are known to bind directly to the 40S subunit without requiring any
other factors,67: 74 and for both disruption of the 3-D folded structure leads to |oss of
ribosome affinity and of function.>3: 66 |n both, there are regions of the RNA backbone that
are packed together tightly enough to exclude solvent,%6: 7> a characteristic observed in other
RNAs including tRNA and catalytic RNAs such as the group | intron.”8: 77 The results are
folded structures in which the parts of the IRES RNA that interact directly with the ribosome
are positioned correctly in 3-D space to make their specific contacts.

Although they both adopt higher-order folds that interact directly with the ribosome, there
are mgjor differencesin the global conformations of the HCV IRES and the IGR

IRESs.”8 7 The IGR IRESs assume an overall compact structure with two independently
folded domains, and cryo-EM reconstructions show that this compact structure docks into
the space between the large and small subunits of the ribosome where it is sufficient to
induce joining of the two subunits without the aid of any protein factors (Fig 7).80 81 |n the
case of the HCV IRES, the RNA forms an overall extended structure (consistent with its
extended secondary structure) organized, in part, around two compactly folded junction
regions (Fig. 7). This extended structure makes contacts to ribosomal proteins on several
widely separated parts of the small subunit, including both the space between the subunits
and the solvent-exposed part.82 83 This architecture likely reflects the mechanistic
requirement of the HCV IRES to interact with el F3 in addition to the 40S subunit,84 an idea
borne out in cryo-EM based models of this ternary complex.8° The fact that the IRES from
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HIV-286 and the aforementioned c-Src52 have been shown to bind directly to the ribosome
without the aid of other factors raises the question of whether these RNAs might have
regions of compactly folded RNAs, pre-folded conformations, and a higher order fold. To
date, studies exploring this question have not been reported.

The structures of the IGR IRESs and the HCV |RESs have been studied using both nuclear
magnetic resonance (NMR) and x-ray crystallography. For the IGR IRESs crystal structures
of both independently folded domains and the structure of the smaller domain bound to a
70S ribosome has been solved using x-ray crystallography.5°: 87 88 These structures show
the detailed intramolecular contacts that stabilize the compact structure, and also show that
these IRESs mimic the codon-anticodon interaction that normally forms between an mRNA
and atRNA. In addition, these high-resolution structures can now be combined with cryo-
EM reconstructions and biochemical and functional studiesto develop the first complete
models for the interaction of the IGR IRES with the ribosome (Fig. 8). These structures also
allow the development of new mechanistic models which include manipulation of the
ribosome and its conformational states. In the case of the HCV IRES, NMR and x-ray
crystallography have been used to solve the structures of isolated secondary structure
domains,8%-% as the extended (and likely somewhat dynamic) conformation of the IRES
RNA overall has precluded solving the structure of the IRES as awhole. Nonetheless, this
“divide and conquer” approach yields structures that can befit into cryo-EM
reconstructions.%” Although the crystal structures of an 80S ribosome and 40S subunit were
recently reported,?8: 99 high-resolution structures of IRES RNAs bound to eukaryotic
ribosomes have not yet been solved.

The IGR IRESs and HCV |IRES are the best studied IRESs in terms of their 3-D folded
conformation, but evidence suggests that other IRESs form 3-D structures that are important
for function. One example comes from the foot-and-mouth disease virus (FMDV), a
member of the picornavirus family and an IRES with extensive secondary structure.
Evidence suggests that distal regions of RNA within the IRES interact directly, indicative of
ahigher-order fold that isimportant for IRES function.100-102 However, although the
FMDV IRES RNA (and other IRES RNAS) may have a higher-order fold and perhaps
regions of compact RNA packing, a picture of the structure and the overall conformation at
the detail of the IGR and HCV IRES has not yet been reported. In many cases this may be
due, in part, to arequirement for ITAF proteins that stabilize the active 3-D conformation of
the RNA and that have been shown to be required for full activity of many IRESs, both
cellular and viral. Indeed, it has been shown that binding of both ITAF proteins aswell as
canonical initiation factors to the FMDV IRES RNA induces structural changesin the IRES
that might reflect formation of the active conformation.103-195 Thus, for many IRESs,
formation of a specific 3-D structure may be important for function, but the RNA aone may
not have the ability to form that structure without bound ITAFs.

IRES activity based on interactions with IRES trans acting factors (ITAFs)

Despite the lack of direct structural information regarding IRES-ITAF interactions,
biochemical and functional assays indicate that ITAFs play animportant role in the function
of many IRES RNAs (review:106). IRES RNAs are very diversein their ITAF requirements
and this correlates with functional diversity (review:197). For example, the Apaf-1 IRES
requires PTB and unr to functionl% and is active during apoptosis, 109 presumably to
maintain Apaf-1 protein levelsfor its role in apoptotic signalling. In contrast, the Bag-1
IRES requires PTB and poly(rC) binding protein 1110 and is active during chemotoxic stress
rather than apoptosis.11! In the case of the Bag-1 IRES, evidence suggests that the
relocalization of its cognate I TAFs allows for activation under stress, 111 indicating an
intricate mechanism for the regulation of protein synthesis. Studies such as these indicate
that the regulation of IRES RNAs by ITAFs may present the cell with acomplex mechanism

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2014 April 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Plank and Kieft

Page 9

to regulate protein synthesisin response to external stimuli (review:19). It is believed that the
ITAF proteins contribute to IRES function by remodeling the RNA into the proper
conformation for internal initiation. Evidence for this comes from chemical probing data of
the Apaf-1 and Bag-1 cellular IRESs demonstrating conformational changesin the
ribosomal entry window of the IRES RNA in the presence of its cognate I TAFs.”% 112

Despite their diversity in ITAF requirements, in some cases very different ITAFs can cause
similar conformational changes in their cognate IRES RNAs. Evidence for this comes from
studies of the type Il picornavirus IRESs EMCV and FMDV. As described earlier, these
IRESSs are structurally similar, and this correlates with a common overall mechanism to
IRES function. These IRESs require the same components of the canonical translation
machinery, but differ in their ITAF requirements. The ITAF for EMCV isthe pyrimidine
tract binding protein (PTB), while the FMDV IRES requires ITAF45 in addition to PTB.
Despite their differencesin ITAF requirements, studies have demonstrated that these
proteins induce similar conformational changesin the IRES in which two domains are
brought closer together in three-dimensional space.113 This conformational change
potentially stabilizes the overall three-dimensional structure of the IRES,114 and may place
the IRES in abiologically active conformation. In contrast, PTB binding to the poliovirus
IRES induces a much more localized change in IRES RNA conformation, suggesting that in
the case of this IRES, PTB may serve a completely different role in IRES function.11° Taken
together, it is clear that IRES RNAs are quite diversein their ITAF requirements. In some
casesasingle ITAF may be required (as in the case of EMCV), while in others a set of
ITAFs may cooperatively be required (asin FMDV, Bag-1 and Apaf-1). This observation
presents aview of some IRESs as intricate ribonucleoprotein (RNP) complexes, allowing for
dynamic regulation and modulation of IRES function.

The structural basis of IRES function — future directions

We have presented examples of how the RNA structures at al levels. primary, secondary,
tertiary, and within RNPs, are determinants of |RES activity. Below, we suggest several
areas of research that we believe are among the most important for understanding how IRES
structure drives function.

First, there is a need to determine the secondary and tertiary structures of many more IRESs
(particularly of cellular origin) using not just thermodynamic base-pairing predictions, but
detailed structural probing coupled with mutagenesis. Knowledge of the secondary
structures of more IRESs will directly address outstanding questions in the field, to include:
Do these RNAs adopt a single secondary structure, or an ensemble of structures? When
diverse IRESs are examined, how important is secondary structure to the function of each
IRES? Do cellular IRESs possess any similaritiesto their viral counterparts and are there
common IRES secondary structures yet to be discovered? A larger database of the secondary
structures of IRESs might lead to the identification of conserved IRES-specific secondary
structural motifs, and thisin turn could enable successful bioinformatics-based searches for
novel IRES RNAs. In addition, once the secondary structure of a given IRESis known,
mutants can be generated to target parts of the secondary structure, and these can be tested in
functional, structural, and biochemical assays. Such structure-based mutation strategies can
confirm the secondary structures, demonstrate if a given secondary structure element is
functionally important, and ultimately determine the specific stepsin the initiation process
the secondary structure contributes to (i.e. initiation factor recruitment, 40S binding, 80S
formation, etc.). The tools to undertake these studies continue to improve, most notably in
the area of high-throughput probing methods that have been used to determine the secondary
structures of RNAs as large as the HIV-1 genome.116-118 Application of these and other
methods should lead to alarger dataset of IRES secondary and tertiary structural information
to guide the design of new experiments, to include high-resolution structural studies.
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Another arearipe for more input is structural studies of ITAFs and initiation factors bound
to IRES RNAs. ITAFs appear to be ubiquitous, and we have some insight into the structural
changes that can occur in an IRES when factors bind in specific locations. However, a
complete structural picture of an IRES RNA decorated with its necessary factors has yet to
be reported. In other words, we have yet to see the structure of a complete IRES-containing
RNP. Thistype of structure would allow us to observe the specific contacts that are made
between the IRES RNA and ITAFs, and when coupled with mutational and functional
assays, would reveal how ITAFs contribute to the function of IRES RNAs. For example,
once a contact between a given IRES and ITAF isidentified, this region of the IRES could
be mutated, and its effect on ITAF binding and IRES function tested and correlated. It is
likely that the contributions of ITAFsto IRES structure and function will vary between
IRESS, but some themes might emerge when these IRES RNP structures are seen in high-
resolution.

Ultimately, high-resolution crystal structures and cryo-EM reconstructions of IRES RNPs
bound to eukaryotic ribosomes will reveal important intermolecular contacts between IRES
RNAs, ITAFs, initiation factors, and the ribosome. Thiswill give direct insight into the role
of each macromolecular component in the initiation process. For example, it is unclear if all
IRESs make direct contact to the ribosome or if the ribosome is contacted by |RES-bound
factors, or acombination of both; high resolution structures would address this. The absence
of current structural data regarding IRES-ITAF complexes and larger ribosome-containing
complexesislikely due to the challenge of isolating or reconstituting these complexes and
applying structural methods to potentially dynamic assemblies. These are challenging goals,
but as methods improve such studies become more feasible.

Finally, although we know translation initiation is a process involving structural transitions
and conformationally dynamic states, the pictures that we have so far of IRES function are
largely static. Through cryo-EM studies, we know that some |RESs can induce structural
changes in the ribosome, however, these data provide only a snapshot of an IRES-ribosome
complex. IRES RNAs and RNPs may be inducing conformational changesin the ribosome
(and potentially other components of the translation machinery) throughout the initiation
process, from preinitiation complex formation to elongation. These movements and
conformational changes may vary between IRESs, but by having a complete picture of IRES
and preinitiation complexes from initiation to elongation we can relate IRES mechanism to
the more general mechanisms common to all trandation. Such studies are likely to require a
combination of cutting-edge biochemical and biophysical studiesin which the trandation
initiation process can be carefully controlled, monitored, and structurally interrogated at
each step.

Conclusion

In conclusion, it is clear that the ability of IRES RNAsto bypass the need for a cap and
drive an alternate mechanism of translation initiation is conferred by RNA structures
operating at multiple levels from primary (sequence) through higher-order three-dimensional
structures within dynamic RNPs. Hence, overall generalizations about the structures of IRES
RNAs and their modes of action cannot be made. Although some IRESs are clearly similar
to one another there is no established set of IRES consensus motifs that appliesto all IRESs
and defines them as awhole. Although some viral IRESs have been placed in mechanistic or
structural classes, when viewed overall the diversity of |RES structure and mechanism in
most cases precludes easy classification, at least based on the information currently
available.
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Figure 1.

Comparison of the mechanism of cap-dependent and cap-independent translation initiation
in eukaryotes. (a) In cap-dependent tranglation initiation, the m’G cap (cap) is bound by
elF4E (red) and this leads to the binding of additional initiation factors. Recruitment of the
40S ribosomal subunit (yellow) and associated factors occurs through the interaction of elF3
(orange). The 40S subunit-containing preinitiation complex then scans to the start codon.
Start codon recognition and GTP hydrolysis allows the initiation factors to dissociate and the
60S ribosomal subunit joinsto create a trand ationally competent 80S ribosome. (b) In cap-
independent internal translation initiation, RNA sequences called internal ribosome entry
sites (IRESs) recruit the 40S subunit independently of the cap. The mechanism behind 40S
recruitment varies between different IRES RNAs and may or may not require the use of
additional initiation factors (dashed shapes). Depending on the IRES RNA, the 40S is either
recruited directly or scansto the start codon. Once the start codon is recognized, the
initiation factors dissociate (if used) and the 60S ribosomal subunit joins.
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Examples of the diversity of mechanisms for ribosome recruitment by viral IRES RNAS.
Viral IRESs for which mechanistic information is available has allowed them to be placed in
several classes. In the Dicistroviridae IGR IRESs, the 40S subunit is recruited directly to the
initiator codon, without the need for additional initiation factors or tRNA. Although not
depicted in this figure, one report has shown that the IGR IRESs can bind directly to pre-
formed 80S ribosomes!?®. In other IRESs (HCV and similar) the 40S subunit directly binds
the IRES but requires additional factors (el F3, 2) for function. In still other IRESs (FMDV,
EMCV), additional initiation factors are required for recruitment of the 40S subunit directly
to the initiator codon. Finally, another set of IRESs (Poliovirus, HAV), not only require
additional initiation factors to recruit the 40S subunit to the RNA but utilize a scanning
mechanism for identification of the AUG start codon. A simplified pathway is shown,
depicting how these different pathways compare. A possible relationship between the need
for factors and the ability of an IRES RNA to form a stable 3-D fold is discussed
elsewhere.” Note that for many other IRESs, their mechanisms are unknown and thus they
cannot yet be placed in aclass. It also remains possible that some will have mechanisms
different from anyxia of these.
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How IRESs are identified and functionally studied and the caveats and considerations in
these experiments. (a) IRESs typically are identified by placing the sequence of interest in
front of areporter construct and expression of the reporter is compared to anon-IRES
control construct. Examples of the types of constructs used in these studies, the conditions
under which they can be used, and the expected results of expression studies are depicted.
For example, dual-cistronic reporter constructs can be used in both RNA and DNA
transfections of cells, as well asin-vitro transcribed and programmed into lysate. The
upstream reporter serves as an internal control for transfection efficiency and unlike their
monocistronic counterparts, these constructs do not require a transfection control. Under
normal el FAE function, both reporters should be expressed if the insert contains an IRES.
However, if the insert does not contain an IRES (such as in the non-1RES control construct),
the downstream reporter should not be expressed. In contrast, under conditions where el FAE
isinhibited, the upstream reporter should not be expressed in either construct, while the
downstream reporter will be expressed if the insert contains an IRES. (b) Transfection of
dual-cistronic DNA constructs into cells can be subjected to nuclear processing events
(dashed lines). These events include cryptic splicing (magenta) and cryptic promoter activity
(green). If present, these result in the production of capped mono-cistronic RNA species
(shown as the resultant RNAS) and can lead to false positive IRES reporter levels. (c) The
use of dual-cistronic DNA constructs also can lead to ribosomal readthrough on the message
(right) rather than correct termination and re-entry on the downstream reporter (Ieft). This
would yield false positive signal of IRES activity. (d) Capped, mono-cistronic constructs
may recruit ribosomes through both a cap-dependent and cap-independent process,
confounding clear delineation of the level of IRES activity. In this case, IRES identification
must occur under conditions where cap-dependent translation is inhibited. (€) Diagram of a
circular RNA containing an |RES upstream of areporter sequence. Assuming the RNA
remains intact during the experiment (e.g. —is not nicked), ribosomes can only enter in a
cap- and end-independent mechanism; hence, expression of the reporter indicates an IRES.
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Model for the mechanism of internal ribosome recruitment by the YMR181c IRES. In cap-
dependent trandlation initiation, PABP binds to the poly-A tail at the 3’ end of the mRNA as
well asto elF4G at the 5 end of the message (top). This 5’-3’ crosstalk leads to
circularization of the message and efficient recycling of ribosomes. In contrast, PABP binds
an A-rich sequence the 5’UTR of YMR181c, leading to recruitment of el F4G and the
downstream tranglation machinery (bottom). Thus, in Y MR181c, binding of the PABP to the
A-rich primary structure upstream of the AUG leads to recruitment of el F4G independently
of the cap and 4E interaction.
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Examplesin the diversity of IRES RNA secondary structures and the role of secondary
structure in mechanism. (@) Secondary structure models of several viral IRESs and diagrams
of their factor requirements for 40S recruitment. In the case of HIV-1 5UTR IRES, the
secondary structure is known,118: 120 while the mechanism behind internal 40S recruitment
is still unknown. (b) Detailed diagram of the mechanism for RNA structure-based ribosome
recruitment in the HCV-like IRESs. HCV-like IRESs bind the 40S subunit (yellow circle)
directly using the base of domain |11 (boxed in yellow on the secondary structure diagram).

Domain I11b (orange box) recruits elF2, leading to tRNA and el F3 (green and orange

circles) binding. The resulting complex is called the 48S*, asterisk denoting the deffierence
between it and canonically assembled 48S.57 Domain |1 (blue box) triggers GTP hydrolysis
and 60S recruitment (blue oval).
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Further examplesin the diversity of IRES RNA secondary structures. (a) Diagram of the
Dicistroviridae genome, with the 5’UTR and intergenic region (IGR) IRESs highlighted (red
and blue dashed boxes, respectively). Secondary structure diagrams of PSIV IRESs are
shown. A proposed pseudoknot interaction isindicated with aline on the 5 IRES diagram.
(b) Secondary structure diagrams of the HCV, c-myc and PSIV IGR IRESs with pseudoknot
structures depicted (shaded in red).
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Human 80S +
CrPV IRES

Human 80S +
HCV IRES

Figure7.
Cryo-EM reconstructions of the CrPV IGR IRES (top) and HCV IRES (bottom) bound to

human 80S ribosomes. The 60S subunit isin cyan, the IRES RNA in purple and 40S subunit
inyellow. Two views are shown for each, with the secondary structure cartoon of each IRES
to the left. The overall differencesin the global architectures of these two IRESsis obvious,
asisthe differencein their locations on the ribosome.
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Tetrahymena Yeast 40S subunit + Unbound CrPV IGR IRES Thermus thermophilus
thermophila CrPV IGR IRES domain 3 and 30S subunit + CrPV IGR
40S subunit (cryo-EM) PSIV IGR IRES domain 1+2  IRES domain 3
(crystalloraphy) (crystallography) (crystallography)

MODEL of an IGR IRES bound to the 40S subunit Thermus thermophilus 30S
subunit + tRNAs

(crystallography)

Figure8.

Example of how multiple sets of structural data can lead to amodel. In this example, an x-
ray crystal structure of the 40S subunit from Tetrahymena thermophila (top left, elF1A is
not shown),% a cryo-EM structure of the CrPV IGR IRES bound to the ribosome (second
from left, the 60S subunit is not shown),8 x-ray crystal structures of unbound IGR IRES
domains (second from right, with secondary structure cartoon,5°: 88 and the x-ray crystal
structure of an IGR IRES domain bound to a 70S ribosome (top right, 50S subunit not
shown)8” were combined to yield the model at lower |eft. In thismodel, the IGR IRESis
shown in magenta, and two proteins known to interact with the IGR IRES are shown in cyan
(rpS25) and green (rpSb5). To the right of the IRES structure is the crystal structure of a 70S
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ribosome with bound tRNAs (50S subunit not shown).121 Note how the IGR IRES spans the
binding sites of all three tRNAs.
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