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While ribosomes must maintain translational reading frame in order to translate
primary genetic information into polypeptides, cis-acting signals located in mRNAs
represent higher order information content that can be used to fine-tune gene
expression. Classes of signals have been identified that direct a fraction of
elongating ribosomes to shift reading frame by one base in the 5’ (—1) or 3’ (+1)
direction. This is called programmed ribosomal frameshifting (PRF). Although
mechanisms of PRF differ, a common feature is induction of ribosome pausing,
which alters kinetic partitioning rates between in-frame and out-of-frame codons
at specific ‘slippery’ sequences. Many viruses use PRF to ensure synthesis of
the correct ratios of virus-encoded proteins required for proper viral particle
assembly and maturation, thus identifying PRF as an attractive target for antiviral
therapeutics. In contrast, recent studies indicate that PRF signals may primarily
function as mRNA destabilizing elements in cellular mRNAs. These studies suggest
that PRF may be used to fine-tune gene expression through mRNA decay pathways.
The possible regulation of PRF by noncoding RNAs is also discussed. © 2012 John
Wiley & Sons, Ltd.
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INTRODUCTION

The Players: mRNAs, tRNAs, and the
Ribosome

he primary genetic information contained in

messenger RNA (mRNA) is bundled into packets
of three nucleotides termed codons (reviewed in
Ref 1). Each codon is recognized by the anticodon
loop of a specific transfer RNA (tRNA), the 3’
ends of which are charged with specific amino acids.
Thus, each codon encodes a specific amino acid (or
information instructing the translational apparatus to
terminate translation). The ribosome is an ancient
molecular machine that brings mRNAs and tRNAs
together to synthesize the proteins encoded by the
mRNAs using the amino acids supplied by the tRNAs
(reviewed in Ref 2). The ribosome is composed of
multiple RNAs (called ribosomal RNAs, rRNAs) and
proteins divided into two separate subunits (SU),
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termed large (LSU) and small (SSU). mRNAs are
threaded through the SSU of the ribosome, and the
stepwise, codon by codon, progression of the ribosome
along the mRNA from the § to 3’ direction is a
process called translocation. The direct interaction
between mRNA and tRNAs occurs on the surface
of the SSU in a region called the decoding center:
here the codons of mRNAs form stable base pairing
interactions with the anticodon loops of tRNAs. A
second functional center located in the LSU is called
the peptidyltransferase center (PTC). Here, the 3
ends of tRNAs are brought into close proximity with
one another in an entirely RNA-based environment
that catalyzes formation of peptide bonds (reviewed
in Ref 3). A third major functional center is the
elongation and termination factor binding site. This
is composed of a complex surface area formed by
both subunits where trans-acting GTPases bind to the
ribosome to either (1) deliver aminoacyl-tRNAs (aa-
tRNAs) to the ribosome or (2) deliver a structurally
similar translocase or termination factors. Interactions
between these factors both enhance the intrinsic rate
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of peptide synthesis and ensure the directionality of
ribosome movement along the mRNA. Given the
triplet nature of codons, each mRNA contains three
potential translational reading frames. Thus, one of
the central questions in molecular and structural
biology is to understand how the ribosome initially
chooses the ‘correct’ reading frame, and how it
manages to coordinate the activities of multiple
functional centers so as to maintain reading frame
throughout the course of translating mRNAs.

TRANSLATIONAL READING FRAME:
ESTABLISHMENT AND
MAINTENANCE

The issue of translational reading frame establishment
also appears to have ancient origins: the so-called
‘universal’ start signal for protein translation is spec-
ified by a single codon, AUG, encoding methionine.
In eukaryotes, the correct reading frame of an mRNA
is generally defined by the first AUG (as read from
the 5’ to 3’ direction) which denotes where transla-
tion is to begin, while in polycistronic prokaryotic
mRNAs containing multiple open reading frames
(ORFs), reinitiation of translation is a bit more compli-
cated (reviewed in Ref 4). While translation initiation
at non-AUG codons, and ribosomal bypassing of the
first (or even subsequent) AUG codons have been well
documented, these tend to be exceptions to the general
rule, and in fact have served as useful tools to further
our understanding of this general rule that the first
AUG defines translational reading frame (reviewed in
Ref 5). Indeed, data emerging from ribosome profil-
ing experiments suggests that a significant fraction of
translation initiation events occur at a small subset of
non-AUG codons.®

Establishment of Translational Reading
Frame

To understand how translational reading frame is
established, it is important to understand how the
structure of the ribosome affects its function. The SSU
contains a single rRNA species in all organisms, which
ranges in size from 16S in bacteria and archae, to 18S
in eukaryotes, and contains a minimum of 21 pro-
teins, which expands to up to 33 in higher organisms
(reviewed in Ref 7). As discussed above, base pair-
ing interactions between mRNA codons and tRNA
anticodons occur in the decoding center of the SSU,
which is located near the 3’ end of its rRNA. The
LSU of bacteria and archae contain two rRNAs, 23S
and 5S, and approximately 31 proteins. In eukary-
otes, the proteinacious component has expanded to
up to 49 proteins, and a small fragment of the 23S
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rRNA appears to have become detached and evolved
into a separate rRNA, called 5.8S. Interestingly, while
5.8S rRNA is a distinct molecule, structural analyses
reveals that it is physically located in the same place,
along the ‘rear’ solvent accessible side of the LSU, as
its corresponding sequence in bacterial and archaeal
ribosomes.3"19 Also different is the expansion of the
major LSU rRNA in eukaryotes, ranging from 25S
rRNA in yeast to 28S rRNA in metazoans. The LSU
interacts with the SSU, and contains three distinct
pockets for binding of tRNAs: the A-site specifically
binds aa-tRNAs, the P-site binds initiator tRNAs and
tRNAs linked to elongating polypeptides (peptidyl-
tRNAs), and the E-site binds deacylated tRNAs.
Nascent peptides are extruded from the PTC through
a tunnel where they exit from the ‘back’ side of the
LSU.'% In addition, trams-acting factors involved in
delivering aa-tRNAs and involved in termination are
recruited through interactions with both the SSU and
LSU.!" While these functional centers are the features
of the ribosome most pertinent to this chapter, it
should be noted that the ribosome contains additional
functional elements.

Returning to the question of reading frame
establishment, translation initiation differs between
bacteria/archae, and eukaryotes. In bacteria/archae,
special sequences (the Shine-Dalgarno sequence, or
SD) located near the 5’ ends of their mRNAs are com-
plementary to sequence located near the 3’ end of the
16S rRNA (the anti-SD sequence). This complemen-
tarity enables the SD on the mRNA to hybridize with
the anti-SD on the SSU, properly positioning the initi-
ation codon in the P-site of the decoding center in the
SSU, and independent initiation events can be directed
on polycistronic mRNAs by separate SD sequences 5’
of each initiation site.!? Furthermore, variability in
the distance between the SD and the initiation codon
means that the SD is not sufficient to determine read-
ing frame by itself: this process also requires initiator
tRNA and initiation factor 2 (IF2). In eukaryotes, cor-
rect positioning of the initiator AUG on the ribosome
is a much more complex process involving many more
steps and trans-acting factors. This includes recruit-
ment of the SSU in complex with initiator tRNA and
other IFs to the 5’ end of the mRNA and scanning of
this 43S preinitiation complex along the mRNA in the
3’ direction. Nonetheless, recruitment of the initiator-
Met-tRNA to the correct AUG remains the central
element in reading frame establishment.!? Similarly,
initiator tRNAs are universally recruited to the riboso-
mal P-site (again with a few exceptions that have been
of great utility). Recruitment of tRNA to this site is
unique to translation initiation: during the remaining
course of mRNA translation, subsequent aa-RNAs,
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and even protein factors that mediate translation ter-
mination are recruited to the A-site. In bacteria and
archae, the initiator-Met-tRNA is formylated (fMet-
tRNA), unlike elongator Met-tRNAs. Eukaryotes
encode two distinct species of Met-tRNAs, one spe-
cializing in initiation, the other in elongation. While
the mechanics of translation initiation differ greatly
between bacteria/archae and eukaryotes, recruitment
of initiator-Met-tRNAs to the P-site of the SSU is the
central feature of translation initiation in all organ-
isms. In sum, translational reading frame is generally
established by bringing a special species of tRNA to
an AUG codon positioned at the ribosomal P-site.

Maintenance of Translational Reading
Frame

Having established translational reading frame on an
mRNA, the ribosome must maintain it throughout the
remaining course of translation, the bulk of which is
termed the elongation phase. The first step of elon-
gation occurs when elongator tRNAs are brought to
the ribosome in association with a trans-acting factor,
called EF-Tu in bacteria/archae, and eEF1A in eukary-
otes, and GTP, forming the ternary complex (TC). The
anticodon loop of elongator aa-tRNA is delivered to
the decoding center in the A-site of the SSU, where
a correct match between the mRNA codon and aa-
tRNA anticodon results in formation of a mini-helix
that is recognized and stabilized by additional interac-
tions between both SSU rRNA bases and proteins.!*
This in turn results in a structural rearrangement of
the SSU and aa-tRNA, which transduces information
that causes EF-Tu/eEF1A to hydrolyze GTP, releas-
ing the tRNA from the elongation factor (reviewed in
Ref 13). The aminoacylated 3’ end of the aa-tRNA
then moves in a process called accommodation, from
outside of the LSU through a structural element (the
accommodation corridor), and into the A-site side
of the PTC. Simultaneously, EF-Tu/eEF1A + GDP
is released from the ribosome to be recharged with
GTP and aa-tRNAs. " Catalysis, i.e., peptidyltransfer,
occurs in the PTC, where the methionine is transferred
from the initiator-tRNA to the elongator tRNA in a
process that involves both steric positioning and active
catalysis through a transesterification reaction by the
ribosome. After this process, the 3’ end of the dea-
cylated tRNA moves to the E-site on the LSU, the 3’
end of the dipeptidyl-tRNA moves to the P-site of the
LSU, while the anticodon loops of both tRNAs remain
bound to the P- and A-sites of the SSU respectively.
This conformation is called the ‘hybrid state’ because
the tRNAs occupy one site on the LSU and another on
the SSU.'® It is also at this step that the ribosome reori-
ents itself from the ‘classical’ or ‘unrotated’ state to the
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‘ratcheted’ or ‘rotated’ state, a process that involves
a complex spatial repositioning of the two subunits
relative to one another (reviewed in Refs 17 and 18).
The next step in the process is where reading frame
maintenance comes into play: translocation. Here, a
second trans-acting factor, EF-G/eEF2, is recruited to
the ribosome. Hydrolysis of GTP by this protein leads
to a transition state for translocation where the ribo-
some disengages from the tRNA-mRNA complexes
to allow movement of the anticodons of the P and
A-site tRNAs. This movement, coupled with release
of the elongation factor, results in full tRNA occu-
pation of the E and P-sites by the deacylated tRNA
and dipeptidyl-tRNA, respectively, leaving an empty
A-site ready for the next aa-tRNA to decode the next
codon.'’ It is thought that the two subunit nature
of the ribosome separates movement of the body of
the tRNA on the LSU from that of the mRNA/tRNA
complexes on the SSU, enabling it to faithfully main-
tain translational reading frame (reviewed in Ref 17).
More recently, high resolution methods have revealed
numerous structural features that are thought to work
in concert to assure that tRNAs remain correctly
positioned in the ribosome, and that translocation is
precisely limited to three nucleotides.'® Subsequent
rounds of elongation reiterate this cycle until the ribo-
some encounters a termination codon (UUA, UGA, or
UAG). Termination codons are specifically recognized
by release factors (RF1 and RF2 in bacteria/archae,
eF1-eRF3 complex in eukaryotes) that are structural
mimics of the TC, which specifically recognize termi-
nation codons.!” The lack of an amino donor site by
the RFs enables a water molecule to enter the PTC,
promoting hydrolysis of the C-terminus of the nascent
polypeptide chain from the peptidyl-tRNA, resulting
in peptide release.2’

MECHANISMS OF PROGRAMMED
TRANSLATIONAL FRAMESHIFTING

While it is obvious that the translational apparatus
needs to faithfully maintain reading frame, alter-
ing translational fidelity could be advantageous in
special circumstances. Indeed, many viruses employ
numerous molecular mechanisms, generically termed
translational recoding.?! These include but are not
limited to directing elongating ribosomes to shift into
an alternate reading frame, directing ribosomes to
utilize alternative start sites, and bypassing or recod-
ing termination codons.’ This is particularly relevant
when genomic space is physically constrained, e.g., in
viruses, where genome size is limited by the volume
of the viral particle. Here, expanding the information
content of a viral mRNA by enabling it to encode
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multiple proteins may confer a selective advantage.
Another idea is that the ability for a single RNA to
encode multiple proteins without having to alter its
sequence (e.g., through splicing), may have conferred
a selective advantage in the prebiotic RNA world.??
Additionally, the ability to recode mRNAs provides
yet another level at which gene expression can be
controlled. Notably, these mechanisms are all ‘pro-
grammed’ to occur at specific sequences by cis-acting
elements present on mRNAs, and at rates that are
two or more orders of magnitude more frequent than
nonprogrammed events.

Having identified the players and defined the
contexts during which PRF events occur, we will
focus on molecular mechanisms that program elon-
gating ribosomes to shift translational reading frame
at specific sites along mRNAs, and discuss their phys-
iological relevance.

—1 Programmed Ribosomal Frameshifting

Our understanding of —1 PRF originates from stud-
ies of RNA viruses, many of which use this molecular
mechanism to expand the information content of their
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mRNAs. The relatively large number of viral —1 PRF
signals has enabled definition of some of the param-
eters constituting a —1 PRF signal. The most well-
defined —1 PRF phenomena are directed by an mRNA
sequence motif composed of three important elements:
a ‘slippery site’ composed of seven nucleotides where
the translational shift in reading frame actually takes
place; a short spacer sequence of usually less than 12
nucleotides; and a downstream stimulatory structure
(usually an mRNA pseudoknot). A ‘typical’ —1 PRF
signal is shown in Figure 1(a). In eukaryotic viruses,
the slippery site has the heptameric motif N NNW
WWH (IUPAC notation), where the incoming read-
ing frame is indicated by spaces.?® In general, it has
been accepted that the downstream structure causes
elongating ribosomes to pause with tRNAs positioned
at the slippery site. The nature of the slippery sequence
enables repairing of the nonwobble bases of both the
aa and peptidyl-tRNAs with the —1 frame codons.?*
While it is generally accepted that mRNA pseudoknots
are the most common type of downstream stimula-
tory elements, other mRNA structures are capable of
filling this role as well.>>?” Generally, it is thought
that the essential function of the stimulatory structure

Pseudoknot

NNNWWWH [

Slippery sites

AAAAAAC, AAAAAAU, AAAUUUA, AAAUUUC
AAAUUUU, CCCAAAA, CCCAAAC, CCCAAAU
CCCUUUA, CCCUUUC, CCCUUUU, GGGAAAA
GGGAAAC, GGGAAAU, GGGUUUA, GGGUUUC
GGGUUUU, UUUAAAA, UUUAAAC, UUUAAAU
UUUUUUA, Ubuuuuc

» Accommodation — ()
Resistance by pseudoknot Torsional restraint &

—> 2 NT Translocation Simultaneous slippage
» —*Single tRNA slippage -

Resistance by pseudoknot
—> 2 NT Translocation
) Single tRNA slippage
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FIGURE 1| —1 programmed ribosomal frameshifting (—1 PRF). (a) From 5’ to 3/, a typical —1 PRF signal contains a heptameric slippery site, a
short spacer, and a complex tertiary mRNA structure, typically an H-type pseudoknot. The original translational reading frame at the slippery site is
indicated by spaces. The 22 functional slippery sites are shown. (b) The many paths to —1 PRF. As described in the text, —1 PRF can occur at three
different times during translation at the frameshift signal. The pseudoknot can direct a two nucleotide translocation event either as the ribosome
enters (left, boxed 1) or exits (right, boxed 3) the slippery site. Alternatively, accommodation of the aminoacyl tRNA (aa-tRNA) into the slippery site
pulls the downstream mRNA into the ribosome by 94, creating tension between the slippery site and pseudoknot (center, boxed 2). The tension is
relieved by decoupling tRNAs from the mRNA, with the mRNA slipping backward by one base.
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is to provide an energetic barrier to an elongating
ribosome, and to position it over the slippery site.
However, the thermodynamic stability of the down-
stream barrier is not the sole determinant of frameshift
efficiency: additional parameters, both known and
unknown influence this parameter.”

The original simultaneous-slippage model** of
—1 PRF suggested that peptidyl and aa-tRNAs
simultaneously slip by one base in the 5 direction
to base pair with the —1 frame codons in the slip-
pery site. From this general conceptual framework,
the precise mechanistic details of —1 PRF have been
debated, and three apparently competing models were
proposed for the mechanism of —1 PRF. In each of
these, physical slippage of the ribosome is coupled
to the energetic input of GTP hydrolysis. The ‘inte-
grated model’ model of —1 PRF posited that the shift
occurs after delivery of the aa-tRNA to the A-site, but
before peptidyltransfer.?> This corresponds to Box 2
in Figure 1(b). A refinement of this model, called the
‘9A solution’ proposed that the downstream stimu-
latory element plays an active role in —1 PRF by
resisting 5’ movement of the mRNA subsequent to aa-
tRNA accommodation (enabled by eEF1A hydrolysis
of GTP). This creates tension along the mRNA that
can be relieved by disengaging the tRNAs from the
mRNA, thus allowing the mRNA to shift forward by
one base relative to the tRNA/ribosome complex.?’
A second model proposed that —1 PRF occurs dur-
ing translocation, where the energy driving slippage is
supplied by eEF2 hydrolysis of GTP, and the down-
stream stimulatory element resists forward movement
of the ribosome, resulting in translocation by only two
nucleotides. Importantly, this cotranslocation model
can occur through two discrete kinetic pathways. One
of these pathways occurs after peptidyltransfer, with
the two tRNAs moving to P/E and A/P states, followed
by an incomplete, two-base translocation event.3%-3!
This is denoted by Box 3 in Figure 1(b). The second
cotranslocational model proposed that incomplete
translocation stimulated by the downstream element
occurs one elongation cycle earlier: here, the E and
P-site tRNAs slip so that the new A-site codon is in
the —1 frame3? as indicated by Box 1 in Figure 1(b).

Importantly, there is strong experimental evi-
dence supporting all three models, suggesting that
rather than explaining —1 PRF through a single molec-
ular mechanism, —1 PRF should be conceived as a
problem of kinetic partitioning occurring within the
context of the translation elongation cycle. With this
in mind, the ‘many pathways model’ of —1 PRF uni-
fied all three models and revealed the major steps in
the translation elongation cycle that affect —1 PRF.33
This is shown in Figure 1(b). Importantly, this model
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provides a mathematical framework within which
estimates can be calculated regarding the relative con-
tributions of each of the elements to rates of —1 PRF,
how often ribosomes will partition between the 0 and
—1 frames, and how this partitioning will distribute
at each of the three possible stages of the elongation
cycle. In sum, the ‘many pathways model’ of —1 PRF
presents a unified theory of —1 PRF that also provides
a toolbox for quantitative prediction of —1 PRF rates.

+1 Programmed Ribosomal Frameshifting
In contrast to —1 PRF where the translational reading
frame is recoded by one nucleotide toward the 5’ direc-
tion of the mRNA, the elongating ribosome is induced
to bypass one nucleotide toward 3’ direction in +1
PREF. +1 PRF has been observed in Escherichia coli in
the translation of prfB to produce RF2.3* In the yeast
Saccharomyces cerevisiae two retrotransposable ele-
ments, Tyl and Ty3,35-3¢ and three genes, ABP140,%”
EST3,%% and OAZ1%° use +1 PRF. The expression of
the mammalian equivalent of yeast OAZ1, ornithine
decarboxylase antizyme (i.e., OAZ), has also been
shown to involve +1 PRF.*0

Unlike —1 PRF, where there is only one gener-
ally well-understood type of frameshift signal, +1 PRF
signals appear case specific. However, it is clear that
+1 PRF is also driven by cis-acting elements that cause
elongating ribosomes to kinetically partition into the
+1 frame, and that slippage of P-site tRNA appear
to be the most important parameter. However, the
precise mechanisms are different for different +1 PRF
signals. In the bacterial cases such as the E. coli prfB
mRNA, the U CUU UGA slippery site contains the in
frame UGA termination codon which is recognized by
RF2.*! While translation termination is efficient when
RF2 levels are high, low RF2 levels result in ineffi-
cient recognition of the UGA codon. This causes the
ribosome to pause. An SD-like sequence located in the
prfB mRNA immediately 5" of the slippery site inter-
acts with the anti-SD sequence on the 16S rRNA so as
to reposition the ribosome in the +1 frame. Thus, RF2
production is autoregulated through +1 PRF.*> More
recently, mathematical modeling of the prfB +1 PRF
signal revealed that this mechanism is influenced by
three distinct kinetic parameters: (1) destabilization of
deacylated tRNA in the E-site, (2) rearrangement of
peptidyl-tRNA in the P-site, and (3) the availability of
cognate aa-tRNA corresponding to the A-site.*> While
all three function synergistically to promote efficient
+1 PRF, a rate constant of ~1.9 s~! for slippage of
the P-site tRNA from CUU to UUU is the driving force
behind this mechanism. The +1 PRF is also enhanced
by the presence of a ‘hungry codon’ in the A-site
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(i.e., low abundance of RF2), and destabilization of
tRNA-mRNA interactions in the E-site.

Eukaryotic translation does not utilize mecha-
nisms analogous to the SD/anti-SD interactions that
direct prokaryotic initiation and +1 PRF. Thus, the +1
PRF kinetic partitioning must be driven by other mech-
anisms. In OAZ mRNA +1 PRF, the primary kinetic
trap appears to be the presence of a strong secondary
mRNA structure 3’ of the slippery site. However, the
element that stimulates OAZ +1 PRF has undergone
a significant amount of evolutionary divergence. For
example, while almost all vertebrate OAZ +1 PRF sig-
nals involve mRNA pseudoknots, fewer protostome
OAZ sequences contain predicted pseudoknots, most
nematodes lack the ability to form this type of struc-
ture, and no pseudoknots can be calculated in any
yeast/fungi or insect OAZ +1 PRF signals.?® Sim-
ilarly, the slippery sites of OAZ have diverged. The
metazoan OAZ slippery site is UCC UGA U,** but has
degenerated in fungi and arthropods.*’ Importantly,
similar to prfB, the OAZ +1 frameshift is stimu-
lated by a O-frame A-site UGA codon, and is also
primarily dependent on tRNA-mRNA interactions in
the ribosomal P-site. For example, mutation of the
rat OAZ P-site sequence from UCC to CCC inhib-
ited frameshifting in S. cerevisiae.’® Also similar to
pfrB, the E-site of the OAZ +1 PREF signal also mod-
ulates frameshifting efficiency, although this is less
well understood.3® OAZ +1 PRF is also autoregu-
lated: it is stimulated by polyamines.*® Neutralization
of negative charge repulsion by positively charged
polyamines may facilitate the formation of mRNA-r-
RNA interactions that enhance tRNA slippage in the
P-site while the ribosome is paused at the 0-frame
UGA termination codon. Importantly, OAZ +1 PRF
is autoregulated. Ornithine decarboxylase (ODC) cat-
alyzes the first step in polyamine biosynthesis, while
OAZ downregulates polyamine synthesis by stimu-
lating ubiquitin-independent degradation of ODC by
the proteasome. Thus, increased levels of polyamines
negatively feedback on polyamine synthesis by stimu-
lating +1 PRF, and hence the synthesis of OAZ.

The yeast Ty retrotransposable elements uti-
lize +1 PRF to direct synthesis of Gag-pol fusion
proteins.*” The Tyl slippery site is CUU AGG C.»
Like prfB and OAZ, the frameshift is primarily driven
by slippage of the P-site tRNA from CUU to UUA.
Unlike the prior two examples however, this slippery
site does not contain a O-frame termination codon.
Rather, the kinetic trap is supplied by the rare A-site
AGG codon, which is decoded by the low abundance
Arg-tRNACCU tRNA. Overexpression of this tRNA
caused a 50-fold decrease in +1 PRF, while deleting
it caused +1 PRF efficiency to approach 100%.® The
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+1 frameshifts of Ty2 and Ty4, and other members
of the copia family of retrotransposable elements are
thought to utilize this mechanism of tRNA slippage, as
well as the yeast ABP140 frameshift signal.3”*° While,
the genome organization of the Ty3 gypsy-like yeast
retrotransposon is similar to Ty1,°? its +1 PRF signal
is different. The GCG AGU U slippery site disallows
the possibility of the 0-frame tRNA in the P-site to
base pair with the 41 frame.3® It is thought that Ty3-
directed +1 PRF involves skipping the first A of the
0-frame P-site codon followed by recognition of the
+1 frame GUU codon. Further analysis demonstrated
that +1 PRF depended on some special characteristic
of the Ala-tRNAYGC, and that this was also shared by
four more tRNAs. A downstream stimulatory element
is also been proposed to constitute the kinetic trap
utilized in Ty3 +1 PRF. While the original hypothe-
sis involving direct base pairing between this sequence
and the 185 rRNA helix 18°! has been ruled out, a very
stringent set of mutagenesis experiments suggest that
the Ty3 stimulatory element may interact with rRNA
and ribosomal proteins in the ribosomal entry tunnel,
as well as unknown constituents of the solvent face of
the 40S subunit.’? Interestingly, while the EST3 slip-
pery site is identical to that of Tyl and frameshifting
is dependent on limiting quantities of cognate A-site
tRNA, its +1 PRF signal also contains a downstream
stimulatory element.’? It has been speculated that
interaction of this element with specific targets of the
paused ribosome may limit A-site access by tRNAs.

IMPLICATIONS OF PROGRAMMED
FRAMESHIFTING IN VIROLOGY

Many RNA viruses utilize PRF to posttranscription-
ally regulate expression of multiple genes encoded by
their monocistronic mRNAs. The mRNAs of many
such viruses, e.g., totiviruses, Ty elements, and most
retroviruses, contain two or more overlapping ORFs
in which the major viral nucleocapsid proteins (e.g.,
Gag) are encoded by a 5" ORF, while sequences encod-
ing proteins with enzymatic functions (typically Pro
and Pol) are located 3’ of, and out-of-frame with, the
Gag ORF. The enzymatic proteins are only translated
as a result of PRF events that occur at frequen-
cies of 1-40% depending on the specific virus and
assay system employed.’* This ensures production of
a greater ratio of structural nucleocapsid proteins to
products having enzymatic/replicative activities. The
importance of maintaining precise ratios of struc-
tural to enzymatic proteins on viral propagation has
been demonstrated using two endogenous viruses of
the yeast S. cerevisiae and two retroviruses. In the
yeast dsSRNA L-A ‘killer’ virus, Gag-pol dimerization
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nucleates formation of the viral particle.’® Small
alterations in programmed frameshifting efficiencies
promote rapid loss of the virus, and it is thought that
increasing the amount of Gag-pol protein synthesized
may cause too many particles to initiate nonproduc-
tively while producing too little may prevent efficient
dimerization.*® Similarly, increasing or decreasing the
efficiency of the +1 ribosomal frameshift in the
Tyl retrotransposable element of yeast results in
reduced retrotranspostion frequencies by inhibiting
proteolytic processing of the TyA-TyB polyprotein
(Gag-pol equivalent), thus blocking formation of the
mature forms of RNase H, integrase and reverse
transcriptase.*® Similarly, changing the ratio of Gag to
Gag-pol proteins in retroviruses like HIV or Moloney
Murine Leukemia Virus interferes with virus-particle
formation.’”~®! In these viruses, overexpression of the
Gag-pol protein also resulted in inefficient processing
of the polyprotein and inhibition of virus production.

Coronaviruses also utilize —1 PRF to synthesize
C-terminally extended fusion proteins that are sub-
sequently proteolytically processed.®” The genomic
organization of coronaviruses is different in that
the structural proteins are encoded in subgenomic
mRNAs while the genes regulated by —1 PRF are
involved in replicase/transcriptase function. A study
examining the consequences of altering —1 PRF effi-
ciencies in the SARS-associated coronavirus (SARS-
CoV) demonstrated that, although the functional
genesets involved are very different, they supported
the general hypothesis that viral PRF efficiencies
have been finely tuned to deliver a ‘golden mean’
of proteins required for optimal virus replication and
viability®? (Figure 2).

The requirement of many RNA viruses for pre-
cise rates of —1 PRF suggested a target for antiviral
therapeutics.®* The peptidyltransferase inhibitors ani-
somycin, sparsomycin, and preussin all affect —1 PRF
efficiency and inhibit virus propagation in yeast,%-%¢
and the eEF-2 inhibitor sordarin alters +1 PRF and
Tyl retrotranspositon.®® Biochemical and computa-
tional screens have identified small compounds capa-
ble of binding the —1 PRF signals of HIV-13%:¢7:68 and
SARS-CoV.% Synthetic oligonucleotide-based com-
pounds have also been shown to alter rates of
—1 PRF.”%75 The recent development of cell-based
dual-fluorescence reporter systems provide inexpen-
sive platforms for high throughput screens directed
at viral PRF signals.”®”” Genetic methods have been
employed to identify numerous cellular gene products
that affect both —1 and 41 PRF (reviewed in Ref 78).
Importantly however, all of the mutants generated
by the genetics approaches promote deleterious cellu-
lar phenotypes, suggesting that global dysregulation
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FIGURE 2| Programmed ribosomal frameshifting (PRF) efficiency is
critical for viral particle assembly. Top panel: normal rates of PRF result
in the correct stoichiometric ratios of viral structural (Gag) to enzymatic
(Gag-pol) proteins, enabling efficient viral particle assembly, viral
genome packaging, and maturation. Middle panel: increased rates of
PRF result in formation of incomplete viral particles. Bottom panel:
decreased rates of PRF promote formation of empty viral particles.

of PRF may interfere with expression of cellular
genes (see next section). Indeed, the recent demonstra-
tion that defects in rRNA pseudouridylation promote
increased rates of —1 PRF support this, and suggest
that such defects may contribute to the patholo-
gies associated with the human diseases X-linked
Dyskeratosis Congenita and Hoyeraal-Hreidarsson
syndrome.”’

IMPLICATIONS OF PROGRAMMED
FRAMESHIFTING IN CONTROL OF
CELLULAR GENE EXPRESSION

As with most basic molecular mechanisms, although
first described in viruses, it is now clear that PRF
is much more widespread and is likely employed
by organisms representing every branch in the tree
of life (for reviews see Refs 21 and 80, 81). While
functional PRF signals in expressed eukaryotic genes
have been identified, until recently these discoveries
have been serendipitous.3%40:82-84 The past few years
have seen the publication of several reports describ-
ing in silico identification of ‘recoding signals’ using a
wide variety of computational approaches.®3~1 While
the methodologies of each study covered a broad
range of bioinformatics techniques, the general goal
of most was to try to first identify overlapping reading
frames, and then to test sequences in the overlap
regions for their ability to promote PRF. The strength
of this approach is that it can identify new classes

© 2012 John Wiley & Sons, Ltd. 667
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of PRF-promoting elements. However, this strategy is
based on the assumption that PRF outcomes should
mimic those observed in viral genomes: thus, it cannot
identify new functional outcomes of frameshifting.

In contrast, while ‘outcome-neutral’ approaches
using mRNA motifs known to promote efficient PRF
cannot identify new classes of frameshift signals, they
can enable an expansion of our understanding of func-
tional uses for PRF. With this in mind, rather than
focusing on identifying two overlapping out-of-frame
ORFs, our first computational search for eukaryotic
—1 PREF signals aimed to identify —1 PRF promoting
motifs that resembled well-characterized examples of
viral —1 PRF signals.8” This first study identified ~260
putative —1 PRF signals in the annotated portion of
the S. cerevisiae genome. However, it was limited by
incomplete annotation of the yeast genome and rela-
tively insufficient computational resources available at
the time (ca. 1995-1998). Each new iteration of this
approach has been more comprehensive and power-
ful, utilizing new informatics tools applied to faster
and more robust computational platforms. The ‘sec-
ond generation’ analysis utilizing pattern matching
approaches coupled with a statistical feature based
on RNA folding algorithms using the S. cerevisiae
genome as the testbed demonstrated that (1) ~10%
of yeast genes contain at least one high probability
—1 PREF signal and (2) >95% of all —1 PRF events
would direct elongating ribosomes to encounter pre-
mature termination codons (PTCs).®> Expansion of
this analysis to >20 genomes suggests that these

wires.wiley.com/ra

two important findings may be a universal feature
of eukaryotic transcriptomes’?. The predicted ribo-
somal frameshift database (PRFdB, http://prfdb.umd.
edu) contains a searchable catalog putative eukaryotic
—1 PREF signals.

As noted above, while viral —1 PRF events
result in synthesis of fusion proteins with N-terminal
domains encoded by the original reading frame and
C-terminal extensions encoded by the -1 frame ORF,
genomic frameshifting directs elongating ribosomes to
PTCs. This engendered the hypothesis that —1 PRF is
used by cells to control mRNA abundance and sta-
bility through the nonsense-mediated mRNA decay
(NMD) pathway. A proof-of-principle study demon-
strated that (1) a well-characterized viral —1 PRF
signal can act as an mRNA destabilizing element iz cis,
(2) mRNA destabilization required an intact NMD
pathway, and (3) the extent of mRNA destabilization
was inversely proportional to —1 PRF efficiency.”® A
follow-up study using a series of —1 PRF signals iso-
lated from four endogenous cellular mRNAs from S.
cerevisiae showed that a subset of these also promoted
mRNA degradation through the no-go decay (NGD)
pathway, presumably because frameshift-promoting
mRNA secondary structures also promote sufficiently
long ribosome pausing to activate this pathway.*
These two mRNA destabilization pathways are shown
in Figure 3. In that study, more detailed investigations
revealed that the EST2 mRNA, encoding the catalytic
subunit of telomerase, was destabilized by —1 PRF,
and that ablation of —1 PRF signals in this mRNA

%

Nonsense-medi

FIGURE 3| —1 programmed ribosomal frameshifting (—1 PRF) signals promote mRNA destabilization through the nonsense-mediated decay
(NMD) and the no-go decay (NGD) pathways. Middle: an elongating ribosome encounters a —1 PRF signal. Top: the mRNA pseudoknot induced
ribosome pause results in activation of the NGD pathway, releasing the ribosome and promoting degradation of the mRNA. Bottom: a —1 PRF event
directs an elongating ribosome to a premature termination codon (PTC), activating the NMD pathway, resulting in ribosome release and mRNA

degradation.
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promoted its stabilization. Unpublished work in our
laboratory has identified functional —1 PRF signals in
mRNAs encoding additional subunits in yeast telom-
erase, suggesting that PRF may play a role in telomere
length homeostasis by controlling the abundance and
relative ratios of telomerase-associated factors.

If PRF is used to control cellular gene expres-
sion, then it is reasonable to hypothesize that it is
regulated. As described above, regulation would have
to involve mechanisms that would target specific sig-
nals rather than promoting global changes in PRF.
Autoregulation as described for OAZ and prfB +1
PRF provide one such PRF signal-specific mechanism.
However, in these cases the products encoded by
frameshift events directly feedback on the PRF sig-
nals. This would not apply to most other cellular —1
PRF signals because they do not encode any new pro-
tein products. Thus, regulation should involve the use
of sequence-specific trans-acting factors. In addition,
the ability of —1 PRF signals to direct mRNA desta-
bilization in a manner that is inversely proportional
to —1 PRF rates”>*” would suggest that, rather than
turning —1 PRF completely on or off, trans-acting reg-
ulatory factors may function to increase or decrease
rates of —1 PRF, thus providing for nuanced effects
on gene expression that could be fine-tuned to specific
circumstances. As discussed above, the ability of syn-
thetic oligonucleotide-based compounds to alter rates
of —1 PRF suggests that naturally occurring oligonu-
cleotides, e.g., small noncoding RNAs, may hold the
key to regulation of —1 PRF. Base pairing interactions
would provide the requisite sequence specificity, and
their potential ability to either disrupt or stabilize —1
PRF promoting mRNA tertiary structures would pro-
vide them with the capacity to promote increased or
decreased rates of —1 PRF. These two possibilities are
shown in Figure 4. Indeed, preliminary studies from
our laboratory have identified at least two endogenous
micro-RNAs (miRNAs) capable of stimulating -1 PRF
in 2 human mRNA. As a final thought, if PRF is an
important regulator of cellular gene expression, then
mutations in —1 PRF signals might impact PRF rates,
and hence mRNA stability and protein abundance.
We suggest that this may explain why some single
nucleotide polymorphisms have been shown to pro-
mote discernable phenotypes, e.g., inherited diseases,
despite the fact that they are silent with regard to the
amino acids that they encode.

CONCLUSION

The history of modern molecular biology is replete
with examples in which basic biological regulatory
mechanisms were first discovered in viruses. This is
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FIGURE 4 | Possible mechanisms through which ncRNAs could be
used to regulate —1 programmed ribosomal frameshifting (—1 PRF).
Top panel: stimulation of —1 PRF through interaction of an ncRNA
(gray) that further stabilizes a —1 PRF promoting mRNA pseudoknot

(black). Bottom panel: inhibition of —1 PRF by an ncRNA that competes
for mRNA sequence elements required for pseudoknot formation.

not because viruses are special, but rather because
their small genomes help to increase signal-to-noise
ratios, thus facilitating the scientific discovery pro-
cess. Indeed, as obligate intracellular parasites, viruses
are subject to the same rules and regulations that gov-
ern their host cells. Thus, while PRF was first thought
to be a virus-specific mechanism, it is becoming clear
that cellular mRNAs employ this mechanism as well.
The study of PRF continues to illuminate our under-
standing of how ribosomes normally maintain reading
frame. In particular, viewed from a kinetic standpoint,
we have come to understand that —1 PRF represents
an endpoint resulting from changes in kinetic parti-
tioning at different steps along a reaction pathway
rather than a single mechanism. We hope that this
kinetic view of —1 PRF will be useful in identify-
ing specific targets for antiviral therapeutics. Another
recurring motif in virology is that viruses tend to re-
purpose molecular mechanisms that were originally
taken from host cells. The finding that viruses use PRF
to make C-terminally extended fusion proteins differs
from most of their cellular counterparts, which appear
to use —1 PRF to regulate gene expression through
mRNA stability. Indeed, this observation may help
to explain why global changes in —1 PRF efficiency
are detrimental to cell viability, and may even help to
elucidate one of the underlying causes of human ribo-
somopathies. This would also explain why —1 PRF
should be regulated by sequence-specific mechanisms,

© 2012 John Wiley & Sons, Ltd. 669
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e.g., by ncRNAs as proposed here. Corollary to this  express ncRNAs capable of interacting with the viral
may be the explanation for why viruses that utilize ~ —1 PRF signals. It is our hope that these observations
—1 PRF are able to successfully replicate in their host  and suggestions will spur new investigators to enter
cells because permissive cells would presumably not  this new and expanding field.
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