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Abstract. The nuclear envelope divides a eukaryotic cell
into two compartments, the nucleus and the cytoplasm.
Transcription and maturation of RNAs encoded on nu-
clear chromosomes are carried out in the nucleus, while
the proteins coded by these RNAs are translated and
processed in the cytoplasm. Cytosolic tRNAs, essential
factors for translation, are transcribed in the nucleus and
undergo extensive processing before reaching functional-
ity. It had previously been believed that tRNAs have only
one-way tickets to pass through the nuclear envelope af-
ter maturation in the nucleus, and that the small amounts
of mature tRNAs found in the nucleus are biosynthetic
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Introduction

Eukaryotic cells have developed fine subcellular com-
partments to share the responsibility for various biologi-
cal activities. Among such compartmentalization events,
the separation of the nucleus and the cytoplasm by the
nuclear envelope (NE) was the most crucial during the
evolution of eukaryotic cells. This separation enabled eu-
karyotic cells to achieve more sophisticated function and
regulation of replication, transcription, translation and
signal transduction than achieved in prokaryotic cells. In
turn, eukaryotic cells had to evolve nuclear-cytoplasmic
transport systems to allow the regulated movement of
macromolecules across the NE [1, 2]. For example, many
RNAs have to move from the nucleus, their birthplace, to
the cytoplasm, their workplace, while proteins functioning
in the nucleus have to move in the opposite direction. The
finding of leptomycin B, a potent inhibitor for the Crm1-

intermediates. However, two reports from our lab and
Anita Hopper’s group recently demonstrated that tRNAs
have multi-round commuter tickets to shuttle between
the nucleus and the cytoplasm in the yeast Saccharomy-
ces cerevisiae. In fact, various tRNA species, including
aminoacylated full-length tRNAs and 3’ end-shortened
tRNAs, are actively imported into the nucleus under vari-
ous conditions. These findings force a reconsideration
of our view of intracellular dynamics of tRNAs, and re-
evaluations of the physiological meanings of the nuclear
mature tRNAs.

splicing, quality control, amino acid deprivation, aminoac-

mediated nuclear export pathway, revealed that some pro-
teins dynamically shuttle between the nucleus and the cy-
toplasm [3—5]. On the other hand, most nuclear-encoded
RNAs, including tRNAs, have been considered to experi-
ence nuclear transport only once after transcription and
maturation in the nucleus [1, 6, 7]. The only known class
of RNAs returning to the nucleus has been U snRNAs. In
metazoan cells, U1, U2, U4 and U5 snRNAs are exported
to the cytoplasm to receive hyper-methylation of their cap
structures and to form complexes with proteins, and then
are re-imported into the nucleus, their final destination
[8, 9]. Most RNAs exported to the cytoplasm stay there to
exert their functions, while a subset of tRNAs are further
delivered to mitochondria and plastids, their functional
sites, in some organisms [10, 11].

However, the fundamental notion that most RNAs have
only ‘one-way tickets’ to cross the NE is called into ques-
tion in the case of the tRNAs in Saccharomyces cerevi-
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siae. We found that, during maturation of intron-contain-
ing pre-tRNAs, their splice sites are cleaved on the mi-
tochondrial surface in S. cerevisiae [12]. tRNA splicing
is governed by three enzymes, splicing endonuclease,
ligase and 2’-phosphotransferase [13, 14]. Indeed, the
splicing endonuclease activity and subunits were found
to localize on the outer surface of yeast mitochondria.
Unspliced pre-tRNAs accumulated in the cytoplasm of
sen2 mutants, which were defective in one of the two
catalytic subunits of yeast tRNA splicing endonuclease
[12, 13]. These results suggested that pre-tRNAs are ex-
ported to the cytoplasm prior to splicing. On the other
hand, it is known that spliced forms of intron-containing
tRNAs accumulate in the nucleus when nuclear transport
is perturbed by mutations of RanGAP (Rnalp), nucleo-
porins (Nup116p, efc.), tRNA-specific exportin (Los1p),
CCA transferase also acting on tRNA export (Ccalp),
aminoacyl tRNA synthetases (ARS, for example Tyslp,
etc.), nucleolar factor Utp8p and so on [15-21]. All the
facts mentioned above led us to the unexpected notion
that tRNAs must be re-imported from the cytoplasm
into the nucleus after maturation. However, there has not
been any direct evidence for nuclear import of mature
tRNAs. Last year, our lab and Anita Hopper’s group in-
dependently demonstrated that mature tRNAs are indeed
re-imported from the cytoplasm to the nucleus [22, 23].
In this article, I summarize the findings from the two labs
and discuss the physiological meanings of mature tRNAs
in the nucleus.

Finding of tRNA import

To demonstrate the nuclear import of tRNAs, both groups
first utilized heterokaryon assays. Two haploids of S.
cerevisiae with opposite mating types undergo mating
and transiently form a heterokaryon with two nuclei in
a common cytoplasm. The duration of this situation is
prolonged when nuclear fusion is inhibited by certain
mutations [24, 25]. When an exogenous tRNA with a
different sequence from the cognate endogenous tRNA
is expressed from only one of the haploids, one can ex-
amine whether or not the exogenous tRNA transcribed
from one nucleus can enter into the other nucleus in a
heterokaryon. Although different exogenous tRNA genes
(from Schizosaccharomyces pombe or Dictyostelium dis-
coideum) were used, both groups detected mature tRNAs
in the nucleus that did not express these tRNAs when
nuclear export of tRNAs was compromised by the Alos/
mutation, which is deficient in one of exportin genes spe-
cific for tRNAs [22, 23].

To demonstrate tRNA import in the vegetative growth
phase, we used a Alos! Amsn5 double mutant, which dis-
played more prominent accumulation of mature tRNAs
in the nucleus than the Alos/ single mutant. When Alos/
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Amsn5 cells were treated with sodium azide and 2-deoxy-
glucose to deplete intracellular ATP, the tRNA gradient
across the NE disappeared. The gradient was re-estab-
lished by removing the energy poisons. The re-establish-
ment of the tRNA gradient after removal of the energy
poisons was also observed even when transcription of
tRNAs was blocked by adding thiolutin, a potent inhibitor
of all three classes of RNA polymerases [26]. The nuclear
accumulation of mature tRNAs in the absence of tran-
scription entails a supply of pre-existing mature tRNAs
from the cytoplasm to the nucleus [22]. On the other
hand, Hopper’s group utilized different conditions to up-
regulate tRNA import. It is known that a mature tRNA is
accumulated in the nucleus when its cognate amino acid
is depleted from the medium [19]. They found that, un-
der the amino acid-deprivation conditions, the reporter
tRNA was accumulated in both nuclei of a heterokaryon
in the absence of the Alos/ mutation background. They
concluded that, also in the case of vegetatively growing
cells, the nuclear accumulation of mature tRNAs observed
under these conditions results from an enhancement of
nuclear import from the cytoplasm [23]. Both of these
results demonstrate that there exists retrograde transport
of mature tRNAs to the nucleus and that tRNAs shuttle
between the nucleus and the cytoplasm during their life.

Characteristics of tRNA import

What kinds of tRNAs are imported into the nucleus?
Our group and Hopper’s group found that tRNAs tran-
scribed from both intron-containing and intron-less genes
are imported into the nucleus [22, 23]. Furthermore, as
mentioned above, tRNAs derived from both endogenous
and exogenous genes are imported. Thus, nuclear import
of tRNAs is not specific for intron-containing tRNAs,
which must be exported to the cytoplasm before their
final maturation, or certain tRNAs specific for S. cerevi-
siae. Rather, the nuclear import machinery seems to rec-
ognize the general features of tRNAs. At present, whether
intron-containing pre-tRNAs can be re-imported into the
nucleus remains to be analyzed.

Large portions of mature tRNAs were found to be ami-
noacylated when tRNA import was analyzed during re-
covery after energy depletion in Alos! Amsn5 cells [22].
This suggests that aminoacylated tRNAs are substrates
for the import machinery, although we still cannot rule
out the possibility that free tRNAs are aminoacylated af-
ter their import into the nucleus. If aminoacylated tRNAs
are imported into the nucleus, they may form complexes
with eEF1A, which takes aminoacylated tRNAs to the
ribosomal A site [27], during nuclear import. Certain
eEF1A mutants cause nuclear accumulation of mature
tRNAs, suggesting that eEF1A acts on tRNA export [19].
In fact, eEF1A is a shuttling protein. In mammalian cells,
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exportin-5, one of the export carriers for tRNAs, exports
tRNA-eEF1A complexes, and exportin-5 is a homologue
of yeast Msn5p [28, 29]. It might be possible that nuclear
eEF1A is also supplied from the cytoplasm in the form
of complexes with tRNAs. On the other hand, under the
amino acid-deprivation conditions that Hopper’s group
adopted, the cognate tRNAs should be mostly deacyl-
ated [23]. In fact, mature tRNA-Leu“4* is accumulated
in the nucleus when aminoacylation is blocked by adding
a Leu-RS inhibitor or by deprivation of leucine from the
medium [19]. It was originally proposed that the tRNA
quality control machinery on the inner surface of the NE
deselects deacylated tRNAs from nuclear export so as to
accumulate mature tRNAs in the nucleus under amino
acid-deprivation conditions [18, 30]. However, accelera-
tion of nuclear import of cytoplasmic deacylated tRNAs
would also contribute to such accumulation. Therefore,
both aminoacylated and deacylated tRNAs can be im-
ported into the nucleus.

We also found that tRNAs are imported into the ccal-1
mutant nucleus. The ccal-1 mutation causes CCA trans-
fer defects both for newly transcribed tRNAs in the nu-
cleus and for cytoplasmic mature tRNAs with a shortened
3’-end [31]. ccal-1 cells also exhibit defects in tRNA ex-
port [17]. We found that mature tRNAs accumulate in
the ccal-1 nucleus under the condition that most of the
tRNAs have the shortened 3’-end. Especially in the case
of tRNA-Ile*AY, more than 90% of the tRNA was in the
short form [22]. Therefore, tRNAs with some structural
defects can be imported. These results suggest that vari-
ous tRNA species are imported into the nucleus.

How are mature tRNAs imported into the nucleus?
As described above, nuclear import of mature tRNAs ap-
parently requires energy. Most of the nuclear transport
pathways are driven by the Ran GTPase gradient across
the NE [1, 2]. Ran GTPase is a Ras-like small GTPase
mainly localized in the nucleus. The GTP-binding form
of Ran is restricted to the nucleus, while its GDP form is
exclusively cytoplasmic. This gradient is achieved by two
essential regulators, guanine nucleotide exchange factor
RCC1 and GTPase activating protein RanGAP. When
nuclear import of tRNAs is measured during recovery af-
ter energy depletion, the Ran GTPase gradient is not re-
quired for the import. A temperature sensitive mutant of
yeast RanGAP, rnal-1, accumulates mature tRNAs in the
nucleus [16]. This tRNA gradient across the NE in rnal-1
cells was disrupted by the energy poisons, and was re-es-
tablished when intracellular ATP was replenished in the
absence of transcription at a restrictive temperature [22].
These results indicate that tRNA import continues even
when the Ran GTPase cycle is perturbed. On the other
hand, Hopper’s group reported different results. They
observed that when tRNA import was measured by the
heterokaryon assay with 7nal-1 mutant cells under amino
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acid-deprivation conditions, the mutant heterokaryons did
not import D. discoideum tRNA-GluP into the nucleus
[23]. They also analyzed accumulation of mature tRNAs
in the nucleus under amino acid-deprivation conditions
in 9 out of 14 importin/exportin mutants of S. cerevisiae.
They found that one of the importin mutants, Amiri0,
did not accumulate mature tRNAs in the nucleus under
these conditions [23]. Mtr10p was originally reported as
a nuclear import carrier of the mRNA-binding protein
Npl3p [32]. Mtr10Op also acts on nuclear import of Tlcl
RNA, an RNA component of telomerase [33]. There are
several ways to explain this discrepancy. One possibility
is that Ran- and Mtrl10p-dependent nuclear transport is
required not for the import of mature tRNAs per se but
for the requisite signal transduction to up-regulate nu-
clear import of tRNAs. As discussed later, tRNA dynam-
ics are somehow regulated according to their respective
cellular environments. Such regulation may require some
nuclear-cytoplasmic transport of a regulatory factor(s),
and this transport may be governed by Ran and Mtr10p. A
more likely explanation is that nuclear import of tRNAs is
driven by two or more different mechanisms. In the case
of tRNA export, it has been shown that there are several
parallel pathways. At least in yeast, two exportins, Los1p
and Msn5p, and Ccalp are responsible for tRNA export
in parallel [15-20, 22]. This may be true as well for nu-
clear import: one of the tRNA import machineries active
under non-starvation conditions is Ran independent, and
another machinery activated by amino acid depletion is
Ran dependent.

Physiological roles of mature tRNAs in the nucleus
Both our group and Hopper’s group have revealed that
yeast cells actively maintain nuclear-cytoplasmic shut-
tling of mature tRNAs. One essential but unsolved ques-
tion is the purpose for which yeast cells require such tRNA
shuttling activity, in other words, what the physiological
roles of the mature tRNAs in the nucleus specifically are.
As mentioned above, yeast cells import various kinds of
tRNA species from the cytoplasm into the nucleus under
various conditions. There are several possibilities that are
not mutually exclusive, and four of these are considered
here (Fig. 1).

One interesting but highly controversial possibility is that
nuclear tRNAs are utilized by translation in the nucleus.
Iborra et al. [34] reported that some level of translation
is detected in the mammalian nucleus, and suggested that
this level of translation is used for non-sense mediated
mRNA decay (NMD) to search premature termination
codons on mRNAs. In fact, some reports have claimed
that NMD is coupled with alternative splicing and that
certain aberrant mRNAs with premature termination co-
dons accumulate in the nucleus [35, 36]. There are trans-
lation-competent large and small ribosomal subunits (or
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Figure 1. Possible functions of mature tRNAs in the nucleus. A new
view of intracellular dynamics of tRNAs is schematically represen-
ted. Primary transcripts of tRNAs (upper left) become end-matured
in the nucleus, and are exported to the cytoplasm. After removal of
an intron (red) and the 2’-phosphate group (asterisk) at the splice
junction, the resulting mature tRNAs function in cytoplasmic bulk
translation. Mature tRNAs shuttle between the cytoplasm and the
nucleus. Four possible roles of nuclear tRNAs are summarized on
the left.

their late intermediates) in the nucleus, since the ribo-
somal subunits are assembled from RNA and protein
components in the nucleolus, supporting the possibility
of nuclear translation [37, 38]. On the other hand, many
translation factors, e.g. eIF4Al, eEF1A, eRF1, etc., are
excluded from the nucleus, and skepticism has been ex-
pressed about NMD driven by intranuclear translation
[28, 39]. Furthermore, in the case of S. cerevisiae, most
of the mRNA decay is carried out in the cytoplasm [40].
Nevertheless, very limited translation may occur in the
nucleus for quality control of certain mRNAs, or the ribo-
some itself [37]. If so, nuclear tRNAs might be used for
such activity.

The second possibility is that the nucleus is used as a res-
ervoir of tRNAs to control cytoplasmic bulk translation.
This has been proposed by Hopper’s group [23]. Since
amino acid deprivation, which activates nuclear import
of tRNAsS, results in a shortage of aminoacyl-tRNAs, sub-
strates for translation, it is reasonable for cells to seques-
ter uncharged tRNAs from the cytoplasm to maintain the
appropriate ratio of aminoacylated/deacylated tRNAs in
the cytoplasm. The supply of tRNAs is also regulated at
the transcriptional level by the TOR signaling pathway
according to nutrient conditions [41]. Cells may strictly
control the cytoplasmic amounts of aminoacylated tRNAs
through both transcription and nuclear-cytoplasmic trans-
port.

The third possibility is that tRNAs shuttle between the
nucleus and cytoplasm for the purpose of quality control.
Recently, degradation pathways for unstable or aberrant
tRNAs have been discovered. In particular, the poly(A)
polymerase-dependent nuclear exosomal pathway has
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become well characterized [42—46]. Accumulating evi-
dence supports the notion that unstable tRNAs are rec-
ognized by Trf4p/Trf5p-containing poly(A) polymerase
complexes specialized for RNA degradation, received a
poly(A) tail and then degraded by the nuclear exosome.
Another report has described a more rapid degrada-
tion pathway of hypo-modified tRNAs independent of
polyadenylation [47]. Of course, these surveillance sys-
tems act during the biogenesis of tRNAs to eliminate
mal-processed intermediates [43]. However, some of
aberrant tRNAs may escape from the initial screening
to reach the cytoplasm, and may be degraded after re-
import into the nucleus. Alternatively, since tRNAs are
rather long-lived RNA species, they may be susceptible
to undesired modification and/or partial degradation in
the cytoplasm. As mentioned above, at least certain kinds
of ‘wounded’ tRNAs, such as CCA-less tRNAs, are sub-
strates for nuclear import. From this point of view, the
rather non-selective import of tRNAs into the nucleus is
a sharp contrast to the selective export from the nucleus.
Just before tRNA export, ARSs in the nucleus hand over
only amino acylatable tRNAs to the export machineries
[18, 19, 30]. The nucleus may import various tRNAs spe-
cies in bulk, survey non-functional tRNAs to be repaired
or degraded, and then export only healthy tRNAs back to
the cytoplasm for translation.

The fourth possibility is that tRNAs act as messengers of
cytoplasmic information. It is known that there is some
relationship between general amino acid control and
tRNA transport. Yeast cells sense the amounts of amino
acids available for translation. If there are sufficient
amino acids in the surrounding environment, they repress
the production of enzymes required for amino acid bio-
synthesis [48]. The main regulator is Gen2p, which has a
protein-kinase activity specific for translation initiation
factor 2o and a deacylated tRNA-binding activity that
activates the kinase activity [49]. This phosphorylation
activates translation of Gendp, a general transcription
factor for amino acid biosynthetic pathways. Even in the
absence of Gen2p, yeast cells partially respond to amino
acid starvation, and this response is activated by perturba-
tion of tRNA export [50]. Another example is that Asp-
RS expression is down-regulated in a post-transcriptional
manner by an interaction between Asp-RS and its mRNA
[51]. The binding of Asp-RS to its mRNA results in deg-
radation of the mRNA in the nucleus. The cognate tRNA,
tRNA-Asp, competes with the mRNA for binding to Asp-
RS [52]. Since the level of nuclear tRNA-Asp is a key
factor for this regulation, this level needs to be correlated
to that in the cytoplasm. Nuclear import may contribute
to a monitoring of the tRNA status in the cytoplasm by
the nucleus. Or we may still miss the true explanation of
the physiological roles of nuclear tRNAs.
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Perspectives

The finding of tRNA import into the nucleus has revealed
amore precise view of the life of tRNAs. However, we are
far from a complete understanding, but are just in front of
many questions. The specific carrier(s) of tRNAs from the
cytoplasm to the nucleus remains unknown. How many
pathways are operating for this import in yeast? If there
is a Ran-independent but energy-dependent pathway, how
is this transport system energized? Is tRNA import com-
mon to other organisms? And what is the real role(s) of
mature tRNAs in the nucleus? Identification of the fac-
tors required for this novel nuclear transport is an urgent
task, and should provide important clues for unraveling
the physiological roles of nuclear tRNAs. Powerful yeast
genetics, including the isolation and analysis of nuclear
import mutants, will contribute toward opening the door
to the complete view of the life of tRNAs.
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