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m Abstract Positive strand RNA viral genomes are unigue in the viral world in
serving a dual role as mRNA and replicon. Since the origin of the minus-strand RNA
replication intermediate is at thé-8nd of the genome, the-Bntranslated region
(UTR) clearly plays a role in viral RNA replication. The messenger role of this
same RNA likely places functional demands on th&JZR to serve roles typical of
cellular mRNAs, including the regulation of RNA stability and translation. Current
understanding indicates varied roles for positive strand RNA virdlTRs, with the
dominant roles differing between viruses. Three case studies are discussed: turnip
yellow mosaic virus RNA, whose' 3RNA mimicry is thought to negatively regulate
minus strand synthesis; brome mosaic virus, wh644T3R contains a unique promoter
element directing minus strand synthesis; and tobacco mosaic virus, Who3éR3
contains an enhancer of translational expression.

INTRODUCTION

The 3-untranslated regions (UTR) of positive strand viral RNAs were the first seg-
ments of these genomes to be sequenced, and have since been a focus of interes
and attention from virologists. Among the eukaryotic positive strand RNA viruses,
the variety of terminal structures is far greater than that of their hosts’ mRNAs,
almost all of which are polyadenylated. The occurrence of unusual terminal struc-
tures, such as the tRNA-like elements found on some plant viral genomes, has
been one reason for interest ikehd function. Another has been the recognition
that 3-ends contain the origin of minus strand synthesis and are thus the presumed
site of the appropriate promoter elements that control this synthesis in

In acknowledgment that positive strand viral genomes function as both mRNAs
and replicons, this chapter aims to discuss vifadrd function, with substantial
consideration of current understanding of the manifold roles of MRNBTRs
(15). This is intended to provide an additional perspective to the emphasis on
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minus strand promotion that has been well covered in recent reviews (10, 28, 67).
This chapter discusses)(the nature of positive strand viral-8rmini, () the
possible roles one might a priori expect for these termini, based on the roles of the
3-UTRs of mRNAs, as well as on consideration of the fact that then8s must
participate directly in viral amplification, ana)(the experimental support that

has been obtained for some of these roles. Because of space constraints, the last
section s limited to a detailed discussion of only three viral systems, each revealing
distinct 3-functions. The tRNA-like structure (TLS) of turnip yellow mosaic virus
(TYMV) has emerged as a minus strand origin whose use appears to be controlled
by a novel specificity mechanism that does not require conventional promoter
elements; further, it is proposed that negative regulation of minus strand initiation,
mediated through’aaminoacylation, is an important feature of the replication
cycle. Onthe other hand, studies with brome mosaic virus (BMV) have emphasized
a role for a unique minus strand promoter element within the TLS, as well as
a telomeric role in 3end maintenance. Finally, studies with tobacco mosaic
virus (TMV) have emphasized the role of thelBTR in enhancing translational
expression of the genome, a role strongly analogous to that of mMRNA poly(A)
tails.

VARIETY IN 3'-TERMINAL STRUCTURE

Positive strand viral 3termini are either TLSs, poly(A) tails, or some other type

of non-TLS heteropolymeric sequence. Although to date no commonalities have
been discerned to further classify the latter category, this may be possible as
more is learned of the’3unctions of the various viral genomes.

Itis interesting that the three types dft8rmini are not exclusively clustered in
phylogenies based on the sequences of the viral RNA-dependent RNA polymerase
(RdRp) (63), although TLSs are restricted to proposed Supergroup 3 viruses, and
poly(A) tails are absent from the Supergroup 2 viruses (Figure 1). Tead
of two rather distantly related viruses may be more similar than those of very
closely related viruses: e.g. both TYMV and BMV RNAs possess TLSs, while the
genomes of their respective close relatives oat blue dwarf marafivirus and alfalfa
mosaic virus possess a poly(A) tail and heteropolymeric terminus (Figure 1). In-
deed, even among viruses within the tymovirus genus, against the backdrop
of highly conserved coding characteristics, there is a wide gradation of tRNA
mimicry (46).

These observations indicate that the modular evolution that has strongly shaped
the coding regions of positive strand viruses (19) also has involvedds. This
suggests that dissimilar-8equences may serve similar roles, and that, at least
for some viruses,’3nd function is not dominated by specific recognition of the
3'-terminus by virus-encoded proteins. Thus, the evolutionary step between dif-
ferent 3-structures may not be as large as one might expect, and acquisition of a
new type of 3-end by recombination may not require many adjustments in viral
coding regions.
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Figure 1 Phylogeny and3UTR. The occurrence of the three classes’ete8mini

found among positive strand RNA viral genomes is presented within the dendro-
grams that represent a tentative phylogeny of these viruses as proposed by Koonin
& Dolja [based on (63)]: TLS, tRNA-like structure; Apoly(A) tail; Het, non-TLS
heteropolymeric 3sequenceRart A shows the full phylogeny including the proposed
Supergroups 1-Fart B shows genera within Supergroup 3 (63). Branch lengths are
approximate and only selected virus groups are shown. BNYVYV, beet necrotic yellow
vein virus; AMV, alfalfa mosaic virus.
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3’-UTRs with tRNA-Like Structures

Transfer RNA-like structures (TLS) are found on the genomes of tymoviruses,
several furo-like viruses (46), bromoviruses, cucumoviruses, hordeiviruses, to-
bamoviruses, and tobraviruses. The characteristics of the viral TLSs have been
reviewed extensively (35, 72), and the discussion here emphasizes new insights and
interpretations. The most distinctive characteristic of the viral TLSs is their ability
to be aminoacylated in a manner identical to that of tRNAs, catalyzed by specific
aminoacyl-tRNA synthetases. Three amino acid specificities are known: valine
(tymoviruses, furo-like viruses, and Sunnhemp mosaic tobamovirus), histidine
(most tobamoviruses), and tyrosine (bromoviruses, cucumoviruses, and hordei-
viruses). The structures of representative TLSs are shown in Figure 2.

Some TLSs have a lower degree of tRNA mimicry and do not support amino-
acylation, but are recognized as having a tRNA character by virtue of th€iC3
derivatives serving as substrates fdra8enylation by (CTP, ATP):tRNA nu-
cleotidyltransferase (CCA-NTase). Such TLSs are present in the genomes of to-
bacco rattle tobravirus (72) and erysimum latent tymovirus (47).

The TLSs of some plant viruses are excellent mimics of tRNA function (35).
Recent experiments have emphasized the extremely efficient tRNA mimicry of the
valylatable TLSs of the tymoviruses and furo-like viruses. Several TLSs are as
efficient substrates for wheat germ valyl-tRNA synthetase and CCA-NTase as is
tRNAY2 and form similarly tight ternary complexes with ER-1GTP (21, 27, 46).

The efficiency of these properties provides compelling evidence that these func-
tions are relevant in vivo and indeed, aminoacylated forms of brome mosaic bro-
movirus (BMV), barley stripe mosaic hordeivirus (BSMV), (70) and TYMV viral
RNAs (57) have been observed in vivo.

Surprisingly, against this background of highly efficient tRNA mimicry, the
degree of tRNA-like character is not always uniform within a virus genus. For
example, among the tymoviral TLSs, two variants of pseudoknotted acceptor/T
arms are found, one comprised of 4-, 3-, and 5-basepair helical segments (e.g.
TYMV RNA), the other of 3-, 3-, and 6-basepair segments [e.g. eggplant mosaic
virus (EMV) RNA]. Both forms support efficient valylation an@&denylation, but
the latter type of TLS forms weaker ternary complexes with eFGTP (21, 46);
it is uncertain whether EMV RNA would compete successfully for BFfinding
invivo. Afar more divergent, even vestigial, form of TLS is present on ELV RNA.
This TLS lacks an anticodon domain and deviates widely from canonical tRNA
structure, although there is an acceptor/T arm analogue. The ELV TLS has weak
activity as a substrate for-adenylation and cannot be aminoacylated with plant
aminoacyl-tRNA synthetases (21, 47).

In the most remarkable case to date, a divergence of tRNA-like properties is
found between the two genomic RNAs of peanut clump pecluvirus (PCV), one
of the furo-like viruses: RNAL, but not RNA2, can be valylated (46). Although
this functional difference is caused by deletion of only a single nucleotide, the
resultant difference in’@erminal properties is unprecedented among multipartite
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Figure 2 The tRNA-like structures of turnip yellow mosaic, brome mosaic, and to-
bacco mosaic viral RNAs, which represent the valine, tyrosine, and histidine aminoacy-
lation identities, respectively, found among plant viral RNAs. The secondary structure
models were derived from structure-probing experiments (31, 35), and are shown to
emphasize overall similarity with tRNAs. The domains analogous to those of canonical
tRNAs are indicated for each structure: Acc, aminoacyl acceptor stemj-Brin; D,
D-arm; A/C, anticodon arm (note that the assignment of the BMV D- and anticodon
arms is tentative). The valine identity nucleotides in TYMV RNA (25) are circled, and
the proposed RdRp recognition element (13, 20) is boxed in the BMV TLS.
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viruses, whose termini are highly conserved (73). The PCV TLS is also of in-
terest in possessinga40-nt insertion between the two halves of an otherwise
TYMV-like TLS. This insertion is compatible with highly efficient valylation and
3'-adenylation, but is probably responsible for the poor interaction of this valylated
TLS with EF-1x (46).

TLS variety also exists within the tobamoviral genus: Sunnhemp mosaic virus
(also known as the cowpea strain of TMV) has a tymoviral-like TLS (21, 75) that
is distinct from the typical histidine-specific tobamoviral TLS, and may have been
acquired by recombination during a mixed infection with a tymovirus. It has been
reported that tomato aspermy cucumoviral RNA is only capabléatéi@nylation
and not capable of accepting tyrosine (56), but another study found that both this
RNA and cucumber mosaic cucumoviral RNA could be tyrosylated (33).

While the structural similarity between the valylatable TLSs and canonical
tRNAs has permitted an understanding of detailed RNA conformation for some
time (35, 72), extended by recent NMR structural studies of the acceptor arm (61),
the more complex tobamoviral and bromoviral structures have not been as well
understood. Recent structure-probing and modeling studies have refined the pro-
posals for these TLSs (29, 30). These studies have also led to the realization that
all the viral TLSs are to some extent substrates for aminoacylation with histidine
(32,94), and that BMV RNA even possesses a low, but detectable, degree of va-
line identity (31). However, for tymoviral-type TLSs, histidylation by the yeast
enzyme requires very high levels of histidyl-tRNA synthetase (21, 46), and the
catalytic levels of wheat germ enzyme that are sufficient to aminoacylate TMV
RNA or tRNAS are unable to detectably histidylate TYMV and related RNAs
(21, 46). Further,"3RNA fragments longer than the TLS were substantially poorer
substrates for yeast histidyl-tRNA synthetase than the isolated TLS (95). Like-
wise, the valylation and histidylation of BMV RNA is very inefficient in vitro (31).
Since it is highly unlikely that the histidylation of BMV and the tymoviral TLSs,
and the valylation of BMV RNA, would compete with their primary identities in
vivo, it seems appropriate to consider these RNAs as possessing a single aminoacy-
lation specificity. Nevertheless, the cryptic aminoacylation identities may assume
a physiological role with certain viral mutants.

In many but not all cases, thé-BTR harbors a series of one or more nested
pseudoknots immediately upstream of the TLS (87). TYMV RNA possesses a
single upstream pseudoknot (109) that is, however, not conserved among the ty-
moviruses (49), whereas TMV and other tobamoviral RNAs possess a linked series
of three pseudoknots (110); the existence of the upstream pseudoknots in both of
these RNAs s supported by experiments [(49, 109) for TYMV, (68, 110) for TMV].

3-UTRs with a Poly(A) Tail

Plant viruses whose genomes terminate in poly(A) tails include the potyviruses,
potexviruses, comoviruses, capilloviruses, carlaviruses, and beet necrotic yellow
vein virus; animal virus representatives include the togaviruses, picornaviruses,
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and coronaviruses [tabulated in (10)]. Viral poly(A) tails typically have a length
distribution of about 20-100 residues (3, 73), similar to the cytoplasmic length
distribution of MRNAs in eukaryotic cells (54).

The structure of the’aJTR upstream of the poly(A) tail has been the subject of
a number of studies with the enterovirus subgroup of the picornaviruses. Phyloge-
netic comparisons together with structure-probing experiments (85) led to the pro-
posal that the 3UTR features a tertiary structural element formed by base-pairing
interactions between the loops of two stem/loops (so-called “kissing” interaction).
Mutagenesis experiments with poliovirus (86) and two coxsackie viruses (74, 77)
have provided support for this structure rather than an alternative pseudoknotted
structure (55) that is also less phylogenetically conserved. Molecular modeling
(74, 86) no longer favors the notion that the kissing interaction results in a tRNA-
like structural feature, as was previously proposed (85). Nine residues from the
poly(A) tail of poliovirus RNA are proposed to be involved in base-pairing to form
part of the “kissing” structure (86).

Structure-probing and mutagenesis experiments with bamboo mosaic potexvi-
rus RNA also supportthe existence of a&ucture thatincludes part of the poly(A)
tail, in this case a pseudoknot that incorporates at least 13 adenylate residues (107).

3’-UTRs with Non-TLS Heteropolymeric Terminal Structures

Many viruses possess terminal structures that fit neither of the above two cate-
gories. To date, no general commonalities among these terminal structures have
been discerned. There are only a few viruses for which there is information on the
conformations of these termini and on the types of interactions with proteins these
may support. Non-TLS heteropolymerictg@rmini are found widely among plant
viruses, including in sobemo-, luteo-, tombus-, diantho-, clostero-, and alfalfa mo-
saic viruses, as well as in the coliphages and animal flaviviruses [tabulated in (10)].

Among the best-characterized examples are those from the RNA coliphages
(including MS2 and @), alfalfa mosaic virus (AMV) and West Nile flavivirus.
Secondary structure models for tHe@&rminal domains of the bacteriophage RNAs
have been deduced by a combination of ribonuclease S1 structure-probing and phy-
logenetic covariation analysis (2, 6), revealing a base-pairger®inus adjacent
to 3 or 4 stem/loops. It has been considered that the terminal two stems could form
an analogue of the acceptor/T arm of canonical tRNAs (2) and perhaps explain the
observation that fragmented phage RNA was a substrate for adenylation by CCA-
NTase (88). Note, however, that it is not known whether the observed adenylation
occurred at the viral’3end (88), and it is uncertain whether the bacteriophage
RNAs possess any tRNA character. Aminoacylation has not been observed for
any coliphage genomic RNA (72).

The 3-terminal regions of the three genomic RNAs of AMV are highly homol-
ogous, and feature five proposed stem/loops flanked by single-stranded (A/U)UGC
sequence motifs (111). Ribonuclease structure-probing experiments support
the proposed secondary structure, while indicating the presence of alternative
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conformations (90). The terminal regions of the AMV RNAs are the site of high-
affinity binding by coat protein dimers, an interaction that is necessary in order
to establish an infection; this phenomenon has been termed “genome activation,”
and is shared by AMV and the related ilarviruses (73). For both AMV and the
ilarviruses, coat protein or N-terminal coat protein peptides that include a crucial
arginine residue (5) bind to RNA elements comprising the basal regions of two
adjacent stems flanked by AUGC maotifs (4,51, 64). Covariation within the coat
protein binding sites of a number of viruses supports the existence of the stems
flanked by (A/U)UGC motifs (4).

Biophysical studies and ribonuclease probing have been used to derive a model
for the structure of the’&erminal region of West Nile virus RNA (8, 100). The
deduced structure comprises a base-pairegrgninus and a pseudoknot some
70-90 nt upstream; these features are conserved among the sequenced flavivirus
genomes (100).

A PRIORI CONSIDERATION OF POTENTIAL
ROLES FOR VIRAL 3-TERMINI

The genomes of the positive strand RNA viruses are mRNAs, but they are also
templates for minus strand RNA synthesis. The properties of thdar@inal
regions should reflect this dual role. In this section, | consider in turn the functions
and attributes such dual roles may be expected to confer on aveati3drawing

in part from the known functions of cellular mMRNAs that have become evident in
recent research. These studies have made it clear that the most common site for
posttranscriptional regulatory elements is th&J3R, and that elements are varied

and versatile (15, 116).

3’-Functions Expected of a Viral Replicon

The 3-end is clearly the site of important events leading to the onset of the repli-
cation of the genome, since minus strands must be synthesized from that terminus.
With respect to replication, thé-8nd is not only the origin of minus strand syn-
thesis, but it also could be the site of events that maintain an intectd3

Minus Strand Promotion The minus strands of those viruses with 'aT&S
are known from in vitro experiments to arise by de novo initiation, with inser-
tion of a GTP opposite the’-8nost C residue of the positive strand template
(16, 76,80,101,104). The most obvious way to arrange for minus strand syn-
thesis would be for the unigques-active (promoter) elements that control the rate
of strand synthesis and that define the site of strand origin to be present adjacent
to the site where synthesis begins.

The concept that the main role of thet8rminus is to provide a unique binding
site for some component of the RdRp complex has probably been the principal
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force guiding the design and interpretation of experiments investigating the role
of viral 3-ends. The fact that'3ermini are conserved among the RNAs of mul-
ticomponent viruses appears to support this interpretation; however, sequence
conservation is much weaker at thet&mini (73), although their complements
should, like the various positive stranééhds, each compete successfully for
RdRp. The variability of 5end sequences could reflect a reliance on specific
template selection occurring at the level of minus strand synthesis, followed by
coupled positive strand synthesis. On the other hand, it may intimate the existence
of alternative mechanisms controlling the origin of RNA synthesis. As a case in
point, an internal rather thari-8rminal RdRp binding site has been implicated

in directing template selection byAgxeplicase (99 and references therein). A
different variation, discovered with TYMYV, is discussed in a later section.

Provision of a Telomere A problem peculiar to the replication of linear genetic
elements is the avoidance of sequence losses from the termini. For the DNA chro-
mosomes of eukaryotic cells, this problem arises from the dependence of DNA
polymerases on RNA primer synthesis by primase. In the case of the positive
strand viruses, a similar problem may exist for those viruses that replicate via
VPg-primed RNA synthesis (82). Maintenance 6feBds is also potentially a
problem for all positive strand genomes, due to the action of cellular ribonucle-
ases. lItis well known, for example, that theeBidd—particularly the ‘3terminal

A residue—of tRNA turns over in the cytoplasm (18). Cytoplasmic CCA-NTase
maintains intact 3CCA termini through its adenylation activity [it can replace the
entire -CCA triplet if necessary (18)].

Viruses may be expected to utilize cellular end-maintenance activities. Viral
genomes with 3TLSs have access to cellular CCA-NTase, whose rolé-gnd
maintenance is discussed below for BMV. Polyadenylated viral genomes may ben-
efit from host cytoplasmic polyadenylation activities. Although new transcripts
are polyadenylated in the nucleus, re-polyadenylation of shortened poly(A) tails
can occur in the cytoplasm in some instances, especially during oocyte matura-
tion and in the early development of animal embryos (15, 93). In vertebrate cells,
cytoplasmic polyadenylation is controlled jointly by an AAUA(A/U)A element
10-30 nt upstream of the poly(A) tail and a (UU)UUUUAU-like element (the
so-called cytoplasmic polyadenylation element, CPE) less than 60 nt further up-
stream (93). The full range of signals controlling cytoplasmic polyadenylation is
probably not known currently, and it is not known if the plant cells that host viral
infections are able to support cytoplasmic polyadenylation of mRNAs.

Perusal of the 3UTRs of polyadenylated viral genomic RNAs in GenBank
reveals that the two-component U-rich CPE/AAUAAA polyadenylation signals
are absent from both plant and animal viral RNAs. The potexviruses appear to
be the only virus group with an identifiable potential polyadenylation signal, an
AAUAAA or AAUAUA element that is present close to the poly(A) tail. White
clover mosaic potexviral RNAs with truncated poly(A) tails are able to produce
progeny with normal tail lengths (48), but the enzyme activity responsible for A



Annu. Rev. Phytopathol. 1999.37:151-174. Downloaded from arjournals.annualreviews.org
by University of Kentucky on 11/07/05. For personal use only

160

DREHER

addition has not been identified. However, it is intriguing that point mutation of
an AAUAAA sequence in the’3JTR led to shorter poly(A) tails (48).

Regulation of Access to the Minus Strand Origin A central theme of regulated
gene expression in prokaryotic and eukaryotic cells is that the activities of promot-
ers directing DNA-dependent transcription are under many regulatory controls.
Analogous control of translational initiation by regulated ribosomal access has
been demonstrated for MS2 and other bacteriophages (14). It would seem likely
that controlled access to the minus strand RNA origin, including repression, is a
feature of the positive strand viral lifecycle. Possible roles for negative regula-
tion would be the coordination of translation and replication functions, which are
incompatible on the one RNA molecule (60), or the shut-down of minus strand
synthesis that occurs during many animal virus infections and that appears to occur
in at least some plant virus infections, as evidenced by early plateaus in the level
of minus strands (52, 66).

Packaging Although packaging signals could, in principal, be located anywhere
within the viral genomic segments, the presence of conserved sequences only at
the 3-ends of the genomic segments of multipartite viruses such as the bromo-,
cucumo-, tobra-, and furo-like viruses suggests that packaging signals may be
located near the’@nds. As for minus strand promoters and RNA replication,
this conclusion derives from the expectation that specific high-affinity recognition
sites control encapsidation. There is currently no evidence that encapsidation sites
are in fact located within conserve@t@rmini. The encapsidation sites of the two
positive strand RNA plant viruses (both monopartite) that have been identified to
date are both located toward theehd of the genome, but within coding regions
[TMV (73); turnip crinkle virus (89)]; itis not certain whether theét@rminal coat
protein binding sites of AMV are involved in encapsidation (73).

3’-Functions of Cellular mRNAs That May Pertain
to Viral RNAs

RNA Stability The poly(A) tails of mMRNAs are known to be intimately involved
in the turnover or degradation of mRNAs (15,54). In tobacco protoplasts, a
poly(A) tail stabilized electroporated mRNAs two- to fourfold (37), and for many
mMRNAs, degradation is preceded by a shortening of the poly(A) tail (54). Poly(A)-
binding proteins (PABP) are key players in the metabolism of polyadenylated
RNAs. Requiring a minimum of 12 adenosines for binding, they are ubiquitously
associated with poly(A) tails, binding in strings with a spacing of about 25 nt (54).
Bound PABP can protect mMRNASs in vitro against attack by53exonucleases
(7), butin yeast PABP is also a cofactor in the deadenylation activity of a poly(A)
nuclease (71).

Other features within the 2JTR influence mRNA stability, in either a positive
or negative way (15, 54). AU-rich elements (ARESs) are found in tHdTRs of
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many mammalian mRNAs that have short half-lives, such as those mRNAs encod-
ing oncoproteins, cytokines, and transcription factors. AREs vary considerably
in sequence, but most commonly contain multiple copies of the pentanucleotide
AUUUA. A number of proteins that bind to AREs have been reported (54); while
some of these interactions are presumably involved in accelerating degradation,
they can also protect against cleavage, reflecting a regulated aspect to the rapid
MRNA turnover that is specified by AREs (83).

The protection against degradation by bound proteins has also been observed
with other MRNAS that possess specific protein binding sites (15). Forexample, the
3-UTR ofthe mammalian transferrin receptor mRNA contains five iron-responsive
elements (IREs) that are bound by IRE-binding protein to afford protection against
ribonuclease cleavage (59).

Little is known of instability determinants in plant mRNAs (1), but one such
determinant has been identified in tHeLBTR of an auxin-induced mRNA (45). It
has also been demonstrated that AREs are able to act as instability signals in plant
MRNAs, as evidenced by model studies in which a synthetic AUUUA repeat was
placed in the 3UTR of two reporter mMRNASs (79).

Modulation of Translational Expression Inrecentyears, studies on translational
initiation have emphasized the notion that translationally active mRNAs are effec-
tively circularized through a network of interactions mediated by RNA-binding
proteins (38,53, 97, 115). This model arose from in vitro and in vivo observations
indicating that the poly(A) tail plays a direct role in promoting the translational
expression of an mMRNA (53). Poly(A) tail-dependent stimulation of translation,
which acts synergistically with d-Bap—mediated stimulation, has been observed
in plant cells (37). Translation of circularized mRNAs is considered to provide the
benefits of recycling posttermination ribosomal subunits back to’tead of the
RNA. Support for such circularization comes from the observation that polysomes
in some tissues are circular (38, 53) and from direct demonstration that translation
initiation factors can mediate the circularization of an mRNA (115). Current un-
derstanding from both yeast and plants is that both PABP bound to the poly(A) tail
and elF4E (elFiso4E in plants) bound to tHec&p directly contact the initiation
factor elF4G (elFiso4G in plants) (38,97, 115).

Certain viral RNAs have been found to provide alternative pathways to this
general scheme: Picornaviral RNAs are translated in a cap-independent manner,
mediated by direct elF4G binding to the internal ribosome entry site (62, 97),
whereas TMV and BMV RNAs possess in théilBTR sequences that functionally
substitute for the poly(A) tail (38, 39, 41; discussed in more detail below).

The 3-UTRs of mRNAs also harbor a variety of elements that serve to neg-
atively regulate, or repress, translation without leading to degradation (15, 116).
In the examples characterized to date, such regulation serves to store mRNAS in
a sequestered state away from ribosomes until translation is developmentally ap-
propriate. The molecular players involved in at least two instances of translational
repression from the’3JTR are now known: two hnRNPs that bind to a CU-rich
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repetitive sequence motif in erythroid 15-lipoxygenase mRNA (81), and a previ-
ously unidentified RNA-binding protein (FBF) that binds to the UCUUG element
in the fem-3 sex-determining MRNA @faenorhabditis elegand.17).

Targeting of RNA to Specific Subcellular SitesSome mRNAs within eukary-

otic cells have limited, specific subcellular distribution, and are not distributed
uniformly throughout the cytoplasm (15, 44). Examples are mRNAs that encode
the proteins involved in establishing the positions of body segment boundaries in
the developing insect embryo, or actin mRNAs in embryonic muscle cells. Anal-
ysis of thecis-elements responsible for the specific localization of such mRNAs
has invariably indicated the presence of “zip-code” elements inthd&. These
elements can be functionally transplanted into heterologous mMRNAs to direct the
same specific localization, and they presumably represent sites for the binding of
proteins that are involved in the specific tethering of the mRNAs.

Localization of viral components is a strong theme in the amplification cycle
of eukaryotic positive strand RNA viruses: Replication occurs in association with
specific cellular membranes [reviewed in (36); e.g. chloroplasts for tymoviruses
(69, 73), peroxisomes for most tombusviruses (96)]. Further, plant viral genomes
in some form must at one time localize to the plasmodesmata to permit cell-to-cell
movement. However, such localizations are not necessarily the results of direct
RNA-host protein interactions, but could be the result of protein-protein interac-
tions involving viral protein(s) bound in some way to the RNA genome. Indeed,
a region of the ORF1 product is the likely determinant of the specific membrane
tropism of tombusviruses (12), and it has been shown that a 6-kDa protein encoded
by tobacco etch potyvirus interacts specifically with the endoplasmic reticulum
(98).

EXPERIMENTAL SUPPORT FOR ROLES
OF VIRAL 3-TERMINI

Case Study, TYMV: Role of TLS as a Repressor of Minus
Strand Synthesis Rather Than Unique Promoter Element?

The role of the TLS has been extensively studied with TYMV, since the struc-
tural similarity of the TYMV TLS to tRNA makes this system the most tractable
for investigating the role of tRNA mimicry. One approach has been to observe
the effects of experimentally modifying the aminoacylation characteristics of
the valine-specific TLS. By altering only a few nucleotides, principally in the
anticodon loop, it has been possible to partially or almost completely remove the
ability to become valylated (25) and to switch the aminoacylation identity from
valine to methionine (26). Inoculation studies with these mutants showed that
amplification of the viral genome in Chinese cabbage or turnip protoplasts was
directly correlated with the efficiency of aminoacylation assayed in vitro: RNAs



Annu. Rev. Phytopathol. 1999.37:151-174. Downloaded from arjournals.annualreviews.org
by University of Kentucky on 11/07/05. For personal use only

ROLES OF RNA VIRAL 3-TERMINI 163

with progressively diminished valine acceptance amplified to progressively lower
levels in protoplasts (108). The strongest mutants resulted in undetectable coat
protein or genomic RNA amplification, although sorif@[phosphate] was in-
corporated into double-stranded genomic RNA (108). A revertant had acquired
a second mutation that simultaneously improved infectivity and valylation (109).
Genomic RNAs whose identities had been switched to methionine were infectious
in plants (26). These experiments have demonstrated that aminoacylatability is an
important property for genome amplification, but the amino acid esterified at the
3'-end of the RNA need not be valine.

Other experiments with TYMV involved assessing the infectivity and repli-
cation of chimeric genomes in which the TYMV TLS was replaced with other
sequences. Viable chimeras resulted when the natural TLS was replaced by struc-
turally similar, valylatable tymoviral TLSs, even though the sequences varied
considerably (103). A chimera bearing tHeeBd from ELV RNA, which cannot
be aminoacylated (see above) and has strong structural and sequence differences
fromthe TYMV TLS, was infectious (though attenuated) to plants (47). Chimeras
with 3'-terminal regions comprising the TLS and clustered upstream pseudoknots
fromthe 3-UTRs of TMV and BMV amplified to very low levels in protoplasts and
were not infectious to plants. Finally, no amplification was detected of genomes
bearing a 3poly(A) tail or tRNAY® (103). These studies indicate that the main
function of the TYMV TLS is other than to act as a generic tRNA-like element,
and show that the TYMV’3end and remainder of the genome are co-adapted. Im-
portantly, however, the BMV and TMV chimeras demonstrate that there is some
flexibility in the type of 3-end that can be replicated to low levels.

The simplest interpretation of these results is that then8 contains a specific
promoter directing minus strand synthesis. However, in vitro experiments with a
partially purified RdRp preparation made from TYMV-infected Chinese cabbage
leaves have not supported this conclusion. Although this enzyme discriminates
against non-tymoviral genomic RNAs, it is able to transcribe minus strands effi-
ciently from a range of short tRNA-like RNAs, including the TMV TLS (16, 101).
Using the TYMV TLS as a reference, template activity was not affected by dele-
tion of the T-, D-, or anticodon domains (102), and disruptions of the acceptor
stem pseudoknot resulted in no more than a twofold reduction in template activity
(17,101). In agreement, TLS fragments containing little more than the pseudo-
knotted acceptor stem (43), the acceptor stem itself (101) or a truncated stem-loop
derivative of the acceptor stem (17) were active templates. Experiments from two
laboratories thus indicate the absence of a potent specific promoter of minus strand
synthesis within the TLS upstream of the initiation region.

Of course, the TYMV TLS is not devoid afis-acting signals directing minus
strand synthesis, but these are amazingly restricted to the -CCA attdrerdnus,
which acts as a strong initiation box. This property is demonstrated by analyzing
as templates RNAs with reiterated -CCA- triplets added to the norfrah@®
of the TLS, or even reiterated -CCA- triplets without any additional upstream
sequences: The linear GG(CGApnd the TLS-(CCA)_s RNAs are similarly
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efficient templates, and multiple -CCA- sites serve for initiation (102). Secondary
structure introduced into the GG(CCAYemplate led to selectivity for initiation
among the -CCA- potential initiation sites, and base-paired -CCA- triplets were
not available for initiation (102). It was concluded that initiation site selection by
TYMV RdRp is driven by a strong preference for initiation at -CC(A/G)- sites
modulated by structural accessibility, in place of the usual expectation of a unique
promoter or enhancer element (67). If this interpretation is correct, one can view
an important role of the TLS as presenting tHeC&A in a highly accessible
conformation, but in a nonspecific way; the efficiency of valylation and &F-1
binding of the TYMV genomic RNA (21) attests to the exceptional accessibility

of the 3-CCA. At the same time, in view of the fact that the short -CC(A/G)-
sequence is present many times within the 6.3-kb genome, other occurrences
of this sequence should fall at structurally inaccessible sites. Such a specificity
scheme that does not rely on unigue controlling sequences or structures (promoter
elements) may be assisted by other factors, such as the stimpgeferential
replication exhibited by TYMV (113) and many other viruses.

This view of minus strand initiation is compatible with conclusions on the role
of tRNA mimicry deduced from studies of novel infectious genomes with altered
tRNA-like properties. In addition to the genome with methionine identity (26),
three infectious genomes that fail to aminoacylate have been isolated (47). These
are based on chimeras with TMV- and ELV-derivéee&ds, and their infectivity
shows that, although aminoacylation is crucial in the context of the normal TYMV
TLS, the role of this TLS can be taken over by a terminus that lacks aminoa-
cylation, but presumably possesses some offsetting attribute. If we assume that
positive regulation of minus strand synthesis must be mediated by creating some
specific signal or by making some specific contact to the viral RdRp, while nega-
tive regulation can be mediated by a stand-alone repressor that physically blocks
access to the initiation site, the sum of experimental data (47, 103, 108) suggests
that tRNA mimicry serves a repressive role. This is argued by the fact that three
key properties of the wild-type RNA—the valine identity nucleotides and the in-
teraction with valyl-tRNA synthetase and Ek-3-can be dispensed with under
certain circumstances (all are missing in thé8V chimera). The negative reg-
ulator for wild-type TYMV RNA would almost certainly be ERz] which binds
tightly precisely over the ‘dnitiation site; for those infectious mutant genomes
that fail to aminoacylate and so do not bind Ed--Another host protein presum-
ably acts as repressor. Negative regulation of minus strand synthesis may serve to
delay the switch from translation to replication, or promote a switch from negative
to positive strand synthesis.

Is TYMV a special case in possessing an RdRp with minimal sequence con-
straints for minus strand synthesis and a postulated negative regulation of mi-
nus strand availability? These properties have permitted the TYMV proteins to
amplify genomes with quite different-8nds that were provided by experimen-
tal recombination. The recombinational shuffling 6feBds that appears to have
occurred during the evolution of modern viruses (Figure 1) suggests that these
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properties may not be unique to TYMV among the positive strand RNA
viruses.

Case Study, BMV: Role of TLS as a Telomere and Site
of Specific Promoter Elements

The role of the TLS has also been intensively investigated for BMV. The exper-
iments showing that the TLS comprises the promoter of minus strand synthesis
have heavily influenced the field. As with TYMV, minus strand synthesis initiates
de novo opposite the’-3nost C in the 3CCA terminus (58, 76). '3RNA frag-
ments as short as 134 nts are excellent templates (76). Many mutations within this
fragment that alter the secondary or tertiary structure decrease template activity
(11, 22), but activity is also severely diminished by single point mutations within
the -Ag;Ugs- l00p Sequence and by deletion of a bulge loop in the subtending stem
(22) (see Figure 2). These mutations do not affect tyrosylation-ad8nylation
of the RNA with CCA-NTase (20, 23), suggesting that the stem that includes the
AsUscAss 100p sequence and the bulge loop constitutes a specific minus strand
promoter element. This has recently been confirmed by in vitro RdRp experiments
in which short RNAs containing the above loop sequence and subtending stem
were strong inhibitors of minus strand synthesis froaBBIV RNA fragments;
further, these RNAs could themselves be converted into active templates by addi-
tion of a 3-ACCA initiation site (13). RNAs with point mutations in the AUA loop
sequence or deletion of the bulge were neither inhibitors of other templates nor
active templates themselves when provided with&GBCA. Itis not known which
protein is responsible for recognition of this apparently specific promoter element.
Because of the complexity of the BMV TLS and strong divergence from the
structure of canonical tRNA, the precise tRNA-mimicking elements other than the
acceptor/T arm have not been elucidated with certainty. For instance, although de-
tailed structure-probing, tyrosyl-tRNA synthetase interaction and modeling studies
have led to revised proposals for the structure of the BMV TLS and have identified
putative anticodon-like domains (29, 84), these assignments have not been exper-
imentally verified. Studies on the role of tRNA mimicry have thus been hampered
by uncertainty regarding the location of tyrosine identity elements. Nevertheless,
small mutations specifically diminishing the tyrosylation but fea@enylation or
minus strand template activities were identified (23) and used to assess the role
of aminoacylation in vivo. When present on BMV RNA3, such mutations only
slightly decreased virus amplification in barley protoplasts (24), but when present
on RNA2 (92) or RNA1 (28), these RNAs failed to amplify. These results suggest
that aminoacylation is crucial inis for RNAs 1 and 2, which encode essential
replication proteins, but not for RNA3, which is replicatediians Although it
is possible that the limited mutations used in these studies were defective in some
other essential property, it appears that the amplification of BMV RNAs 1 and
2, and of TYMV RNA, are similarly dependent on aminoacylation. Due to the
different effect of defective aminoacylation on the three BMV RNAs, it is unlikely
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that aminoacylation is involved in promoting minus strand synthesis, a conclusion
that was also reached for TYMV (see above).

Experiments with BMV have convincingly shown that the TLS can serve a
telomeric role, probably through’-8nd maintenance by host CCA-NTase. A
two-nucleotide substitution mutation in the RNA3 TLS that specifically dimin-
ished CCA-NTase-dependenta&lenylation resulted in the loss of one or two
3'-nucleotides from some RNA3 progeny, although the wild-type termini of RNAs
1 and 2 were intact (24). In other experiments, RNA3s with mutant minus strand
initiation sites (substitutions in thé-8&A) showed near-normal amplification ki-
netics in barley protoplasts, and progeny RNAs had regenerated wild-type termini
(91). It was concluded that, as with tRNAs, thet@&minal nucleotides of BMV
RNA experience turnover, and restoration, presumably by host CCA-NTase acting
as a telomerase, is important in maintaining intact termini.

Case Study, TMV: Role of Upstream Pseudoknots
in Enhancing Translational Expression

The most significant emphasis of studies on the role of the TMUTR has
been on its role as@is element capable of enhancing translational expression. In
translational expression studies in protoplasts, the TMUWBR can functionally
replace the 3poly(A) of GUS or luciferase reporter mRNAs in both monocot
and dicot cells (41, 68). The main contribution to the enhanced expression for
5'-capped RNAs is from improved translational efficiency, which increased eight-
fold in tobacco protoplasts (68) and 24- to 39-fold in carrot protoplasts (39); the
3-UTR and 5-cap contributed synergistically to this effect. A smaller contribu-
tion to increased expression in the presence of the TMUTR derived from
increased mRNA stability (1.5- to threefold longer half-life; 39, 68), an effect that
was independent of thé-Bap. These effects of the TMV-BITR on translational
efficiency, RNA stability, and synergism with thé&ap were roughly equivalent
to the effects of a poly(A) tail (41, 68). In parallel studies, the BMMJR was
also shown to promote translational expression, though to a slightly lower extent
than the TMV 3-UTR, whereas the TYMV and alfalfa mosaic virust&8rmini did
not stimulate translation (39).

The increased translational expression induced by the TMVTR is princi-
pally due to the pseudoknot tract upstream of the TLS (37, 41). The role of the TLS
itself as a translational modulator is unresolved. All constructs used in experiments
have had nonnativeé-gnds (37, 41) that would have prevented aminoacylation and
EF-lx interaction. Nevertheless, the presence of the TMV TLS did improve RNA
stability and expression levels about twofold (37, 41), an effect that was lost when
the 3-terminus was truncated within the acceptor stem (37). Removal of the
TLS from its position adjacent to the upstream pseudoknot tract also resulted in a
roughly twofold decrease in expression (37, 41).

Extensive mutational studies have indicated that the effect of the upstream pseu-
doknot tract is mainly due to sequences conserved among tobamoviral genomes
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that fall within the downstream-most of the three pseudoknots (68). Structure-
disrupting mutations decreased the translational enhancement, but compensatory
mutations failed to identify a particular base-paired element that was required for
the enhancement. The same pseudoknot was shown to include sequences essentic
for infectivity in plants and replication in protoplasts (105). In this latter study,
base-pairing was required in the downstream stem segment of the pseudoknot, but
base-pairs could be reversed. Neither study (68, 105) resolved whether a pseudo-
knotted conformation is in fact required, and it is not known whether there is a
connection between the role of this part of th&d'R in translational enhancement

and in determining infectivity.

The role of the upstream pseudoknot tract as a translational enhancer has been
probed further by identifying a 102-kDa binding protein that also binds to an-
other translational enhancer [tlSe element (40)] that is present in the 3TR
of TMV RNA,; binding is tighter toQ than to the 3UTR (106). The binding
protein is a member of the HSP101/HSP104/ClpB family of heat shock proteins
whose expression in yeast recapitulated the translational enhancemerR aiittie
3-UTR elements, which are not active in wild-type yeast (114). This translational
enhancement is codependent on at least two translation initiation factors (elF4G
and elF3). It may be envisioned that binding of the HSP101 to bodn8 3
enhancers and a direct or indirect interaction with initiation factors results in a cir-
cularization of the RNA much like that described earlier for mMRNAs with poly(A)
tails (38).

This scenario described for the TMV-BTR may be similar with barley
stripe mosaic hordeivirus (BSMV) RNA, but with a twist. In the BSMV RNAs,
there is a short poly(A) tract immediately upstream of the TLS (65). The 15- to
43-nucleotide poly(A) length reported for various BSMV isolates in GenBank is
sufficient for association with the poly(A) binding protein, which could lead to
RNA circularization from the analogous intern&l3TR site as deduced for TMV
RNA.

CONCLUDING REMARKS

The three case studies discussed present clear indications of varied\@ral 3
function, in line with the wide spectrum of properties directed by theBRs of
cellular mRNAs (15). It seems certain that future research will uncover more and
varied roles. It has been a goal of this review to stimulate the adoption of a wide
consideration of possible roles when interpreting and designing experiments on
viral 3-UTR function. Several host proteins that interact with therds of viral
genomes have been identified (67), and roles for some of these may well parallel
MRNA 3-function rather than being directly involved in promoting minus strand
synthesis. Correct assignment of the role of a binding protein or 6LAR cis-
element can be difficult, since several types of defects may most obviously manifest
themselves as a defectin RNA replication. For instance, a defect in translation will
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not be distinguishable in an inoculation experiment from a defect in minus strand
initiation, necessitating the design and use of appropriate specialized assays.

A second conclusion emerging fromthe case studies is that while some functions
may be shared by’ 2JTRs of different viruses, others may be specialized. The
variety of 3-UTR functions, and the ways in which different viruses implement
and emphasize shared functions, is likely to be large. Some viral RNAs possess
unique minus strand promoter elements (e.g. BMV), whereas only small initiation
boxes are identifiable in others (e.g. TYMV); the extent to whiishpreferential
replication (or coupled translation and replication) exists for a given virus (78, 113)
is likely to influence the type of minus strand selectivity mechanism. Those viruses
with polyadenylated genomes presumably achieve translational efficiency through
a functional circularization involving the poly(A) tail, while TMV does the same
with a translational enhancer in the upstream pseudoknot tract. The translational
enhancer in the’3JTR of PAV barley yellow dwarf virus (112) may represent
another variation of this theme.

Future research on a broad front will bring fresh understanding of the intercon-
nected roles of the’3JTR, and might lead to explanations for the observation that
some positive strand viruses possess (interrupted) complementarity between their
5'- and 3-termini (34). We should learn whether the role of genome activation of
the alfalfa mosaic virus coat protein (73) is a minus strand repression function like
that postulated above for EFein TYMV replication. And we should come to
understand better the switch from the translation to the RNA replication phase of
a viral infection (42, 60).

Visit the Annual Reviews home page at http://www.AnnualReviews.org
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