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The first demonstration on the aminoacylation capacity of the RNA genome
of a plant virus appeared more than 25 years ago. Shnrtly thereafter, aminoacy-
lation of the RNA genome of a number of other plant viruses was observed. This
led to considerable work on the tRNA-like region of these viral RNAs, and to
the first demonstration of the presence of pseudoknots in their folding pattern.
In spite of the vast amount of efforts put into trying to understand the reason
for the aminoacylation capacity of certain viral RNA genomes, as yet no clear
general conclusion emerges. It rather looks as though the reason for aminoacy-
lation may be different for different viruses, and that aminoacylation may
operate at different levels in the virus life eycle, Given that certain RNA viruses
possess structures which resemble that of tRNAs at their 5'- or 3-termini, it is
most likely that convergent evolution may have dominated the appearance of

such structures in the virus world.

Viruses, because of the small size of their
genome as compared to the genome of cells,
have readily lent themselves to exquisite
genetic and molecular dissection. As a conse-
quence, they have been at the origin of the
demonstration of a large number of pre-
viously unexpected properties. Whereas
most of these characteristics were sub-
sequently also encountered in cell systems, a
few others still remain the appanage of the
virus world. One of these striking and as yet
unexplained traits is the capacity of the 3’

end of the RNA genome of certain viruses of
the plant kingdom to be aminoacylated.

The first evidence that such a reaction
could occur was provided in 1970 for turnip
yellow mosaic tymovirus (TYMV) whose
RNA genome can be valylated in vitro at its
3" end by valyl-tRNA synthetase [1]. It was
followed by extensive studies on i) the ami-
noacylation capacity and interaction with
other enzymes observed with the RNA
genome of several plant viruses, ii) the region
and folding of the viral genome involved in
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such interactions, and iii) the possible role of
these aminoacylatable regions in virus repli-
cation (reviewed in [2-5]). The aminoacylat-
able region of these viral RNAs has come to
be designated the tRNA-like structure.

The aim of the present review is to summa-
rize a few salient features of the aminoacyla-
tion capacity of viral genomes, and try to
place these features in the light of molecular
evolution.

Table 1 presents a list of virus groups and
type members whose RNA genome can be
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valylation can proceed [6]. The kinetic pa-
rameters leading to valylation of TYMV RNA
are very similar to those leading to valylation
of tRNAV [7],

In addition to the CCA-enzyme and the
valyl-tRNA synthetase, a number of other
enzymes originally believed to be specific of
tRNAs, also interact with the tRNA-like
structure of TYMV RENA. The peptidyl-tRNA
hydrolase cleaves the ester linkage between
the viral RNA and acetylvaline produced by
chemical acetylation of Val-RNA of TYMV

Table 1. In pifro aminoacylation capacity of the genome of plant RNA viruses

Virus group Type member Amino acid bound
Tymovirus turnip yellow mosaie virus (TYMV)  valine
Tobamovirus tobaceo mosaic virus (TMV) histidine
Bromovirus brome mosaic virus (BMV) tyrosine
Cucumovirus cucumber mosaic virus (CCMV) Lyrosine
Hordeivirus barley stripe mosaic virus (BSMY)  lyrosine

aminoacylated in vitro, and the amino acid
that can be bound to the 3° end of the viral
RNA by the corresponding aminoacyl-tRNA
synthetase. Within each group, the RNA of
most members for which such experiments
were performed can be aminoacylated with
an amino acid that appears to be specific of
the group. Exceptions to these observations
are discussed in the text.

ENZYMATIC AND STRUCTURAL
APPROACHES TO STUDY tRNA-LIKE
STRUCTURES

Tymoviruses

The viruses of this group contain a (+) mo-
nopartite single-stranded (ss) RNA genome.
The RNA bears a cap structure at its 5’ end,
and a tRNA-like structure at its 3’ end that
covalently binds valine in the presence of
valyl-tRNA synthetase. The 3’-terminal se-
gquence of the viral RNA terminates with two
cytidylic acid residues. It was demonstrated
that the tRNA-nucleotidyl transferase (CCA-
enzyme) must first bind an adenylic acid
residue at the terminus of the RNA before

[6]. RNase P (the enzyme responsible for the
maturation of precursor tRNAs) as well as its
catalytic RNA component, cleave the viral
RNA immediately upstream or immediately
downstream of U19 (Fig. 1A) in a position
stereochemically equivalent to the position
at which it cleaves precursor tRINAs [8, 9.
The elongation factor of Escherichia coli, EF-
T or of wheat germ, EFla, forms a ternary
complex with the viral Val-RNA and GTP in
the same conditions as those leading to the
formation of Val-tRNA-GTP.EF-Tu [10-12].

When TYMV RNA was injected into
Xenopus laevis oocytes, valylation was as
efficient as valylation of E. coli tRNAY? gimi-
larly injected into oocytes [13]. Valylation
also occurs in infected Chinese cabbage
leaves [14]. Since within the virus particle,
the RNA is not valylated and is even devoid
of a 3’ terminal adenylic acid residue, these
experiments suggest that esterification in
vive is transient, or that it concerns only a
fraction of the viral RNA population that
would be subverted for as yet unidentified
functions.

The minimum size of the viral RNA re-
quired for interaction with the valyl-tRNA
synthetase indicated (Table 2) that 3"-coter-
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Figure 1. Schematic representation of folding of the tRNA-like regions of plant viral RNAs in their

'L’-shaped configuration.

A: TYMV RNA; B: TMV RNA; C: BMV RNA. In BMV RNA, the numbers in bold refer to various parts of the

tRNA-like region.

minal fragments as short as 83 to 86 nucleo-
tides are sufficient [15], although longer frag-
ments are required for optimal valylation
[186]. This led to careful chemical and enzy-
matic probing of this region of the RNA, and
to the proposal of a possible folding pattern
of the tRNA-like structure (Fig. 1A) [17].
The main characteristics of this folding pat-
tern is that the aminoacyl acceptor domain
is formed exclusively by the 3’ half of the
tRNA-like structure, and is independent of
the remaining part of this structure. This
situation is totally different from that found
in canonical tRINAs, in which both the 3’ and
the 5' part of the molecule participate in
formation of the aminoacyl acceptor arm.
Moreover, in the viral RNA, the aminoacyl
acceptor arm forms a pseudoknot. By defini-
tion, pseudoknots arise from base-pairing be-
tween nucleotides within a loop and comple-
mentary nucleotides located outside of this
loop. The pseudoknot results in coaxial stack-
ing of two stem regions connected by two
loops. The minimum length of the viral RNA

required for interaction with the CCA-en-
zyme is about 50 nucleotides (Table 2), which
corresponds to the aminoacyl acceptor arm
[15]. Since the minimum length of the viral
RNA required for recognition by EF-Tu is 47
nucleotides [11], it seems conceivable that
the CCA-enzyme and EF-Tu share structural
similarities.

With one exception, the RNAs of all the
tymoviruses for which such experiments
were performed, are capable of accepting
valine. However, genome-sized RNA of
erysimum latent tymovirus (ELV) is not va-
lylated in vitro {18]. This might be correlated
to the fact that the 3" region of ELV ENA
seems to possess only part of the tRNA-like
structure found in the other tymoviral RNAs,
and lacks the valine anticodon loop [19].

Tobamoviruses

The viruses belonging to this genus contain
a (+) monopartite ssRNA genome that is
capped at its 5’ end. The genome of tobacco
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mosaic tobamovirus (TMV) can be histidiny-
lated in vitro at its 3-CCA end [20]. The
minimum size of the viral RNA that can be
aminoacylated is about 95 nucleotides (Table
2)[21]. This agrees with the proposed folding
of the tRNA-like structure based on chemical
and enzymatic probing studies and on phylo-
genetic evidence (Fig. 1B) [22]. In TMV RNA
also, the aminoacyl acceptor arm is inde-
pendent of the remainder of the tRNA-like
structure, and results from the formation of
a pseudoknot very similar to that existing in
TYMV RNA.

In TMV RNA, 55 nucleotides are sufficient
for interaction with the CCA-enzyme (Table
2), strongly suggesting once again that the
aminoacyl acceptor arm is sufficient for this
interaction [21]. E. coli EF-Tu also interacts
with His-RNA of TMV [10]. On the other
hand, RNAse P is incapable of cleaving TMV
RNA [23]. This may be due to specific re-
quirements of RNAse P at the level of the
aminoacyl acceptor arm (reviewed in [5]).

Table 2. Minimum length requirements of viral
RNAs (expressed in nucleotides)

Virus E:fi‘:;‘ne tﬁIRﬁEDﬂE}'I' EF-Tu
syn hhe%

TYMV 50 86 55

TMV 55 95 nd*

BMV 132 134 nd

BBMV nd 118 nd

“nd: not determined.

The genome of most tobamoviruses tested
accepts histidine. However, the efficiency of
aminoacylation is highly variable from one
tobamovirus or from one tobamovirus strain
to another [24]. This variation may be caused
by structural variations in the anticodon loop
(reviewed in [4]). One striking exception con-
cerning the histidinylation of tobamovirus
RNAs lies in the observation that the cowpea
strain of TMV (CcTMV) also known as sun-
hemp mosaic tobamovirus, accepts valine but
not histidine [25]. A close examination of the
tRNA-like regions of TYMV, CeTMV and
TMV reveals that the overall tENA-like re-
gion of TYMV and CcTMV shows consider-

able similarity, suggesting that some of these
common regions may be involved in recogni-
tion by the valyl-tRNA synthetase. On the
other hand, structural similarities between
the tRNA-like regions of C¢TMV and TMV
which accept different amino acids although
the viruses belong to the same genus, are
essentially confined to the aminoacyl ac-
ceptor arm [26]. This might imply that other
enzymes, such as the replication complex,
require some of these common nucleotides. It
may also be worth recalling that a large
unpaired loop of 25 nucleotides present be-
tween the aminoacyl acceptor arm and the
anticodon arm in TMV RNA is absent from
CeTMV as also from TYMV RNA. It has been
proposed that the CcTMV strain might have
emerged by recombination between the cod-
ing body of a tobamovirus (such as the Vul-
gare strain) and the 3’-non-coding tRNA-like
region of a tymovirus [27].

Bromoviruses, cucumoviruses and hor-
deiviruses

The viruses belonging to these groups con-
tain a (+) tripartite ssRNA genome. They also
contain a subgenomic RNA (RNA 4) that
derives from RNA 3 and codes for the capsid.
The 5° ends are capped. The 3° ends of the
four RNAs present extensive intraviral ho-
mology as well as interviral sequence simi-
larity [28, 29]. The RNAs of brome mosaic
bromovirus (BMV) and cucumber mosaic cu-
cumovirus (CMV), the type-members of the
bromovirus and cucumovirus groups, respec-
tively, as well as of the RNAs of most of the
other viruses tested within these groups, can
be tyrosylated in vitro (Table 1) [30, 31]. The
minimum length of BMV RNA and of broad
bean mottle bromovirus (BBMV) RNA re-
quired for tyrosylation is 134 and 118 nucleo-
tides from the 3’ end, respectively (Table 2).
Adenylation of BMV RNA by the CCA-en-
zyme requires 132 nucleotides [32]. These
results accompanied by careful enzymatic
and chemical probing [33] led to the model
presented in Fig. 1C for the tRNA-like struc-
ture of BMV. This structure which also con-
tains a pseudoknot is, however, totally differ-
ent and far more complex that the tRNA-like
structure contained in the tymovirus and the



Vol. 44

tobamovirus RNAs. The difference in length
of the RNA required for tyrosylation between
BMYV and BBMV is due to the absence in the
tRNA-like region of the BBMV RNAs of hair-
pin 4, present in the tRNA-like regions of all
the other bromovirus and cucumovirus RNAs
examined. Indeed, hairpin 4 can be deleted
from BMV RNA without deleterious effects
on the tyrosylation activity [34]. On the other
hand, the RNAs of tomato aspermy cucu-
movirus (TAV) whose stem in hairpin 4 is
particularly long (12 instead of the usual 6
base pairs), cannot be aminoacylated al-
though it can be adenylated [35]. In the
model presented for BMV, it is clear that the
5 region of the tRNA-like structure partici-
pates in formation of the aminoacyl acceptor
arm (Fig. 1C). This probably explains why
the minimum length of the tRNA-like strue-
ture required for tyrosylation and adenyla-
tion is about the same. It has been shown that
the RNAs of BMV and barley stripe mosaic
hordeivirus (BSMV) are tyrosylated in barley
protoplasts [36]. Furthermore, Tyr-RNA of
BMYV interacts with the wheat germ elonga-
tion factor EF1 and GTP [37]. On the other
hand, whereas RNase P of Escherichia coli
cleaves the tRNA-like domain of CMV RNA,
it is inactive towards BMV ENA [23]. Again,
this must probably be ascribed to specific
requirements of RNase P for cleavage (re-
viewed in [5]).

Tobraviruses

Tobraviruses present an interesting case.
Viruses of this group contain a (+) bipartite
ssRNA genome. The RNAs are capped at
their 5° end, and are identical for over 400
nucleotides at their 3’ end. The tobacco rattle
tobravirus (TRV) RNAs cannot be aminoacy-
lated. Chemical and enzymatic probing ex-
periments with TRV RNA [38] as well as
sequence comparisons of tobraviral RNAs
have led to the conclusion that the RNAs
contain an aminoacyl acceptor domain simi-
lar to that present in tymovirus and to-
bamovirus RNAs. However, the tRNA-like
structure of tobravirus RNAs appear not to
possess an anticodon domain. This probably
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accounts for the fact that TRV RNA cannot
be aminoacylated, but can be adenylated.
This is similar to the situation already men-
tioned above for ELV.

ELEMENTS OF tRNA-LIKE
STRUCTURES REQUIRED FOR
RECOGNITION BY AMINOACYL-tRNA
SYNTHETASES

By performing nuclease digestion and
chemical modification studies on tRNA-like
structures complexed to their cognate ami-
noacyl-tRNA synthetase, essential recogni-
tion elements were identified.

Foremost is the observation that mutations
in the pseudoknot and the two stem regions
in the amino acid acceptor arm greatly de-
crease the tyrosylation capacity of BMV RNA
[39, 40]. The observation that hairpin 4 can
be completely ablated without deleterious
effects on tyrosylation [34] is in agreement
with the fact that the RNAs of CCMV and
BSMV, although deprived of this hairpin, are
readily tyrosylated in vitro. Nucleotides up-
stream of the minimum core are also pro-
tected in the complex, suggesting that they
are most likely involved in the formation of
an anticodon-like arm [41].

Similar studies performed on the TYMV
tRNA-like structure and Val-tRNA syn-
thetase demonstrated the importance of the
central position of the anticodon for efficient
valylation [42, 43]. Interestingly, mutants
that cannot be valylated still bind to valyl-
tRNA synthetase [42], suggesting a kinetic
mechanism rather than one related to affin-
ity-based discrimination.

In certain experimental conditions, TYMV
RNA can be quite efficiently mischarged with
histidine by the yeast histidyl-tRNA syn-
thetase [44], as can also a viral transcript
containing a mutation in the central position
of the anticodon. Consequently, the identity
nucleotides for valine and histidine do not
overlap. The main histidine determinants lie
within the amino acid acceptor arm, since a
minihelix of 42 nucleotides corresonding to
this arm can be histidinylated [44).
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POSSIBLE FUNCTIONS OF
tENA-LIKE STRUCTURES

It was early on believed that aminoacyla-
tion may participate in viral RNA replica-
tion, by homology with the RNA bacterio-
phage QP for which bacterial elongation fac-
tors are part of the replication complex, and
because elongation factors interact with the
aminoacylated plant virus tRNA-like re-
gions. However, elongation factors appear
not to be part of the TYMV [12] or the BMV
[45] replication complex. To examine
whether aminoacylation is required for rep-
lication of viruses, mutations were intro-
duced in the tRNA-like regions with the aim
of dissociating aminoacylation from replica-
tion,

In the case of BMV, certain mutations that
greatly decreased tyrosylation had little ef-
fect on replication of the RNA in vitro, sug-
gesting that different parts of the same
tRNA-like region are recognized by the tyro-
syl-tRNA synthetase and the replication
complex [39]. The importance of tyrosylation
in BMV RNA replication in vivo was investi-
gated by co-inoculation into barley proto-
plasts of wild-type RNAs 1 and 2, and a
mutant RNA 3 defective in tyrosylation. The
results once again suggested that tyrosyla-
tion is dispensable for RNA replication [46].
However, this type of experiment does not
make it possible to examine tyrosylation in
vivo so as to compare it to in vivo replication.
A fragment of 134 nucleotides from the 3’ end
of the viral RNA serves as template for the
replicase [47]. On the other hand, disruption
of the pseudoknot as well as specific muta-
tions within the tRNA-like region of BMV
RINA strongly hinder replication of the viral
RNA [48].

The situation concerning the requirement
of aminocacylation for TYMV RNA replication
is still somewhat confusing. As opposed to
what had been postulated previously,
namely that valylation [49] or histidinylation
[50] in vitro could not be dissociated from
RNA replication in vivo, it has recently been
shown that certain mutations introduced
into a chimeric construct can lead to highly
infectious viruses. Such mutants cannot be
valylated in vitro, but remain substrate of
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the CCA-enzyme [51]. These results tend to
suggest that, as in the case of BMV RNA,
aminoacylation is not required for RNA rep-
lication. It has been shown that fragments of
100 and 38 nucleotides from the 3’ end of
TYMV RNA compete with the viral RNA for
replication in vitro, and can themselves be
replicated [52, 53]. Likewise, transgenic
rapeseed plants expressing high levels of a
chimeric gene containing the 3'-terminal 100
nucleotides from TYMV RNA are partially
protected against infection by TYMV RNA or
virions [54].

Transgenic tobacco plants that express the
antisense RNA corresponding to the coat pro-
tein and the 3’ non-coding region of TMV are
partially protected against infection by TMV.
Since transgenic plants with antisense RNA
devoid of the 3" non coding region are not
protected, the tRNA-like region is most likely
responsible for the protection effect observed
[55].

In addition to a role in viral RNA replica-
tion, other functions have been proposed for
the viral tRNA-like structures. It has been
suggested [56] that these structures could be
molecular fossils of an RNA world. They
would correspond to primitive telomeres en-
suring that the 3" end of the viral genomes
are not lost during several cycles of RNA
replication. Indeed, BMV mutants in which
base changes were introduced in the 3'-CCA
terminus and which presented neither tyro-
sylation nor replication activity in vitro, were
capable of replication in vive. This most
likely results from the action of the CCA-en-
zyme which would act as a telomerase [57].
In the case of TYMV, the valyl-tRNA syn-
thetase could act as a telomerase, since valy-
lation protects the viral RNA against nucle-
ases [58].

Another possible function of tRNA-like
structures could reside in protection of the
RNA against degradation. Indeed, if the
TMV tRNA-like structure is tagged to the 3’
end of unrelated mENAs, the resulting
chimeric constructs present greater stability
in host cells [59, 60].

Finally, since in certain cases the 5" and the
3’ regions of viral RNAs can potentially base-
pair, it is possible that tRINA-like structures
could regulate translation of viral proteins.



In such a scenario, accessibility of the 3’ end
of the viral RNA might be regulated by the
aminoacyl-tRNA synthetase [61, 62].

VIRAL RNA AMINOACYLATION
REMAINS AN ENIGMA

Within the last 25 years, we have come a
long way in analyzing the viral tRNA-like
structures and in dissecting them so as to
gain insight into the function of their various
elements. From several points of view, the
discovery of tRNA-like structures has been
paramount in unravelling certain features of
RNAs. The most striking resides in the first
biochemical demonstration of the existence
of pseudoknots. These secondary/tertiary
folding patterns are now known to occur in
most RNAs, be they viral or cellular RNAs
(reviewed in [4]). Another important outcome
of studies on viral tRNA-like structures was
the demonstration for the first time that a
natural RNA requires no modified nucleo-
tides for efficient aminoacylation or interac-
tion with several tRNA-specific enzymes.
These observations have since been substan-
tiated by using in vitro transcripts of tRNAs
that are as efficient in aminoacylation as are
the corresponding normal tRNAs (reviewed
in [63]). Nevertheless, it should be empha-
sized that lack of modified nucleotides leads
to structural relaxation of tRNAs [64], and
this may to a certain extent explain the
histidinylation capacity of TYMV RNA.

On the other hand, the tENA-like struc-
tures remain an enigma. RNA viruses of only
a few families possess tRNA-like structures
at the 3" end of their genome, and aminoacy-
lation appears to be confined to valine, his-
tidine and tyrosine. What has dictated this
choice? Within a virus family such as the
cucumoviruses, the RNAs of most members
are tyrosylated. The same applies to ty-
moviruses whose RNAs are generally valy-
lated. Yet, notable exceptions exist, such as
TAV whose RNA can be adenylated but not
tyrosylated, and ELV whose RNA cannot be
valylated. If aminoacylation were indeed pri-
mordial for the life cycle of the virus, then
why would such exceptions be tolerated?
Since exceptions do exist, why is it that cer-
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tain determinants of aminoacylation have
been maintained in other viruses? Should
one be led to suppose that interaction with
the CCA-enzyme is the pivotal feature to be
preserved, and that for unknown reasons the
aminoacylation capacity was not lost during
the course of evolution?

It is also somewhat surprising that the
aminoacylation capacity of viral RNA
genomes has been confined to plant viruses.
Indeed, attempts to aminoacylate the
genome of RNA bacteriophages have been
unsuccessful, in spite of the fact that these
RNAs terminate with the sequence —CCA,
and that protein elongation factors are in-
volved in phage replication. There is as yet
no definitive demonstration that the RNA
genome of animal viruses can be aminoacy-
lated.

It is worth glancing at other viruses whose
RNA genomes present features reminiscent
of tRNAs. Dne such example is the presence
of a tRNAMP sequence at the 5 termini of
defective interfering RNAs of Sindbis virus
[65]. Another example is to be found in the
two genomic RNAs of the insect Helicoverpa
armigera stunt tetravirus (HeSV). The 3’
termini of both ssRNAs of (+) polarity of
HeSV have a_ well-conserved structure re-
lated to tRNA ! [66]. As opposed to the plant
viral tRINA-like structures, in HeSV, the 3’
regions are formed without a pseudoknot.
They possess a valine anticodon, and hence
resemble tRNAY® more than do the plant
viral tRNA-like structures. Recent experi-
mental evidence suggests that the tRNA-like
region of HaSV RNAs, can be valylated in
vitro (discussed in [67]). Yet, another some-
what more distantly related observation, is
the presence within the 5-terminal regions
of retroviral RNAs of a sequence complemen-
tary to part of the host tRNA primer.

Because of these diverse forms of tRNA
mimicry, one can expect to find, within
tRNA-like regions, transcription signals
known to be present in tRNAs. Indeed, the 5
termini of the genomic RNAs of bromoviruses
contain motifs that resemble the internal
control regions of tRNAs [68, 69] and mimic
promoters of RNA polymerase IIl. It was
demonstrated that these motifs are indeed
required for replication of BMV RNA [70] as
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they are for tRNAs. Such motifs may have
been retained in tRNAs and in certain viral
RNAs, and could derive from an ancestral
genomic RNA.

Finally, in view of the different folding pat-
terns adopted by tRNAs and tRNA-like
structures in viral RNAs, it seems likely that
convergent evolution might have been the
driving force directing molecules with such
very different secondary structures to adopt
similar conformations required for their in-
teraction with common enzymes.
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