
Introduction

As described in a recent mini-review article by

Szymañski and Barciszewski (2007), Francis

Crick, in his unpublished note in 1955, predicted

the existence of adaptor molecules, capable of

linking particular codons with specific amino ac-

ids in proteins. Such molecules, today known as

tRNAs, were subsequently discovered and dem-

onstrated to play a crucial role in the process of

translation of the genetic information encoded in

DNA into amino acid sequences of gene products

(for details, see RajBhandary and Kohrer 2006).

Undoubtedly, the role played by tRNA in transla-

tion is its main biological function, which has been

described in detail (see, for example, Laursen et al.

2005, and references therein) and will not be dis-

cussed here. However, a growing number of ex-

perimental results indicate that there is something

more in tRNA biology than only a passive trans-

portation of amino acids into a ribosome and deci-

phering triplets of nucleotides in codons of

mRNA.

Recent cryo-electron microscopic and other

structural studies revealed that tRNA is not a pas-

sive molecule, but undergoes conformational
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changes during translation, which ensure a proper

interplay between this nucleic acid and the ribo-

some (for a review, see Frank et al. 2005). More-

over, tRNA synthesis, processing, modification

and transportation (in eukaryotes from the nucleus

to the cytoplasm and – perhaps surprisingly – back

again) are complicated processes, which involve

as much as 1% of the total number of genes in or-

ganisms like yeast (Hopper and Phizicky 2003;

Shaheen and Hopper 2005; Nakanishi and Nureki

2005; Phizicky 2005). Nevertheless, the most in-

triguing facts seem to be indications that enzymes

crucial for production of mature tRNA molecules,

including aminoacyl-tRNA synthetase com-

plexes, are involved in many other processes

(in microbes and higher organisms), as various as

sterol biosynthesis, exit from mitosis, apoptosis,

rRNA synthesis, angiogenesis, or inflammation

(reviewed by Hopper and Phizicky 2003; Lee et al.

2004). Therefore, tRNA biology is undoubtedly

linked to reactions other than translation.

Origin of tRNA and current tRNA-like

molecules

The existence of links between tRNA biology and

processes other than translation, mentioned in the

previous section, leads to the question of origin

and evolution of this nucleic acid. In fact, this

problem has been considered previously, and led

Weiner and Maizels (1987) to propose that

tRNA-like structures evolved as 3’-terminal se-

quences that tagged RNA genomes for replication

in the RNA world, before real tRNA molecules

(derived from those structures) became used in

protein synthesis. This hypothesis is supported by

present-day mechanisms of replication of some vi-

ruses and other microbial replicons. For example,

the genome of bacteriophage Q� is a sin-

gle-stranded RNA with a 3’-terminal tRNA-like

tag, and such a structure serves as a template for

RNA synthesis. Quite a similar phenomenon oc-

curs in turnip yellow mosaic virus (TYMV) (dis-

cussed by Maizels and Weiner 1994).

tRNA-like structures promote synthesis of not

only RNA but also DNA. The Mauriceville

retroplasmid, found in mitochondria of certain

Neurospora strains, encodes a reverse transcrip-

tase that initiates cDNA synthesis by using the

plasmid transcript’s tRNA-like structure as

a primer (Wang and Lambowitz 1993). However,

this enzyme can also use real tRNA molecules as

primers for synthesis of a full-length cDNA copy

of tRNA (Chiang and Lambowitz 1997). This type

of reaction occurs also during replication of cauli-

flower mosaic virus (CaMV) and retroviruses,

which employ tRNA (not tRNA-like) molecules

(discussed by Weiner and Maizels 1999).

Examples of tRNA mimicry can be found in

various organisms, though mostly in viruses and

microbial cells (Giege et al. 1998). Namely, struc-

tures that resemble tRNA motifs play various roles

in nontranslational reactions, like replication (de-

scribed above), intron splicing, or tagging of ab-

normal proteins for proteolysis (Giege et al. 1998).

One may ask whether these tRNA-like structures

evolved independently and such motifs were “dis-

covered” several times during evolution as favor-

able in biochemical reactions, or they have

a common ancestor – a molecule that played

a nontranslational role and then evolved into both

current tRNA and tRNA-like structures having

various functions. The latter possibility might be

strengthened by the presence of real tRNA mole-

cules (not only tRNA-like motifs) playing roles in

processes other than translation. The use of tRNA

as a primer in cDNA synthesis (discussed above)

is a good example of such a role, but are there any

other tRNA functions that are independent of its

primary role in translation as an amino acid carrier

and a factor for deciphering of codons?

The stringent control: tRNA as a sensor

for a global regulatory response

The stringent control is a bacterial response to

amino acid starvation (for a general review, see

Cashel et al. 1996). Under these conditions,

a product of the relA gene (ppGpp synthetase I)

produces specific signal nucleotides: guanosine

5’-triphosphate-3’-diphosphate (pppGpp) and

guanosine 5’-diphosphate-3’-diphosphate (ppGpp),

called together (p)ppGpp. These nucleotides inter-

act with RNA polymerase, causing dramatic

changes in the efficiency of transcription from var-

ious promoters. This contributes to global changes

in various cellular processes, including synthesis

of stable RNAs, production of fatty acids and cell

wall, glycolysis, activation of various stress re-

sponses, and DNA replication (for a summary, see

Magnuson et al. 2005). These changes are required

for survival of cells under starvation conditions, so

the stringent response is a crucial regulatory pro-

cess. Interestingly, recent studies have indicated

that RNA polymerase is perhaps not the only tar-

get for (p)ppGpp. Inhibition of DNA replication

elongation in amino-acid-starved Bacillus subtilis

cells appears to be mediated by (p)ppGpp-depend-

ent impairment of the primase function, possibly
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due to direct interaction between this enzyme and

the signal nucleotide(s) (Wang et al. 2007).

What is an actual signal for rapid production of

(p)ppGpp, causing global changes in bacterial cell

physiology? Our understanding of the mechanism

of induction of synthesis of these signal nucleo-

tides has been summarized by Braeken et al.

(2006). Briefly, amino acid starvation leads to ap-

pearance of a large pool of uncharged tRNAs,

which bind to the A-site of the ribosome with a

low affinity. This results in blocking the ribosome

movement. The ppGpp synthetase I detects a

blocked ribosome, binds to it, and catalyses syn-

thesis of (p)ppGpp from GTP (or GDP) and ATP.

When amino acid starvation is over, free tRNA

molecules are charged rapidly, and they replace

uncharged tRNAs at the A-sites due to a signifi-

cantly higher affinity to these structures.

From the above description it is clear that the

sensors of the amounts of amino acids are tRNA

molecules, which play a primary role in the induc-

tion of the stringent response. Nevertheless, al-

though this function may be considered as

participation of tRNAs in processes significantly

broader (in a physiological meaning) than transla-

tion, the activity of tRNA in the initiation of

(p)ppGpp production still depends on its role in

translation.

tRNA-dependent response of eukaryotic cells to

starvation

In eukaryotic cells the response to amino acid defi-

ciency is different, but also involves uncharged

tRNAs. In both yeast and mammals, uncharged

tRNA induces phosphorylation of eukaryotic initi-

ation factor 2 (eIF2) through binding to and acti-

vating the Gcn2p (GCN2) kinase (Dong et al.

2000; Hao et al. 2005). This stimulates production

of a transcription regulator of amino acid

biosynthesis genes, while at the same time reduc-

ing total protein synthesis.

An interesting phenomenon of starva-

tion-induced cleavage of uncharged tRNA at the

anticodon loop has been reported in Tetrahymena

thermophila by Lee and Collins (2005). Those au-

thors proposed that such a cleavage might play

a physiological role in adaptation of this organism

to amino acid starvation.

A role for tRNA in the regulation of gene

transcription

The production of amino acids is an en-

ergy-consuming process, so it should be switched

off when cells are able to obtain these compounds

from the environment. Bacteria have developed

special regulatory systems that allow both sensing

the level of amino acids and appropriate regulation

of the expression of genes coding for enzymes in-

volved in the synthesis of amino acids. An exam-

ple is the trp operon, whose expression is

regulated in response to the presence or absence of

tryptophan. In this regulation, tRNATrp molecules

play a major role as regulatory signals, although

molecular mechanisms of such a regulation may

be different in various bacteria (see Yanofsky

2004, and references therein).

In any bacterium, a lack of tryptophan causes

accumulation of uncharged tRNATrp. In Esche-

richia coli, tandem Trp codons occur in the trp

operon proximal region, which codes for

a leader-peptide. Thus accumulation of uncharged

tRNATrp molecules causes stalling of the ribo-

some, which permits the formation of an

antitermination structure of mRNA and ensures an

effective transcription of the whole operon.

In B. subtilis, accumulation of uncharged tRNATrp

molecules leads to activation of the at operon

(through the termination-antitermination mecha-

nism). The AT protein is an inhibitor of TRAP, an

RNA-binding protein, which normally causes

transcription termination of the trp operon. Thus,

at low levels of tryptophan, uncharged tRNATrp

stimulates the production of AT, which inhibits

a negative regulator of the trp operon transcrip-

tion. This prevents termination of transcription up-

stream of this operon and allows effective

expression of genes whose products are required

for tryptophan synthesis (for details, see Yanofsky

2004).

Another interesting regulation of this type is

the control of expression of the B. subtilis glyQS

gene, encoding glycyl-tRNA synthetase. Efficient

production of this enzyme depends on stabiliza-

tion of an antiterminator element during transcrip-

tion of the 5’ region of the corresponding mRNA

by binding of uncharged tRNAGly. It appears that

in this case, the transcription complex can interact

with either uncharged or charged tRNA until it ap-

proaches the termination region, allowing effi-

cient monitoring of the ratio of charged to

uncharged tRNA (Grundy et al. 2005).

Regulation of transcription is definitely a dif-

ferent process than translation, so one might as-

sume that tRNA-dependent control of this reaction

provides a good example of tRNA activity outside

of translation. However, as in the case of trigger-

ing the stringent response, tRNA would not be
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able to perform these regulatory functions without

its interactions with codons of mRNA, a reaction

characteristic for translation.

Self-excision of intron sequences

from pre-tRNAs

Many biochemical reactions catalyzed by various

RNA molecules have been described (for a re-

view, see Fiammengo and Jaschke 2005). Exam-

ples include self-cleavage activities of pre-tRNA

molecules from HeLa cells (van Tol et al. 1989)

and Arabidopsis thaliana (Weber et al. 1996).

These reactions lead to self-excisions of introns.

The ribozyme activities of human and

Arabidopsis pre-tRNAs are definitely independent

of translation. However, these reactions are not

performed by mature tRNA molecules but by their

precursors, and in fact, specifically by the introns

that do not contain actual tRNA sequences.

tRNA-mediated regulation of replication

of ColE1-like plasmids: possible RNA-RNA

interactions and tRNA-dependent cleavage

of regulatory RNA

The main regulation of replication initiation of

ColE1-like plasmids is performed by 2 plasmid

transcripts, RNA II and RNA I (for a review, see

del Solar et al. 1998). RNA II is a pre-primer tran-

script, which forms a persistent hybrid with its

DNA template near the replication origin. This hy-

brid is cleaved by RNaseH, which leads to the for-

mation of a mature primer that is subsequently

elongated by the DNA polymerase I. Negative

regulation of replication initiation depends on the

action of RNA I, an antisense RNA, complemen-

tary to the 5’-terminal region of RNA II. Interac-

tion between RNA I and RNA II, which is initiated

by formation of the so-called “kissing-complex”

between 3 loops of each RNA, prevents formation

of a proper hybrid between the pre-primer RNA

and its DNA template (Figure 1). Although

ColE1-like plasmids belong to the simplest

replicons, contradictory reports on their replica-

tion in amino-acid-starved E. coli cells were pub-

lished. Hecker et al. (1983) showed that

replication of plasmid pBR322 (a ColE1-like

replicon) is inhibited during the stringent response

but proceeds in starved relA mutants, unable to

produce (p)ppGpp during amino acid starvation,

thus revealing the so-called relaxed response.

However, Lin-Chao and Bremer (1986) reported

that the same plasmid can replicate during both

stringent and relaxed responses. Consequently,

opposite conclusions about regulation of

ColE1-like plasmids in amino-acid-starved cells

were presented by these 2 groups.
New light has been shed on this problem by

finding that the deprivation of different amino ac-
ids has various effects on replication of different
ColE1-like replicons in relA+ and relA– strains
(Wêgrzyn 1999, and references therein). On the
other hand, it has been demonstrated that RNA I
and RNA II production decreases in both the strin-
gent and relaxed strains during amino acid starva-
tion (Lin-Chao and Bremer 1986), which indicates
that the promoters for these 2 transcripts are not
under the stringent control and renders unlikely
the possibility that plasmid DNA replication in
amino-acid-starved cells is controlled by differ-
ences in the production of RNA I and RNA II.

What are physiological or biochemical differ-
ences between cells starved for various amino ac-
ids? One obvious difference is the kind of
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Figure 1. Regulation of replication initiation of

ColE1-like plasmids by RNAs in E. coli. RNA strands are

represented by thin lines, while DNA strands by thick

lines. A general scheme for replication initiation is shown

in (a). RNA II is a pre-primer transcript, which forms a

hybrid with its DNA template at the replication origin

(ori-ColE1). This hybrid is cleaved by RNaseH (not

shown), which leads to the formation of a mature primer

that is subsequently elongated by DNA polymerase I.

If intracellular concentration of the negative regulator,

RNA I, is sufficiently high, this transcript interacts with

RNA II, changing the pre-primer topology and preventing

formation of its appropriate hybrid with the DNA

template, as shown schematically in (b). If particular

uncharged tRNA molecules accumulate, they can either

interact with RNA I through loops or cause a specific

cleavage of this negative regulator of replication initiation,

thus allowing efficient plasmid DNA synthesis, as shown

in (c). The scheme is not drawn to scale.



uncharged tRNA, which appears in large amounts
under such conditions. If it is a homology between
E. coli tRNAs and RNAs controlling replication of
ColE1-like plasmids, which would result in inter-
actions between these transcripts (especially if
tRNA existed in an uncharged form, because the
charged form is probably rapidly titrated out by
the protein synthesis machinery), then one could
hypothesize that uncharged tRNA molecules may
influence plasmid replication in amino-acid-
starved cells. To test such a possibility, the replica-
tion of 5 different ColE1-like plasmids was inves-
tigated in relA bacteria starved for 5 different
amino acids, and the strength of the possible
tRNA–RNA I and tRNA–RNA II interactions was
estimated theoretically (Wróbel and Wêgrzyn
1998). This showed that efficient plasmid DNA
replication occurred under conditions for which
relatively strong interactions between a given
tRNA molecule (expected to reach high concen-
trations in the uncharged form) and RNA I or RNA
II were predicted. When the possibility of the
tRNA–RNA I and tRNA–RNA II interactions was
very low, the observed plasmid DNA replication
was found to be negligible (Wróbel and Wêgrzyn
1998). Therefore, it has been hypothesized that in-
teractions between uncharged tRNA and RNA I
or RNA II are important in the regulation of repli-
cation of ColE1-like replicons (Figure 1). In such
a model, tRNA would act as a kind of antisense
RNA (in fact, an anti-antisense RNA when inter-
acting with the antisense RNA I). Intriguingly,
basing on theoretical studies and re-interpretation
of previous experimental results, Dorazi (2003)
also proposed that uncharged tRNAs can act as
antisense RNAs, decreasing translation of the
E. coli dnaQ gene and possibly other genes.

If the above hypotheses are true, replication of

ColE1-like plasmids and regulation of dnaQ gene

expression would be examples of the processes in

which tRNA plays regulatory roles in a way com-

pletely independent of translation. Interestingly,

another explanation of the results of varied effi-

ciency of replication of ColE1-like plasmids in

cells starved for different amino acids was also

proposed, but again a crucial role of uncharged

tRNA molecules was considered. Namely, inter-

action of the 3’-CCA sequence of uncharged

tRNAs with RNA I of plasmids that code for the

complementary sequence in one of loops of this

regulatory transcript (but not of plasmids that en-

code RNA I without such a complementary motif)

has been proposed (Wang et al. 2002). This hy-

pothesis was also compatible with experimental

results described above (Figure 1).

These 2 alternative hypotheses have led to

more detailed studies on tRNA–RNA I interac-

tions. Surprisingly, evidence for tRNA-dependent

cleavage of RNA I both in vivo and in vitro was re-

ported (Wang et al. 2006). First, in an

amino-acid-starved relA mutant, in which un-

charged tRNAs occur in large amounts, 3 products

of specific cleavage of RNA I were observed, in

contrast to the otherwise isogenic relA+ host, in

which levels of uncharged tRNAs are significantly

lower due to ppGpp-mediated inhibition of tRNA

production. Second, overexpression of

tRNAAla(UGC), which under such conditions oc-

curs in E. coli mostly in an uncharged form, in-

duced RNA I cleavage and resulted in an increase

in ColE1-like plasmid DNA copy number. Third,

similar effects were not observed during

overexpression of the 3´ACCA-truncated

tRNAAla(UGC). Fourth, tRNAAla(UGC), but not

tRNAAla(UGC)�ACCA (devoid of the 3’-ACCA

sequence), caused RNA I cleavage in vitro in the

presence of MgCl2. Therefore, it has been pro-

posed that tRNA-dependent RNA I cleavage oc-

curs in ColE1-like plasmid-bearing E. coli, and

that tRNAAla(UGC) participates in specific degra-

dation of RNA I in vivo and in vitro (Wang et al.

2006).
Although one cannot exclude that RNA I might

be a self-cleaving nuclease, and the tRNA would
be required as a cofactor to activate the RNA I
nuclease activity, another possibility seems to be
more likely, namely that tRNAAla(UGC) is
a ribozyme which directly cleaves RNA I mole-
cules. The latter alternative is supported by the re-
quirement of the 3’-terminal ACCA sequence of
tRNAAla(UGC) for specific cleavage of RNA I
(Wang et al. 2006). Irrespective of which of these
2 possibilities is true, it is clear that
tRNA-dependent cleavage of RNA I represents
a tRNA function that is outside of its direct
translational role.

Conclusions and perspectives

The discovery of tRNA-mediated regulation of
replication of ColE1-like plasmids, performed by
interactions with RNA I and/or RNA II loops
or RNA I cleavage or both, may provide an addi-
tional support for the hypothesis of Maizels and
Weiner (1994) that tRNA originated from replica-
tion, not translation, and that present-day tRNAs
and tRNA-like molecules (which play various bio-
chemical roles) have a common ancestor. More-
over, demonstration of the tRNA-dependent
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specific cleavage of another RNA (Wang et al.
2006) may suggest an existence of a previously
unknown regulatory mechanism. We speculate
that similar reactions, driven by uncharged
tRNAs, might occur for a variety of RNA kinds,
regulating their levels in cells in response to
changing physiological conditions. If so, it would
be important to determine motifs allowing the
cleavage reactions. In this light, it is worth noting
that 2 specific sites of RNA I cleavage were
mapped precisely, and they occur in 2 of 3 loops of
this transcript (Wang et al. 2006). The 2 cleavable
loops contain the UGGU motif, fully complemen-
tary to the 3’-terminal ACCA sequence (abso-
lutely required for the cleavage), which is absent
in the third, non-cleavable loop (Figure 2). It re-
mains to be elucidated whether they are the only
determinants of the susceptibility to the cleavage,
or some other sequence or structural motifs are
crucial. Obvious questions that should also be
asked in the future are (i) whether RNA I mole-
cules encoded by different ColE1-like plasmids
(which differ slightly in the sequence) can be
cleaved with the same efficiency, and (ii) whether
various tRNA kinds are effective in the cleavage
(note that only tRNAAla(UGC) has been tested to
date).

It is interesting that the regulatory processes

mediated by tRNA (like induction of the stringent

response, regulation of transcription termination

and control of ColE1-like plasmid DNA replica-

tion) are dependent on the uncharged molecules.

This indicates that tRNA may be an important sen-

sor of physiological (particularly nutritional) con-

ditions. If tRNA-dependent RNA cleavage is

a common reaction, rather than a specific

phenomenon restricted to RNA I, this would pro-

vide a possibility for precise regulations of various

processes in response to the physiological state of

the cell. The same may concern putative regula-

tions based on the action of uncharged tRNA as an

antisense RNA, if theoretical predictions by

Wróbel and Wêgrzyn (1998) and Dorazi (2003)

are true.

Finally, it is worth mentioning that a number

of point mutations in human genes coding for mito-

chondrial tRNAs are correlated with various dis-

eases, including encephalopathies, myopathies,

cardiopathies and diabetes (see, for example,

McFarland et al. 2004). However, specific mecha-

nisms of these tRNA dysfunction-related diseases

are relatively poorly understood. For example,

in some cases decoding of particular codons ap-

pears to be affected (Kirino and Suzuki 2005),

while in other cases, aminoacylation of the mutated

tRNA or even wild-type tRNAs (in the presence

of the mutated tRNA) is impaired (Florentz and

Sissler 2001, and references therein). It is tempting

to speculate whether appearance of uncharged

tRNAs might affect also other mitochondrial pro-

cesses (e.g. through RNA cleavage), apart from an

obvious lowering of translation efficiency.
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Figure 2. The secondary structure of ColE1-encoded RNA I, with the tRNAAla(UGC)-dependent cleavage sites (arrows).

Note that the UGGU motif (fully complementary to the 3’-terminal ACCA sequence of the tRNA) occurs just near both

cleavage sites in loop I and loop II, while it is absent in the non-cleavable loop III and in other single-stranded regions.

The scheme is from Wang et al. (2006), by courtesy of the journal Microbiology.
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