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Cytoplasmic tRNAs have recently been found to accumulate in the nucleus during amino acid starvation in yeast. The
mechanism and regulation by which tRNAs return to the nucleus are unclear. Here, we show accumulation of cytoplasmic
tRNA in the nucleus also occurs during glucose starvation. Nuclear accumulation of tRNA in response to acute glucose
or amino acid starvation is rapid, reversible, requires no new transcription, and is independent of the aminoacylation
status of tRNA. Gradual depletion of nutrients also results in the accrual of tRNA in the nucleus. Distinct signal
transduction pathways seem to be involved in the accumulation of cytoplasmic tRNA in the nucleus in response to amino
acid versus glucose starvation. These findings suggest tRNA nucleocytoplasmic distribution may play a role in gene
expression in response to nutritional stress.

INTRODUCTION

Export of newly transcribed tRNA from the nucleus to its
site of activity in the cytoplasm is an essential process, long
thought to be a unidirectional event. However, recent stud-
ies conducted with the Saccharomyces cerevisiae model system
demonstrated that mature tRNA from the cytoplasm can
accumulate in the nucleus in response to amino acid depri-
vation (Shaheen and Hopper, 2005) or when nuclear export
of tRNA is defective (Shaheen and Hopper, 2005; Takano et
al., 2005). The discovery of this phenomenon, referred to as
“retrograde tRNA nuclear import” has led to numerous
important questions concerning the significance, regulation,
and mechanism of the retrograde process.

One important question concerns whether nutrient avail-
ability, in general, governs the retrograde process. In addi-
tion to affecting tRNA localization, amino acid starvation
results in the repression of translation in yeast (Ashe et al.,
2000; Holmes et al., 2004). Translational repression also oc-
curs in response to glucose deprivation (Ashe et al., 2000).
The similar repression of protein synthesis due to both
amino acid and glucose deprivation led to the question,
Does cytoplasmic tRNA accumulate in nuclei in response to
glucose deprivation as well as to amino acid starvation?
Alternatively, because tRNAs are coupled to amino acids,
amino acid availability may uniquely affect tRNA cellular

localization. As such, uncharged tRNA, in particular, may
return to the nucleus under these conditions.

Another important question concerns the kinetics of cyto-
plasmic tRNA accumulation in the nucleus. If mature tRNA
remains in the cytoplasm until the intracellular pools of
nutrients are exhausted, then there may be a delay between
the withdrawal of extracellular nutrients and nuclear accu-
mulation of tRNA. Alternatively, the ability of the cell to
sense and signal the loss of extracellular nutrients may lead
to a rapid nuclear accrual of cytoplasmic tRNA, which in
turn could define a newly discovered means by which cells
control gene expression in response to nutrient availability.

The fate of cytoplasmic tRNA imported into the nucleus is
another unresolved issue. Translational repression in re-
sponse to glucose deprivation is coupled with the formation
and increase of cytoplasmic foci containing nontranslating
mRNAs called processing bodies (P-bodies) (Teixeira et al.,
2005). P-bodies contain mRNA decay factors, yet they also
seem to be sites of mRNA storage, because mRNAs can exit
P-bodies and act in translation if conditions improve
(Brengues et al., 2005). Similarly, tRNA may be recruited
from the cytoplasm, stored in the nucleus under unfavorable
nutrient conditions, and subsequently returned to the cyto-
plasm when conditions are favorable. Conversely, because
two distinct pathways have been identified that degrade hy-
pomodified tRNA species (Kadaba et al., 2004; Alexandrov et
al., 2006), one of which functions in the nucleus (Kadaba et al.,
2004), tRNA imported into the nucleus from the cytoplasm
may be subject to degradation.

The mechanism(s) and regulation of nuclear import of
cytoplasmic tRNA remains undefined. tRNA aminoacyla-
tion and the Ran pathway have been implicated in the
retrograde process. Because defects in tRNA 3� CCA forma-
tion prerequisite for aminoacylation or defects in aminoacy-
lation per se cause nuclear accumulation of cytoplasmic
tRNAs (Azad et al., 2001; Feng and Hopper, 2002; Shaheen
and Hopper, 2005) and because tRNAs can be aminoacy-
lated in the nucleus (Lund and Dahlberg, 1998; Sakar et al.,
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1999; Grosshans et al., 2000, Ko et al., 2000), the aminoacyla-
tion status of tRNA might provide a mechanism to regulate
the distribution of tRNA between the nucleus and the cyto-
plasm. The role of the Ran pathway is somewhat controver-
sial. Both Yoshihisa’s group and our laboratory demon-
strated that nuclear import of tRNA in yeast is an energy-
dependent process; however, we differ as to whether this
process is Ran dependent (Shaheen and Hopper, 2005;
Takano et al., 2005). Furthermore, it is not known whether
the import of cytoplasmic tRNA into the nucleus is consti-
tutive, regulated, or both. Finally, it is unknown whether
previously described signaling pathways that regulate pro-
tein synthesis in response to nutrient deprivation also func-
tion in the regulation to the tRNA retrograde process.

In this study, we begin to address several of the key
questions. In addition to amino acid starvation, we found
that cytoplasmic tRNA accumulates in the nucleus during
glucose deprivation. Furthermore, we demonstrate that nu-
clear accumulation of tRNA occurs during acute or gradual
starvation and that it is specific for loss of glucose as a
carbon source. Amassing of mature tRNA in the nucleus is
rapid, reversible, and independent of transcription. Con-
trary to predictions, we show that tRNA aminoacylation in
the nucleus is not sufficient for tRNA reexport to the cyto-
plasm. Finally, investigations of the involvement of possible
signal transduction pathways lead us to propose that amino
acid and glucose deprivation may signal the retrograde
process through separate pathways.

MATERIALS AND METHODS

Strains and Growth Conditions
The following yeast strains were used: BY4742 (MAT� his3�1 leu2� lys2�
ura3�), BY4741 (MATa his3�1 leu2� met15� ura3�), and reg1� (MAT� his3�1
leu2� lys2� ura3� reg1�) (Open Biosystems, Huntsville, AL) (Winzeler et al.,
1999); MS739 (MAT� ade2-101 leu2-3, 112 ura3-52 kar1-1; provided by M. Rose,
Princeton University); P2504 (MATa his3�1 leu2� met15� ura3� gcn2�; pro-
vided by Ralph L. Keil, Pennsylvania State College of Medicine, Hershey,
PA); and SP1 (MATa his3 leu2 ura3 trp1 ade8 can1) and RS13–58A-1 (MATa his3
leu2 ura3 trp1 ade8 tpk1w1 tpk2::HIS3 tpk3::TRP1 bcy1::LEU2; both provided by
David Engelberg, Hebrew University of Jerusalem, Jerusalem, Israel) (Cam-
eron et al., 1988). Strains were grown on either standard yeast extract/peptone
(YEP) or synthetic complete (SC) medium supplemented with 2% carbon
source as indicated previously (Guthrie and Fink, 1991). Amino acid starva-
tion experiments were performed with synthetic medium containing yeast
nitrogenous base/ammonium sulfate/2% glucose. Carbon starvation experi-
ments were performed with synthetic medium containing yeast nitrogenous
base/ammonium sulfate/amino acids. Thiolutin was used at a final concen-
tration of 5 �l/ml from a 1 mg/ml stock in dimethyl sulfoxide with 1 h
incubation. Rapamycin was used at a final concentration of 200 ng/ml from
a 1 mg/ml stock in 90% ethanol/10% Tween 20 with 1-h incubation.

Fluorescence In Situ Hybridization (FISH)
FISH was performed as described previously (Sarkar and Hopper, 1998) with
the following modifications. Cells were grown in defined medium at 23°C,
with prehybridization at 37°C, hybridization at 43.5°C, and 2� SSC washes
performed at 50°C. Published probes for monitoring tRNATyr and tRNAGlu-D

were used (Shaheen and Hopper, 2005). Probes were generated to monitor
tRNAi

Met (5� TCGGTTTCGATCCGAGGACATCAGGGTTATGAGCCCTG-
CGCGCTTCCACTGCGCCA) and tRNACAA

Leu (CTTGCATCTTACGATACCT-
GAGCTTG). Images were acquired using a Nikon Microphot-FX microscope
in conjunction with a SenSys charge-coupled device camera (Photometrics,
Tucson, AZ) and QED imaging software (QED Imaging, Pittsburgh, PA). For
growth curve FISH analysis, a Nikon Eclipse E1000 microscope was used in
conjunction with an Orca Extended Range charge-coupled device camera
(Hamamatsu, Bridgewater, NJ) for image capture and Image-Pro Plus soft-
ware, version 4.1 (Media Cybernetics, Silver Spring, MD). Experiments to
assess the subcellular distribution of tRNAi

Met and tRNACAA
Leu and the role of

the glucose derepression pathway used a Nikon 90i equipped with a Cool-
SNAP HQ2 digital camera, and MetaMorph software (Molecular Devices,
Sunnyvale, CA). Images were assembled using Photoshop 6.0 (Adobe Sys-
tems, San Jose CA).

Heterokaryon Assay
Heterokaryon analysis of tRNA retrograde movement was performed as
described previously (Shaheen and Hopper, 2005) by mating BY4741 with
MS739 (kar1-1) with modifications to the medium to monitor effects of glucose
starvation for 90 min.

RNA Isolation and Northern Blot Analysis
Nonaminoacylated tRNAs were extracted from log phase yeast cells by
phenol extraction (Hopper et al., 1980). RNAs were separated by electrophore-
sis on a 10% polyacrylamide, pH 8.0, 8 M urea gel. Aminoacylated tRNAs
were prepared from log phase yeast cells under acidic conditions (0.3 M
NaOAc, pH 4.5, and 10 mM EDTA) via glass bead lysis (Sarkar et al., 1999).
RNAs were separated by electrophoresis on a 10% polyacrylamide, pH 4.5, 8
M urea gel. RNAs were transferred onto Hybond N� membrane (GE Health-
care, Little Chalfont, Buckinghamshuire, United Kingdom) and hybridized
with appropriate antisense �-32P terminally labeled probes as described pre-
viously (Wang and Hopper, 1988). The probes for tRNAIle, tRNAe

Met, and
tRNATyr were as described previously (Sarkar and Hopper, 1998); the probe
for tRNACAA

Leu was the same as used for FISH analyses (see above).

RESULTS

Nuclear Import of tRNAs upon Glucose Starvation
Previously, we demonstrated that nuclear accumulation of
cytoplasmic mature tRNAs occurs during acute amino acid
deprivation (Shaheen and Hopper, 2005). To determine
whether this phenomenon is specific for amino acid depri-
vation or a general response to nutrient starvation, we as-
sessed the subcellular location of tRNA during glucose star-
vation. Yeast cells were grown in rich medium and shifted to
medium lacking glucose for 1 h, and tRNA localization was
determined by FISH analysis. Similar to the response to

Figure 1. Nuclear import of tRNA upon glucose starvation. (A)
BY4742 cells were grown in SC medium, collected, and resuspended
in SC (a), SC without amino acids (b), or SC without glucose (c) for
1 h. FISH analysis was performed by probing for tRNATyr. (B)
Heterokaryon zygotes were generated by mating BY4741 � tRNAGlu-D

and MS739 (kar1-1) in SC medium. Zygotes were incubated in SC (a)
or SC �glucose (b) for 90 min followed by FISH using probes
against tRNAGlu-D. 4,6-Diamidino-2-phenylindole (DAPI) staining
of DNA shows the location of the nucleus for the respective cells (A,
a�–c�; B, a� and b�).

tRNA Nuclear Accumulation and Starvation

Vol. 18, July 2007 2679



amino acid deprivation, tRNATyr accumulated in the nu-
cleus of cells deprived of glucose, whereas cells that re-
mained satiated had an even distribution of tRNATyr

throughout the entire cell (Figure 1A).
Nuclear accumulation of tRNA upon glucose depriva-

tion could be the result of defective export of newly
synthesized tRNA or the result of accumulation of tRNA
that previously resided in the cytoplasm. To distinguish
between these two possibilities, we used a modified het-
erokaryon assay in conjunction with FISH described pre-
viously (Shaheen and Hopper, 2005). Briefly, an exoge-
nous tRNAGlu-D gene from Dictostelium discodeum was
expressed from a centromere-containing plasmid in a
strain harboring the kar1-1 mutation that prevents nuclear
fusion in zygotes. This strain was then fused by mating to
a wild-type yeast strain and shifted to medium lacking
glucose for 90 min. The location of tRNAGlu-D was subse-
quently monitored via FISH. If glucose starvation results
in movement of cytoplasmic tRNA back into the nucleus,
we expected to detect tRNAGlu-D in both nuclei of the het-
erokaryon. However, if the nuclear accumulation of tRNA
upon glucose removal is a result of an export blockage of
newly synthesized tRNA, we expected to observe tRNAGlu-D

in only one of the nuclei (the nucleus expressing the tRNAGlu-D

gene). Our experiments show the former to be the case,
because tRNAGlu-D was observed in two nuclei in these
zygotes (Figure 1B). Therefore, cytoplasmic tRNA contrib-

utes to the nuclear pool of tRNA that accumulates during
glucose starvation.

Rapid and Reversible Response to Glucose Removal
Nuclear accumulation of cytoplasmic tRNA upon glucose
deprivation could be the end result of nutrient starvation or
it could function in preparing cells for nutrient deprivation.
For the former possibility, nuclear tRNA accumulation
would likely follow other responses to deprivation such as
inhibition of protein synthesis (Ashe et al., 2000) and forma-
tion of P-bodies (Teixeira et al., 2005). In the latter possibility,
tRNA nuclear accumulation would be expected to precede
or be concurrent with inhibition of protein synthesis and
P-body formation. To distinguish between these two possi-
bilities, we evaluated the rapidity of tRNA movement in
response to glucose availability. We found tRNAs to accu-
mulate in the nucleus within 10 min of glucose removal
(Figure 2Ab), rather concurrently with the reported re-
sponses for inhibition of protein synthesis and P-body for-
mation. Nuclear accumulation of tRNA in response to amino
acid starvation was also prompt (Figure 2Ad).

If the retrograde process is indeed a response to nutrient
availability, it might be reversible. To assess this, we rein-
troduced nutrients to cells that had been deprived of glucose
or amino acids for 10 min. We found that within 10 min of
refeeding the nuclear pools of tRNA were no longer detect-
able (Figure 2A, c and e), perhaps indicating that imported

Figure 2. Rapid and reversible tRNA nuclear
accumulation in response to nutrient availabil-
ity. (A) FISH analysis for tRNATyr of BY4742
cells grown in SC with or without the addition
of thiolutin for 1 h as indicated. Cells were
resuspended in SC (a and f), SC �glucose (b, c,
g, and h), or SC �amino acids (d, e, i, and j) for
10 min (no thiolutin). One half of the cultures
incubated in SC �glucose (c and h) or SC
�amino acids (e and j) were returned to SC for
10 min. Location of the nucleus as assessed by
DAPI staining (a�–j�). (B) Northern blot analy-
sis for tRNAIle of BY4742 cells treated with
thiolutin for 1 h (lane 2) then chased with SC
(lanes 3 and 4). White triangles, precursor
tRNAs; black triangle, mature tRNA.
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cytoplasmic tRNA redistributed to the cytoplasm after read-
dition of glucose or amino acids.

To confirm that the absence of a nuclear pool of tRNATyr

upon readdition of nutrients is caused by tRNA “reexport”
to the cytoplasm, we tracked the localization of only “old”
tRNA during nutrient starvation and replenishment by in-
hibiting new transcription of RNAs with thiolutin, an RNA
polymerase inhibitor (Herrick et al., 1990; Takano et al.,
2005). To assess whether thiolutin indeed inhibited RNA
synthesis, RNAs were extracted for Northern blot analysis
under conditions that mimic the 1-h incubation in the pres-
ence of thiolutin and 10- or 20-min incubation without thio-
lutin used for FISH. tRNAIle was monitored by Northern
blot analysis, because precursor forms of this tRNA were
more readily detectable than tRNATyr. Treatment with thio-
lutin did indeed halt synthesis of new tRNA as shown by the
absence of pre-tRNA species via Northern blot analysis (Fig-
ure 2B, lane 2). Yet, this treatment is not toxic, and it is
reversible as evidenced by the reappearance of newly syn-
thesized pre-tRNA within 20 min upon removal of thiolutin
(Figure 2B, lane 4).

We then located old tRNATyr in cells treated with thiolu-
tin. Cells grown in complete medium were treated with
thiolutin for 1 h followed by 10 min of starvation for either
amino acids or glucose (�thiolutin). Cells were then re-
turned to complete medium for 10 min (�thiolutin), and
tRNA localization was determined by FISH. FISH analysis of
cells treated with thiolutin exhibited the same tRNA nucleo-
cytosolic distributions as cells that did not receive treatment

(Figure 2A, third row). The data show that transcription of
tRNA, or RNA in general, is not required for the intracellu-
lar movement of tRNA in response to nutrient levels, sup-
porting the conclusion that the retrograde tRNA process is
rapid and reversible.

Aminoacylated and Deaminoacylated tRNAs Accumulate
in the Nucleus upon Nutrient Deprivation
We previously proposed that uncharged tRNA generated
during nutrient deprivation would move to the nucleus and
remain there until conditions permit nuclear tRNA amino-
acylation (Shaheen and Hopper, 2005). This hypothesis is
consistent with a recent report that in permeabilized verte-
brate cells only tRNA with defective 3� termini are imported
into nuclei (Zaitseva et al., 2006). To examine the in vivo
aminoacylation status of tRNA in response to amino acid or
glucose starvation, we extracted RNAs from acutely starved
cells and performed Northern blot analysis. RNAs were
isolated and analyzed at 4°C and pH 4.5 to stabilize the
tRNA-aminoacyl bond. The aminoacylation status differed
for various tRNA families. Our yeast strains are prototro-
phic for methionine and tyrosine, and we observed that
nearly all of the cognate elongator tRNAMet (tRNAe

Met) and
tRNATyr remained charged even after 1 h of amino acid
starvation (Figure 3A, lane 3). However, our strain is auxo-
trophic for leucine and we observe that the cognate tRNALeu

became mostly uncharged after starvation for amino acids
(Figure 3A, lane 3). Glucose deprivation did not result in the
accumulation of uncharged tRNA for any species of tRNA

Figure 3. Nuclear accumulation of mature
tRNA during starvation is independent of
tRNA charging. (A) tRNA was isolated at pH
8 from SC grown BY4742 cells (lane 1). Cells
grown in SC were also shifted to fresh SC, SC
lacking amino acids, or glucose for 1 h, and
tRNAs were isolated at pH 4.5 (lanes 2–4,
respectively). tRNAs were subjected to acid
gel Northern blot analysis, and they were
probed for various tRNAs as indicated. Black
triangles indicate aminoacylated tRNAs, and
white triangles indicate nonaminoacylated
tRNAs. (B) FISH analysis for tRNALeu,
tRNAe

Met, and tRNAi
Met of BY4741 cells shifted

to fresh SC, SC lacking amino acids, or glucose
for 1 h.
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examined (Figure 3A, lane 4). Regardless of the aminoacy-
lation status, FISH revealed that both uncharged (tRNALeu)
and charged (tRNAe

Met) tRNA species accumulate in the
nucleus during amino acid and glucose starvation (Figure
3B, a–f). Moreover, both initiator (tRNAi

Met) and elongator
species of tRNA (tRNAe

Met and tRNALeu) accumulate in the
nucleus during amino acid or glucose starvation (Figure 3B,
g and h). Although we are unable to decipher whether
tRNAs are aminoacylated at the time of nuclear import,
these results indicate that aminoacylation of tRNA is not
sufficient for tRNA nuclear reexport. Also, we do not ob-
serve tRNA degradation products by Northern blot analysis
(Figure 3A), because the levels of mature tRNAs are similar
comparing starved versus fed cells. This suggests that
tRNAs are not rapidly degraded after accumulating in the
nucleus during acute starvation.

Nuclear Accumulation of tRNA Occurs during Gradual
Nutrient Depletion
The previous experiments examined the localization of
tRNA upon an acute loss of nutrients. We were also inter-
ested in whether the phenomenon of tRNA nuclear accumu-
lation occurred during gradual nutrient deprivation. To test
this, we examined the localization of tRNA in cells at various
stages of a culture growth curve. We observed that cells in
early- to mid-log phase of growth (OD600 0.4 and 0.7) have
an even distribution of tRNA throughout the cell (Figure 4,
a and b). However, as cell density increased there was a
gradual increase in the nuclear accumulation of tRNA be-
ginning around OD 1.0 (Figure 4c) that became more prom-
inent as the culture entered late-log phase and near-station-
ary phase (Figure 4, d–g). Surprisingly, cells in extended
stationary phase (OD600 10) no longer exhibited nuclear
accumulation of tRNA, but rather had a cellular distribution

of tRNA that resembles early-log phase cells (Figure 4h).
Thus, tRNA nuclear accumulation occurs in response to
both acute and gradual nutrient deprivation. However, cells
under chronic starvation no longer accumulate tRNA in the
nucleus. Possible explanations for this observation will be
addressed (see Discussion).

tRNA Nuclear Accumulation upon Carbon Starvation Is
Specific for Glucose
To determine whether nuclear accumulation of mature
tRNA was the result of decreasing rates of metabolism or
sensing the loss of particular nutrients, we examined what
effect sudden changes in carbon source may have on tRNA
localization. Cells grown in medium with glucose as the sole
carbon source were shifted to medium containing either
galactose or glycerol as the carbon source for 30 min. This
sudden switch of carbon source led to nuclear accumulation
of tRNA comparable to that exhibited with acute removal of
all sugar (Figure 5A). However, when cells grown in galac-
tose-containing medium were shifted to glucose-containing
medium or medium lacking any carbon source for 30 min,
there was no nuclear accumulation of tRNA (Figure 5B).
Similarly, cells grown on glycerol did not accumulate tRNA
in the nucleus in response to carbon withdrawal (Supple-
mental Figure S1). To rule out the possibility that cells
grown in media with galactose as the carbon source are
delayed in responding to carbon starvation, we shifted these
cells to medium lacking sugar for 2 or 4 h. Once again, no
nuclear accumulation of tRNA was observed (data not
shown). Together, these results highlight the uniqueness of
glucose as a carbon source, and they suggest that sensing the
absence of glucose, not a general loss of extracellular carbon,
specifically triggers tRNA nuclear accumulation. The data
also suggest that glucose-derepressed cells fail to alter tRNA
cellular distribution in response to carbon starvation.

The main glucose repression/derepression pathway con-
trols the expression of a number of genes involved in the
metabolism of alternative carbon sources when glucose is
lacking. The Snf1 protein kinase complex becomes activated
in the absence of glucose and facilitates glucose derepression
through inhibition of transcriptional repressors and modu-
lation of a transcriptional activator (Lesage et al., 1996). Reg1
maintains the Snf1 protein kinase in its inactive form; there-
fore, reg1� results in constitutive glucose derepression (Tu
and Carlson, 1995). To further examine whether tRNA lo-
calization remains unchanged during starvation in dere-
pressed cells, we subjected a reg1� mutant strain to amino
acid and glucose starvation. FISH analysis revealed that in
contrast to wild-type cells, tRNATyr did not accumulate in
the nucleus in response to amino acid or glucose starvation
in reg1� cells (Figure 5C). This result is consistent with the
data described above that glucose-derepressed cells are un-
affected by loss of carbon.

Nutrient Signaling Pathways and tRNA Nuclear
Accumulation
Due to the rapidity and reversibility of tRNA nuclear accu-
mulation in response to changes in nutrient availability, we
hypothesized that the regulation of the tRNA retrograde
pathway was likely controlled via a signal transduction
pathway(s). We focused our search on known signal trans-
duction pathways that respond to either glucose or amino
acid availability.

The cyclic AMP-dependent protein kinase or protein ki-
nase A (PKA) pathway is particularly sensitive to glucose or
sucrose, and it plays major roles in a variety of cellular
processes, including regulating metabolism, proliferation,

Figure 4. FISH analysis showing tRNATyr localization at various
stages of cell growth. BY4742 cells were grown in YEPD to various
densities as indicated by OD600 (OD) units followed by FISH prob-
ing against tRNATyr (a–h).
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and stress response (Thevelein and de Winde, 1999). Nitro-
gen or amino acids have also been implicated in signaling
through the PKA pathway (Klein and Struhl, 1994; Griffioen
and Thevelein, 2002). In yeast, three genes (TPK1, TPK2, and
TPK3) encode the PKA catalytic subunit with BCY1 encod-
ing the regulatory subunit (Toda et al., 1987a,b). Although
similar, these three catalytic subunits have largely distinct
specificities (Robertson et al., 2000; Ptacek et al., 2005). Using
the tpk1w1 (tpk1w1 tpk2� tpk3� bcy1�) strain (Cameron et al.,
1988), which has constitutive low PKA activity, we analyzed
tRNA cellular localization during amino acid or glucose
starvation. Not only did we observe even distribution of
tRNA in satiated tpk1w1 cells but also tRNA did not accu-
mulate in the nucleus after amino acid or glucose starvation
as it does in the parent strain (Figure 6, e and f). One possible
interpretation for this result is that the PKA pathway is
required for signaling tRNA nuclear accumulation when
amino acids or glucose become unavailable. Alternatively, it
is possible that tpk1w1 cells are resistant to acute nutrient
starvation because they exist as if in a chronic state of
starvation similar to stationary phase and therefore, are
impervious to further nutritional stress (see Discussion).

Starvation for amino acids has been shown to inhibit
translation initiation through the activation of the kinase
Gcn2 (Tzamarias et al., 1989; Dever et al., 1992; Hinnebusch,
1993). Activation of Gcn2 requires the binding of uncharged
tRNA, and it results in the induction of the general amino
acid control pathway (Wek et al., 1995; Dong et al., 2000; Qiu

Figure 5. Nuclear accumulation of tRNATyr is specific
for loss of glucose. (A) FISH analysis of BY4742 cells
grown in SC (glucose) (a) and then shifted to SC con-
taining galactose (b) or glycerol (c) as a carbon source
for 30 min. (B) FISH analysis of BY4742 cells grown in
SC galactose (a) shifted to SC without sugar (b) for 30
min. (C) FISH analysis of BY4742 (WT) and reg1� cells.
Cells were grown in SC and shifted to SC, SC �amino
acids, or SC �glucose for 1 h.

Figure 6. The PKA pathway is required for nuclear accumulation
of tRNA in response to amino acid or glucose starvation. FISH
analysis for tRNATyr of a wild-type strain (SP1 [WT]) and RS13-
58A-1 [tpk1w1 tpk2� tpk3� bcy1�]. Cells were grown in SC and
shifted to SC, SC �amino acids, or SC �glucose for 30 min.
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et al., 2001). However, because FISH analysis with a gcn2�
mutant revealed that these cells respond to loss of nutrients
(amino acid or glucose) identically to wild-type cells (Figure
7A, e and f), Gcn2 is not required for nuclear import of tRNA
in response to amino acid or glucose removal.

The target of rapamycin (TOR) kinase responds to nutri-
ent availability by inhibiting starvation-specific gene expres-
sion. TOR has been shown to be activated by nitrogen or
carbon sources in yeast, and it is responsive to amino acids
in mammalian cells (Crespo and Hall, 2002; Inoki et al.,
2005). The mechanism by which TOR senses changes in
nutrient availability remains poorly understood. Treatment
with rapamycin inactivates TOR, inhibits protein synthesis,
and is thought to mimic starvation (Barbet et al., 1996). We
treated yeast cells with rapamycin for 1 h, and then we
assessed cellular localization of tRNA by FISH. Surprisingly,
treatment of fully fed cells with rapamycin did not mimic
amino acid starvation with regard to tRNA nuclear accumu-
lation, because tRNA remained evenly distributed through-
out the cell (Figure 7Bd). However, treatment with rapamy-
cin rendered cells unresponsive to amino acid starvation by
our assay, given that tRNA did not accumulate in the nu-
cleus (Figure 7Be). In contrast, treatment with rapamycin
did not prevent nuclear accumulation of tRNA upon glucose
starvation (Figure 7Bf). The results suggest that although
inhibition of TOR with rapamycin does not cause nuclear
accumulation of tRNA, TOR is required for signaling nu-
clear accretion of tRNA during acute amino acid starvation.
Furthermore, the data indicate that there are distinct signal
transduction pathways for prompting tRNA accumulation
in the nucleus in response to amino acid versus glucose
deprivation.

DISCUSSION

Nuclear accumulation of mature cytoplasmic tRNAs is not
restricted to amino acid deprivation (Shaheen and Hopper,
2005), because we showed that accumulation of cytoplasmic
tRNA also occurs after removal of glucose. We demon-
strated that accumulation of tRNA in the nucleus upon
sudden removal of amino acids or glucose occurs rapidly
and that it is reversible when nutrients are restored. Neither
tRNA nuclear accumulation nor reexport of tRNA to the
cytoplasm requires transcription. Furthermore, tRNA that
enters the nucleus is not immediately degraded. The data

support a model whereby cytoplasmic tRNA is recruited
into the nucleus during starvation for either storage or se-
questration from the cellular translational machinery, but it
may return to the cytoplasm once conditions improve.

Surprisingly, nuclear accumulation of cytoplasmic tRNA
during starvation seems to be independent of the aminoacy-
lation status of tRNA. No tRNA species we tested became
deacylated upon glucose deprivation. For amino acid depri-
vation of the tRNAs tested, only tRNALeu became largely
deaminoacylated, likely because our yeast strain is auxotro-
phic for leucine. We cannot rule out the possibility that only
uncharged tRNAs are able to reenter the nucleus, because
tRNA may become charged while in the nucleus (Sarkar et
al., 1999; Grosshans et al., 2000; Ko et al., 2000; Azad et al.,
2001). At the very least, we are able to conclude that both
charged and uncharged tRNAs accumulate in the nucleus
during amino acid or glucose starvation. Previous studies
have found that aminoacylation of tRNA is important for
nuclear export (Lund and Dahlberg, 1998; Sarkar et al., 1999;
Azad et al., 2001). However, the data presented here indicate
that the tRNA aminoacylation alone is not sufficient for
nuclear reexport of imported tRNAs.

Nuclear import of tRNA during starvation may play a role
in regulation of translation. Previous studies showed that
acute starvation for amino acids or glucose led to rapid
inhibition of translation initiation (Tzamarias et al., 1989;
Ashe et al., 2000). In glucose withdrawal, the effect on trans-
lation is also rapidly reversible with the readdition of glu-
cose (Ashe et al., 2000). The mechanism by which glucose
availability affects translation is not yet known. It is possible
that reducing tRNA pools from the cytoplasm may be part
of this translational regulation. Our studies show that both
initiator tRNAMet and elongator tRNAs amass in the nucleus
during nutrient deprivation. However, inhibition of transla-
tion initiation is not always accompanied by nuclear accu-
mulation of tRNA. Previous studies revealed that cells
grown on galactose shifted to medium lacking a carbon
source exhibit inhibition of translation initiation (Ashe et al.,
2000). In contrast, when we shifted cells grown on galactose
to medium lacking carbon, tRNA did not accumulate in the
nucleus even after 4 h of starvation. Likewise, our studies of
the pathways that may signal the tRNA retrograde process
reinforce the conclusion that there is not a strict correlation
between efficiency of protein translation and tRNA subcel-
lular distribution. Although tpk1w1 cells maintained tRNA in

Figure 7. TOR kinase activity is necessary for
nuclear accumulation of tRNA during amino
acid starvation specifically, whereas activation
of the general amino acid control is not. (A)
FISH analysis for tRNATyr of BY4741 (WT)
and gcn2� (P2504) cells shifted to fresh SC, SC
�amino acids, or SC �glucose for 1 h. (B)
FISH analysis for tRNATyr of BY4742 cells
grown in SC with or without the addition of
rapamycin for 1 h as indicated. Cells were
then transferred to SC, SC �amino acids, or
SC �glucose, in the presence of rapamycin
where indicated (d–f), for 30 min.
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the cytoplasm during starvation, the same correlation was
not obtained for gcn2� cells. gcn2� cells are resistant to
inhibition of translation initiation caused by severe amino
acid starvation (Holmes et al., 2004), but they still accumu-
late tRNA in the nucleus under this condition. Therefore, it
seems that sequestering significant amounts of tRNA in the
nucleus does not necessarily cause global inhibition of trans-
lation. Nevertheless, nuclear accumulation of tRNA in re-
sponse to starvation may play an as yet unidentified role for
specific gene regulation.

Intriguingly, tRNAs are not the only RNA species that
relocate during nutritional stress. Nontranslating mRNAs
are rapidly recruited into cytoplasmic foci called P-bodies
during acute glucose removal (Teixeira et al., 2005). Al-
though P-bodies possess mRNA decay factors, mRNAs that
enter P-bodies may be quickly released and translated when
nutrients are restored (Brengues et al., 2005). Striking simi-
larities also exist between the appearance of P-bodies and
nuclear accumulation of tRNA during gradual nutrient de-
pletion. P-bodies increase in size and number as cell densi-
ties increase (Teixeira et al., 2005) at approximately the same
stages of growth as tRNA becomes increasingly nuclear.
Thus, it seems as though there may be a correlation between
the regulation of P-body formation and nuclear accumula-
tion of tRNA.

We attempted to identify the particular signal transduc-
tion pathway required for nuclear accumulation of tRNA in
response to amino acid or glucose deprivation by examining
known nutrient-sensitive signaling pathways. Alterations of
two glucose-sensitive signal transduction pathways inter-
fered with nuclear accumulation of tRNA in response to
amino acid or glucose starvation. Diminished PKA activity
or constitutive activation of Snf1 rendered cells unrespon-
sive to starvation as the cellular localization of tRNA re-
mained unchanged. Alterations of these two pathways were
previously reported to result in resistance to the inhibition of
translation initiation normally observed upon glucose re-
moval (Ashe et al., 2000). Whether either pathway is directly
involved in the nuclear import of tRNA requires further
study.

Alternatively, mutations in the PKA or Snf1 pathways
may indirectly affect the nuclear accumulation of tRNA dur-
ing starvation. The tpk1w1 mutant used in our studies exhib-
its a “low PKA” phenotype. This is characterized by several
typical manifestations of stationary phase cells including
accumulation of trehalose and glycogen, expression of stress
responsive element-controlled genes, and high resistance to
stress (Thevelein and de Winde, 1999). We propose that
because the tpk1w1 mutant exists as if in chronic stationary
phase, that it has already activated stress responses and is
therefore impervious to actual nutritional stress. Consistent
with this hypothesis is our finding that cells in stationary
phase do not accumulation tRNA in nuclei. Stationary phase
cells are generally glucose-derepressed because the last car-
bon sources used are ethanol and acetate after the diauxic
shift. Additionally, we showed that glucose-derepressed
cells grown on galactose or glycerol are impervious to the
withdrawal of carbon from the medium by our tRNA local-
ization assay. Constitutively derepressed reg1� cells behave
similarly.

Although mutations in the PKA or Snf1 pathways affect
the nuclear accumulation of tRNA in response to both amino
acid and glucose starvation, inhibition of the TOR kinase
pathway specifically inhibits amino acid starvation from
signaling this response. Inactivation of the TOR kinase with
rapamycin did not result in the nuclear accumulation of
tRNA as expected, but it rendered cells impervious to the

withdrawal of amino acids from the medium. Rapamycin-
treated cells were still responsive to the loss of glucose by
our assay. These results suggest that inhibiting TOR with
rapamycin does not genuinely mimic the effect of amino acid
starvation on tRNA localization and that TOR kinase activity
is required for the signaling of tRNA to the nucleus in the
absence amino acids. Furthermore, these results suggest that
there are distinct pathways for triggering nuclear accumu-
lation of tRNA depending on which nutrient is lacking.
However, we speculate that ultimately these pathways op-
erate via a shared mechanism for tRNA retrograde accumu-
lation, because a possible tRNA nuclear importer, impor-
tin-� family member Mtr10, has been found to be required
for nuclear accumulation of tRNA in response to amino acid
(Shaheen and Hopper, 2005) and glucose deprivation (our
unpublished data).

That nuclear accumulation of tRNA from the cytoplasm to
the nucleus is rapid, reversible, and independent of new
transcription in response to nutrient levels points to the
exciting possibility that tRNA nucleocytoplasmic distribu-
tion plays a role in gene expression in response to nutritional
stress. Further research is needed to understand the signal-
ing processes that control the localization of tRNA. Addi-
tionally, our results open questions regarding the mecha-
nism by which tRNA enters and exits the nucleus according
to nutrient availability as well as whether other environmen-
tal stresses might also cause tRNA nuclear accumulation.
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