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ABSTRACT

The nuclear-cytoplasmic distribution of tRNA depends on the balance between tRNA nuclear export/re-export and retrograde
tRNA nuclear import in Saccharomyces cerevisiae. The distribution of tRNA is sensitive to nutrient availability as cells deprived
of various nutrients exhibit tRNA nuclear accumulation. Starvation induces numerous events that result in translational
repression and P-body formation. This study investigated the possible coordination of these responses with tRNA nuclear-
cytoplasmic distribution. Dhh1 and Pat1 function in parallel to promote translation repression and P-body formation in response
to starvation. Loss of both, Dhh1 and Pat1, results in a failure to repress translation and to induce P-body formation in response
to glucose starvation. This study reports that nutrient deprived dhh1 pat1 cells also fail to accumulate tRNA within nuclei.
Conversely, inhibition of translation initiation and induction of P-body formation by overproduction of Dhh1 or Pat1 cause
tRNA nuclear accumulation in nutrient-replete conditions. Also, loss of the mRNA decapping activator, Lsm1, causes tRNA
nuclear accumulation. However, the coordination between P-body formation, translation repression, and tRNA distribution
is limited to the early part of the P-body formation/translation repression pathway as loss of mRNA decapping or 59 to
39 degradation does not influence tRNA nuclear-cytoplasmic dynamics. The data provide the first link between P-body
formation/translation initiation and tRNA nuclear-cytoplasmic dynamics. The current model is that Dhh1 and Pat1 function in
parallel to promote starvation-induced tRNA nuclear accumulation.
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INTRODUCTION

tRNA, which are transcribed in the nucleus, must be
exported to the cytoplasm in order to perform the essential
function of transferring amino acids to the growing peptide
chain during protein synthesis. Surprisingly, studies have
demonstrated that tRNA transit from the cytoplasm into
the nucleus (Shaheen and Hopper 2005; Takano et al. 2005).
The imported tRNA can be re-exported to the cytoplasm
(Whitney et al. 2007). However, the normal cellular func-
tion(s) for tRNA nuclear import/re-export is not yet known.
Shuttling mature tRNA in and out of the nucleus appears to
be a conserved process as it has been shown to occur in yeast
(Shaheen and Hopper 2005; Takano et al. 2005; Whitney et al.
2007), rat hepatoma (Shaheen et al. 2007), and HeLa cells
(Zaitseva et al. 2006). Additionally, it has been proposed that

HIV has usurped tRNA nuclear import pathway(s) as one
means of allowing entry of retrotranscribed complexes into
nuclei of nondividing vertebrate cells (Zaitseva et al. 2006).

tRNA nuclear-cytoplasmic transit appears to be dynam-
ically regulated as cells exhibit tRNA nuclear accumulation
when acutely deprived of amino acids (Sarkar et al. 1999;
Grosshans et al. 2000; Shaheen and Hopper 2005), glucose
(Whitney et al. 2007), or phosphate (Hurto et al. 2007), in
contrast to cells grown in nutrient-rich conditions that ex-
hibit an even distribution of tRNA throughout the nucleus
and cytoplasm. Recent data have shown that tRNA tran-
sit into the nucleus is a constitutive process (Murthi et al.
2010). Therefore, the rates of primary export, re-export,
and import of tRNA are likely balanced by regulatory
pathways that result in the even distribution or nuclear
accumulation of tRNA. While conditions that induce tRNA
nuclear accumulation (e.g., starvation) or a return to an
even cellular distribution (e.g., re-feeding) have been iden-
tified, the mechanisms for the regulation of tRNA nuclear-
cytoplasmic distribution remain unclear.

The current model of tRNA nuclear-cytoplasmic dynam-
ics involves three movements: primary nuclear export of
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newly transcribed pre-tRNA, retrograde transport (nuclear
import) of mature tRNA from the cytoplasm to the nu-
cleus, and re-export of previously imported tRNA back to
the cytoplasm (for review, see Phizicky and Hopper 2010).
The budding yeast, Saccharomyces cerevisiae, is well suited
to study these processes because primary export can be
easily distinguished from re-export in these cells. The
characteristic of S. cerevisiae that allows one to distinguish
primary export and re-export is the mitochondrial location
of the tRNA splicing endonuclease complex (Yoshihisa
et al. 2003). This complex, which removes the intron from
newly transcribed end-processed pre-tRNA, is located on
the cytoplasmic surface of mitochondria (Yoshihisa et al.
2003, 2007). Thus, if there is a defect in primary tRNA
export, end-processed intron-containing pre-tRNA will
accumulate because the nuclear tRNA are unable to ac-
cess the mitochondrially located splicing complex. In con-
trast, a defect in re-export does not cause accumulation of
intron-containing pre-tRNA, because the imported tRNA
have already been spliced.

Los1 exports tRNA from the nucleus to the cytoplasm
in S. cerevisiae (Hopper et al. 1980; Hellmuth et al. 1998;
Sarkar and Hopper 1998). The role of Los1 in tRNA export
is conserved in many, but not all, organisms. Xpo-t, the
Los1 vertebrate homolog, efficiently binds end-processed,
intron-containing pre-tRNA and mature tRNA (Arts et al.
1998b; Lipowsky et al. 1999; Cook et al. 2009). Orthologs
of Los1 in plants (PAUSED) (Hunter et al. 2003) and
vertebrates (Xpo-t) (Arts et al. 1998a; Kutay et al. 1998)
participate in tRNA nuclear export. Deletion of LOS1
causes increased nuclear pools of tRNA, observed by
fluorescence in situ hybridization (FISH), and accumula-
tion of intron-containing pre-tRNA observed by Northern
analysis. It is the only nuclear export protein known to
participate in the primary tRNA export pathway that
transports intron-containing pre-tRNA to the cytoplasm
(Murthi et al. 2010). As Los1 is unessential, in yeast, at least
one additional nuclear exporter of intron-containing pre-
tRNA must exist. Recently, Los1 has been shown to
participate in the re-export of mature tRNA, in S. cerevisiae,
in addition to primary tRNA export (Murthi et al. 2010).

Re-export of previously imported mature tRNA to the
cytoplasm is also mediated by Msn5. The mamallian
(Exp5) and Drosophila (dmExp5) orthologs of Msn5 have
also been implicated in tRNA transport (Bohnsack et al.
2002; Calado et al. 2002; Shibata et al. 2006). Defects in
tRNA re-export can be monitored by genetic and bio-
chemical means. Similar to primary export defects, cells
containing a mutation causing the re-export defect should
exhibit nuclear accumulation of spliced tRNA; however,
this accumulation is dependent on tRNA nuclear import.
Loss of MSN5 causes import-dependent tRNA nuclear ac-
cumulation without causing an increase in the steady state
levels of intron-containing pre-tRNA. Therefore, Msn5
participates in the tRNA re-export pathway, but not

primary tRNA export (Eswara et al. 2009; Murthi et al.
2010). As msn5D los1D double mutant cells are viable, one
or more additional tRNA re-export pathways may exist
(Takano et al. 2005; Murthi et al. 2010).

Mtr10, the S.cerevisiae homolog of the vertebrate TRN-
SR2, is required for nuclear accumulation of previously
cytoplasmic, mature tRNA as mtr10D cells fail to exhibit
starvation-induced tRNA nuclear accumulation (Shaheen
and Hopper 2005). Although this lack of accumulation
could be due to a defect in nuclear retention of tRNA, the
genetic data argue that a failure to import is the more likely
mechanism (Murthi et al. 2010). If Mtr10 participates in
tRNA nuclear import, then it would be expected that loss
of import (mtr10D) would reduce or eliminate the tRNA
nuclear accumulation resulting from a re-export defect.
As mtr10D msn5D and mtr10D los1D cells fail to exhibit
tRNA nuclear accumulation, regardless of nutritional
status, Mtr10 is likely to directly or indirectly mediate tRNA
nuclear import (Murthi et al. 2010). Consistent with this
model, mtr10D los1D cells have a tRNA splicing defect
similar to los1D cells (Murthi et al. 2010). As Mtr10 has
been shown to import proteins such as Npl3 into the nu-
cleus (Pemberton et al. 1997) and lacks obvious RNA bind-
ing motifs, Mtr10 may import tRNA into the nucleus via an
adapter protein. Retrograde transport of tRNA provides a
mechanism by which spliced tRNA accumulates in nuclei.

Previous and current studies are directed at determining
the mechanism(s) that regulates the distribution of tRNA
between the nucleus and cytoplasm. Nuclear accumulation
of tRNA in response to acute amino acid and glucose
starvation is rapid (z15 min) and reversible (Whitney et al.
2007). Starvation-induced tRNA nuclear accumulation is
not due to inhibition of primary tRNA export as intron-
containing pre-tRNA fail to accumulate and transcription
is not required (Whitney et al. 2007). Moreover, it is de-
pendent on retrograde movement of tRNA as mtr10D cells
exhibit an even distribution of tRNA regardless of nutri-
tional status. Therefore, the starvation-induced tRNA nu-
clear accumulation is the result of decreased re-export,
increased import, or a combination of both.

As tRNA nuclear accumulation occurs in response to
starvation, other nutrient responsive pathways were evalu-
ated to determine if they influence tRNA nuclear-cytoplas-
mic distribution. Previous studies revealed that tRNA nu-
clear accumulation is independent of the general amino
acid control pathway as gcn2D (eIF2 kinase) cells are not
blocked for starvation-induced tRNA nuclear accumulation
(Whitney et al. 2007). TOR has an undefined role in tRNA
nuclear-cytoplasmic dynamics. Treatment of cells with rapa-
mycin causes phenotypes associated with starvation (Barbet
et al. 1996). However, rapamycin treatment failed to cause
the tRNA nuclear accumulation that was expected under this
pseudostarvation condition (Whitney et al. 2007). Two
additional pathways that have been examined are PKA,
using the low, but constitutively active mutant, tpkw1 tpk2D
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tpk3D bcy1D, and the glucose derepression pathway using a
reg1D strain, which is constitutively derepressed. These
strains are not only defective for PKA signaling and glucose
repression, respectively, but exist in a constitutively stressed
state. These strains are blocked for starvation-induced tRNA
nuclear accumulation. However, the lack of tRNA nuclear
accumulation in these strains may be due to their inability to
experience acute starvation signaling (Whitney et al. 2007).
The previous cumulative data do not provide a model for
starvation-induced tRNA nuclear accumulation.

In order to gain additional insight into the regulation of
tRNA nuclear-cytoplasmic distribution, other cellular pro-
cesses that have rapid and reversible responses to acute
nutrient deprivation were examined. Similar to tRNA sub-
cellular dynamics, P-body formation and translational re-
pression are conserved processes that occur within 10–15
min in response to starvation and can be reversed by the
addition of the missing nutrient (Brengues et al. 2005). The
number and size of P-bodies (mRNP aggregates) increase
rapidly in response to acute glucose starvation. P-bodies
contain many proteins involved in mRNA decay including
Dhh1 (Rck/p54/DDX6), Pat1 (PatL1/Pat1b/HPat), Edc1-3,
Lsm1-7, Dcp1, Dcp2, and Xrn1/Kem1 (Buchan and Parker
2009). Interestingly, Dhh1 and Xrn1 are shared with other
mRNP aggregates, such as stress granules (Buchan and
Parker 2009). Although P-body formation is very compli-
cated and in the process of being fully described, loss-of-
function mutants and overexpression of some proteins
have been identified that block starvation-induced P-body
formation or cause increased P-body formation indepen-
dent of nutritional status. Many of these mutants and over-
expressed gene products also influence translation.

As nutrient deprivation induces numerous signaling
events, including translational repression and P-body for-
mation, it is possible that tRNA nuclear accumulation
may be coordinated with these processes. The nutrient-
responsive translational repressors and decapping activators,
Dhh1 and Pat1, function in parallel to promote starvation-
induced increases in P-body formation and decreases in
translation (Coller and Parker 2005). This study reports
that either Dhh1 or Pat1 is required for starvation-induced
tRNA nuclear accumulation as the double mutant, dhh1D

pat1D, fails to exhibit tRNA nuclear accumulation when
deprived of amino acids or glucose. Conversely, overex-
pression of either Dhh1 or Pat1 causes tRNA nuclear ac-
cumulation in cells that are provided with all necessary
nutrients. Loss of another P-body component, Lsm1
(lsm1D), results in increased P-body formation (Sheth
and Parker 2003), as well as tRNA nuclear accumulation.
In contrast, loss of decapping activity or 59 to 39 exonu-
clease activity (xrn1D) did not influence tRNA nuclear-
cytoplasmic dynamics. Cumulatively, the data indicate that
Dhh1 and Pat1 function in parallel to promote nutrient
responsive P-body formation and tRNA nuclear accu-
mulation. The data also indicate that there may be an

additional undescribed pathway, which is Pat1/Dhh1 in-
dependent, which contributes to the tRNA nuclear accu-
mulation observed when translation initiation is disrupted.
This work provides the first evidence that P-body forma-
tion and translation initiation are coordinated with tRNA
nuclear-cytoplasmic distribution.

RESULTS

Dhh1 and Pat1 regulate tRNA nuclear-cytoplasmic
distribution

P-body formation/translation repression and tRNA nu-
clear-cytoplasmic redistribution are responses to nutrient
deprivation. Two main approaches were utilized to evaluate
whether starvation-induced P-body formation and trans-
lation repression are coordinated with starvation-induced
tRNA nuclear accumulation. The first approach was to
block increases in P-body formation and decreases in
translation observed during nutrient deprivation and then
determine the distribution of tRNA between the nucleus
and the cytoplasm. The second approach was to induce
P-body formation and/or translation repression and then
determine the cellular distribution of tRNA. In pursuing
the first approach, tRNA subcellular dynamics were eval-
uated in dhh1D, pat1D, and dhh1D pat1D double mutant
yeast strains.

Dhh1 is an mRNA decapping activator and starvation-
induced translation repressor that inhibits 48S formation
(Coller and Parker 2005). Pat1 is a starvation-induced
translation repressor that limits 48S production and a de-
capping activator that directly stimulates the mRNA de-
capping activity of the Dcp1/Dcp2 complex (Nissan et al.
2010). Dcp1/Dcp2 is the complex that removes 59 methyl
caps from deadenylated mRNAs. Dhh1 and Pat1 function
in parallel to repress translation in response to glucose or
amino acid starvation (Holmes et al. 2004; Coller and
Parker 2005), and to induce P-body formation in response
to glucose starvation (Coller and Parker 2005). The dis-
tributions of P-body components are generally not studied
under conditions of amino acid deprivation. Strains lacking
either DHH1 or PAT1 have defects in mRNA decapping
and small reductions in starvation-induced P-body forma-
tion and translation repression. The dhh1 pat1 double
mutant neither forms P-bodies during glucose deprivation
nor represses translation when deprived of amino acids or
glucose (Coller and Parker 2005).

The subcellular distribution of tRNA in strains lacking
DHH1 and/or PAT1 was determined using FISH. As acute
deprivation of either amino acids or glucose induces tRNA
nuclear accumulation in wild-type cells, all of the strains
were evaluated under fed, amino acid deprived, and glucose
deprived conditions (Fig. 1A). As expected, wild-type cells
grown in nutrient-rich conditions exhibited an even dis-
tribution of tRNA throughout the cells (Fig. 1A, row 1).
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Also, as anticipated, dhh1D, pat1D, and dhh1D pat1D cells
grown in nutrient-rich conditions exhibited an even distri-
bution of tRNA throughout the cells (Fig. 1A, rows 4,7,10).
As previously shown, wild-type cells undergoing amino acid
(Sarkar et al. 1999; Grosshans et al. 2000) or glucose
starvation (Whitney et al. 2007) exhibited tRNA nuclear
accumulation as indicated by the increased tRNA (FITC)
signal that co-localizes with the DAPI stained DNA signal
(Fig. 1A, rows 2,3, respectively). In contrast, tRNA did not
accumulate in the nuclei of dhh1D pat1D cells deprived of
amino acids (Fig. 1A, row 11) or glucose (Fig. 1A, row 12).

The single mutants, dhh1D and pat1D,
subjected to deprivation of amino acids
(Fig. 1A, rows 5,8, respectively) or glu-
cose (Fig. 1A, rows 6,9, respectively)
exhibited less tRNA nuclear accumula-
tion compared to wild-type cells. This
was anticipated because dhh1D and
pat1D single mutations produce milder
defects in P-body formation and trans-
lation repression during acute glucose
withdrawal than the double mutant
does (Coller and Parker 2005). There-
fore, mutations that inhibit starvation-
induced P-body formation and trans-
lation repression also inhibit starvation-
induced tRNA nuclear accumulation.

As the standard conditions utilized
for FISH studies of tRNA subcellular
distribution (defined media, 0.15 < A600

< 0.35, 23°C, and 2-h starvation)
differ from the standard conditions
reported to evaluate P-body formation
(complex media, A600 > 0.4, 30°C, and
10-min starvation), experiments were
undertaken to determine if P-bodies
form in conditions identical to those em-
ployed for FISH. This is important as
P-body formation and tRNA nuclear-
cytoplasmic distribution are sensitive to
cell density and culture conditions
(Whitney et al. 2007; Nissan and Parker
2008). When cell density increases,
tRNA distribution becomes increasingly
nuclear (Whitney et al. 2007) and
P-bodies become larger and more nu-
merous (Brengues et al. 2005; Nissan and
Parker 2008).

If differences in media, density, tem-
perature, and length of starvation be-
tween the two types of analyses do not
significantly change the overall pattern
of starvation-induced P-body forma-
tion, then plasmid-borne Dcp2-RFP
(and other P-body markers) should ex-

hibit increased aggregation in glucose-starved wild-type,
dhh1D, and pat1D cells, but not exhibit increased aggrega-
tion in dhh1D pat1D cells when assessed using the condi-
tions employed for FISH. Dcp2 was selected for use as a
P-body marker for this work because current data indi-
cate that it is still exclusive to P-bodies in S. cerevisiae
(Buchan and Parker 2009; Buchan et al. 2010). Very few of
the wild-type, dhh1D, pat1D, and dhh1D pat1D cells grown
in media containing amino acids and glucose showed 1 or
more Dcp2-RFP foci (Fig. 1B, row 1; Table 1). No change
in Dcp2-RFP aggregation was observed when wild-type,

FIGURE 1. Evaluation of the roles of Dhh1 and Pat1 in tRNA nuclear-cytoplasmic
distribution. (A) FISH analysis of wild-type, pat1, dhh1, and pat1 dhh1 cells during starvation.
Cells were probed for the location of tRNAHis (column 1) or tRNATyr (column 3) after
incubation in SC media (Fed), or in media lacking either amino acids (-aa) or glucose (-glu)
for 2 h. DNA was stained with DAPI to reveal the locations of nuclei (columns 2,4). (B) P-body
formation upon nutrient deprivation: Wild-type, pat1, dhh1, and pat1 dhh1 cells with plasmid-
borne Dcp2-RFP after incubation in SC-ura media (Fed), or in media lacking either amino
acids (-aa) or glucose (-glu) for 2 h. (C) Distribution of plasmid-borne Dcp2-RFP in wild-type
cells with vector alone, PGAL-DHH1 (Dhh1), or PGAL-PAT1 (Pat1) grown in non-inducing
media (raff; row 1) or after 3 h of induction by addition of 1/10 volume of 20% galactose (gal;
row 2). (D) Wild-type cells with empty vector, PGAL-DHH1 (Dhh1), or PGAL-PAT1 (Pat1)
grown in media with raffinose (raff), or 3 h after the addition of 1/10 volume of 20% galactose
were probed for the location of tRNAMet (column 1) or tRNATyr (column 3) using FISH, and
for the location of DNA (DAPI; columns 2,4). Bars are 5 mm.
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dhh1D, pat1D, and dhh1D pat1D cells were deprived of
amino acids (Fig. 1B, row 2; Table 1). In contrast, a large
increase in P-body formation was observed in wild-type
cells deprived of glucose for 2 h (1.1% vs. 75% of cells with
1 or more Dcp2-RFP foci) (Fig. 1B, column 1, cf. rows 1
and 3). Increases in Dcp2-RFP aggregation were also ob-
served in dhh1D (0.4% vs. 59%) (Fig. 1B column 2) and
pat1D (0.2% vs. 47%) (Fig. 1B column 3) cells starved for
glucose for 2 h The double mutant, pat1D dhh1D, did not
exhibit an increase in Dcp2-RFP aggregation (1.8% vs
1.2%) (Fig. 1B column 4) when glucose was withdrawn
for 2 h Thus, despite the differences in cell density, media,
and duration of starvation, wild-type, dhh1D, pat1D, and
dhh1D pat1D cells demonstrated the expected pattern of
Dcp2-RFP foci occurrence.

Overexpression of Dhh1 or Pat1 causes increased for-
mation of Dcp2-containing P-bodies (Fig. 1C; Coller and
Parker 2005) and translation repression in wild-type cells
provided all necessary nutrients (Coller and Parker 2005).
To determine whether overexpression of Dhh1 or Pat1
affects tRNA nuclear-cytoplasmic distribution, wild-type
cells containing plasmids expressing either Dhh1 or Pat1
under the control of a Gal promoter were evaluated. Wild-
type cells grown under noninducing conditions did not
exhibit tRNA nuclear accumulation (Fig. 1D, row 1). After
3 h of galactose induction, cells overexpressing Dhh1 (Fig.
1D, row 4) or Pat1 (Fig. 1D, row 6) exhibited tRNA nuclear
accumulation. This nuclear accumulation was not due to
the addition of galactose to the raffinose-containing media
as cells with vector alone did not exhibit tRNA nuclear ac-
cumulation (Fig. 1D, row 2). As overexpression of Dhh1 or
Pat1 did not cause accumulation of intron-containing
tRNA (Fig. 2), a hallmark of defects in primary tRNA
export (Shaheen and Hopper 2005; Takano et al. 2005;
Whitney et al. 2007), the tRNA nuclear accumulation

observed is due to retrograde import and/or blocked re-
export of mature tRNA. The result supports the model that
tRNA nuclear-cytoplasmic distribution is coordinately reg-
ulated with P-body formation and translation repression.

Pat1 has separable domains that mediate its many
activities: interactions with Lsm1, Dcp2, and Edc3, P-body
formation, and translation repression (Pilkington and
Parker 2008). Pat1 is also able to mediate starvation-in-
duced tRNA nuclear accumulation in the absence of Dhh1
(Fig. 1A, rows 5,6). Amino acids 254–422 of Pat1 are re-
quired for its decapping activation activity, whereas amino
acids 422–697 are required for translation repression and
increased P-body formation during overexpression, and for
recruitment of Lsm1 and Dcp2 to P-bodies (Pilkington and
Parker 2008). In order to determine which domain of Pat1

TABLE 1. Percent of cells containing Dcp2-RFP foci

Strain Media % cellsa SDb

Wild type SC 1.1 0.9
Wild type -aa 1.7 1.5
Wild type -glu 75 7.7
dhh1 SC 0.4 0.3
dhh1 -aa 2.3 1.1
dhh1 -glu 58.6 2.3
pat1 SC 0.2 0.3
pat1 -aa 0.2 0.4
pat1 -glu 47 20
dhh1 pat1 SC 1.8 1.8
dhh1 pat1 -aa 1.5 1.1
dhh1 pat1 -glu 1.2 0.8

aPercent of cells with one or more visible Dcp2-RFP foci as
determined by counting 100 or more cells from three or more
independent cultures. Cells were nutrient deprived, -aa or -glu, for
2 h.
bStandard deviation.

FIGURE 2. tRNA nuclear accumulation caused by overexpression of
Dhh1 or Pat1 is due to tRNA nuclear import and/or defective re-
export, but not due to a block in initial tRNA nuclear export.
Northern analysis of RNA extracted from los1 cells or wild-type cells
with vector alone, PGAL-DHH1 (Dhh1), or PGAL-PAT1 (Pat1) grown
in media with raffinose (raff), or 3 h after the addition of 1/10 volume
of 20% galactose. Wild-type with pRS416 serves as a negative, normal
distribution control, whereas los1 serves as positive, intron-containing
pre-tRNA accumulation control. The top panel is ethidium bromide
stained gel prior to transfer that reveals the RNAs present and
documents equivalent loading of RNA in each lane. The next three
panels are a Northern blot probed using a 32P labeled oligo that
detects tRNAIle (1a—initial transcript of pre-tRNAIle; 1b—end-
processed, intron-containing pre-tRNAIle, 2—mature tRNAIle). The
ratios of total precursor tRNAIle (1a + 1b) to mature tRNAIle is presented.
A probe detecting tRNATyr (3—intron-containing pre-tRNATyr,
4—mature tRNATyr) was employed in the bottom two panels. The ratios
of total precursor tRNATyr to mature tRNATyr is presented.
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is important for tRNA nuclear accumulation, dhh1D pat1D

cells containing low-copy plasmids encoding either
pat1D254-422 or pat1D422-697 with native promoters were
subjected to glucose starvation and then analyzed by FISH.
Wild-type and dhh1D pat1D cells containing any of the
Pat1 constructs exhibited the expected even distributions of
tRNA when grown in nutrient-rich media (Fig. 3A, row 1).
As expected, tRNA accumulate in the nuclei of wild-type
(Fig. 3A, row 3, column 1) and dhh1D pat1D cells with
full-length PAT1 (Fig. 3A, row 3, column 2) when under-
going glucose starvation. Similarly, dhh1D pat1D cells with
pat1D254-422 undergoing glucose starvation exhibited
tRNA nuclear accumulation (Fig. 3A, row 3, column 3),

indicating that the decapping activation activity of Pat1 is
not required for tRNA nuclear accumulation in response to
nutrient deprivation (Fig. 3B). In contrast, dhh1D pat1D

cells with pat1D422-697 undergoing glucose starvation
exhibited an even distribution of tRNA (Fig. 3A, row 3,
column 4). The failure of pat1D422-697 to restore starva-
tion-induced tRNA nuclear accumulation in dhh1D pat1D

cells indicates that this domain is important for tRNA
subcellular dynamics (Fig. 3B). As the domain of Pat1 that
is important for translation repression and increased
P-body formation is also important for starvation-induced
tRNA nuclear accumulation, the data support the model of
coordinate regulation of these processes.

Dhh1 is an RNA binding protein containing nine DEAD
box conserved sequence motifs that shares sequence ho-
mology with eIF4A (Cheng et al. 2005). Dhh1 has several
activities. The steady-state level of EDC1 mRNA is an
indicator of Dhh1 decapping activator activity as deletion
of DHH1 causes an increase of its steady-state level (Cheng
et al. 2005). Dhh1 is able to mediate starvation-induced
tRNA nuclear accumulation in the absence of Pat1 because
pat1D cells exhibit starvation-induced tRNA nuclear accu-
mulation when dhh1D pat1D cells do not (Fig. 1A, rows
8,9).

In order to determine which domain(s) of Dhh1 is
important for tRNA nuclear accumulation, dhh1D pat1D

cells were transformed with low-copy plasmids containing
Dhh1 constructs with the glyceraldehyde-3-phosphate de-
hydrogenase promoter and various mutations (Cheng et al.
2005); the resulting cells were either kept in rich media or
were subjected to glucose starvation and then analyzed by
FISH. Four different types of results were obtained (Fig. 3C;
Supplemental Table 1). Six different plasmid-borne, dhh1
mutants failed to restore tRNA nuclear accumulation to
glucose deprived dhh1D pat1D cells (Fig. 3C, C/C). Four
additional plasmid-borne, dhh1 mutants showed reduced
ability to complement the defective starvation-induced
tRNA nuclear accumulation in dhh1D pat1D cells (Fig.
3C, C/C/N). In contrast, four plasmid-borne dhh1
mutants caused increased nuclear levels of tRNA in dhh1D

pat1D cells grown in nutrient-rich conditions (Fig. 3C,
C/N/N). Ten plasmid-borne dhh1 mutants complemented
the inability of dhh1D pat1D cells to exhibit starvation-
induced tRNA nuclear accumulation (Supplemental Table
1). Some of the dhh1 mutants used in this study have been
evaluated for RNA binding activity and impact on steady-
state levels of EDC1 mRNA (Cheng et al. 2005). The ability
of a plasmid-borne dhh1 mutant to restore starvation-
induced tRNA nuclear accumulation in dhh1D pat1D cells
did not correlate with defects in RNA binding activity or
alteration of EDC1 mRNA steady-state levels. Several
mutations that are defective in starvation-induced tRNA
nuclear accumulation occur at or near the salt bridge
between motif V and motif I and in the Q motif that
stacks against motif V and motif I (aa 74, 344, 330, 326)

FIGURE 3. The decapping domain of Pat1 is unessential for its role
in starvation-induced tRNA nuclear accumulation. (A) Intracellular
distribution of tRNATyr (rows 1,3) and DNA (DAPI; rows 2,4) in
wild-type cells and in pat1 dhh1 cells with plasmid-borne full-length
PAT1, or pat1 deletions pat1D254-422 or pat1D422-697. Cells were
incubated in SC-ura (Fed) or in media lacking glucose (-glu) for 2 h
Bar depicts 5 mm. (B) Diagram of Pat1 including deleted domains
from amino acids 254–422, and 422–697. (C) Pictorial representation
of mutations that influenced the ability of Dhh1 to complement
dhh1D pat1D cells loss of starvation-induced tRNA nuclear accumu-
lation. Each mutation is listed by original amino acid (single letter),
number in amino acid sequence, replacement amino acid (single
letter), followed by phenotypic indicator. C/C indicates cells
maintained an even distribution of tRNA in fed and in glucose
starvation conditions (no complementation). C/C/N indicates cells
maintained an even distribution of tRNA in fed conditions, but
exhibited a lower than expected tRNA nuclear accumulation pheno-
type in glucose starvation conditions (poor complementation).
C/N/N indicates that low levels of tRNA nuclear accumulation
were observed in fed conditions.
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(Fig. 3C). The domain(s) or functions of Dhh1 that are
important for starvation-induced tRNA accumulation
remain unclear.

Role of mRNA decay in tRNA nuclear-cytoplasmic
dynamics

Loss-of-function mutations of several mRNA decay path-
way components cause increased P-body formation inde-
pendent of nutrient deprivation. Lsm1 is found in com-
plexes containing Lsm2-7, Dcp1, Dcp2, and Pat1, and it
preferentially binds deadenylated mRNAs (Tharun and
Parker 2001). Deletion of LSM1 causes increased P-body
formation without causing defects in translation initiation
as determined by polysome analysis (Sheth and Parker
2003; Holmes et al. 2004; Coller and Parker 2005). FISH
was employed to determine the consequences of loss of
Lsm1 function upon tRNA nuclear-cytoplasmic distribu-
tion. In contrast to the even distribution of tRNA exhibited
by wild-type cells (Fig. 4A, column 1), lsm1D cells grown in
nutrient-rich conditions exhibited tRNA nuclear accumu-
lation (Fig. 4A, column 3). Therefore, Lsm1 has a role in
maintaining an even distribution of tRNA within cells
grown in nutrient-rich conditions.

To evaluate whether the tRNA nuclear accumulation
observed in lsm1D cells depends on Dhh1 and Pat1, the
triple mutant, lsm1D pat1D dhh1D was generated. If tRNA
nuclear accumulation observed in lsm1D cells depends
upon Dhh1/Pat1, then lsm1D pat1D dhh1D cells should
fail to exhibit tRNA nuclear accumulation. However, if this
accumulation is independent of Dhh1/Pat1, then lsm1D

pat1D dhh1D cells will exhibit tRNA nuclear accumulation.
The results demonstrate that the tRNA nuclear accumula-
tion observed in lsm1D cells is dependent on Dhh1 and
Pat1, as the triple mutant, dhh1D pat1D lsm1D does not
exhibit tRNA nuclear accumulation (Fig. 4A, column 4).
Therefore, causing constitutive P-body formation, through
deletion of the decapping activator, LSM1, causes tRNA
nuclear accumulation that is dependent on Dhh1/Pat1. The
data further support co-regulation of P-body formation
and tRNA nuclear-cytoplasmic distribution.

Pat1, Dhh1, and Lsm1 are involved in the early steps of
P-body formation and mRNA decay, and, as shown here,
tRNA subcellular dynamics. P-body components involved
in the later steps of mRNA decay include the decapping
complex, Dcp1 and Dcp2, and the 59 to 39 exonuclease,
Xrn1. Mutations that cause loss of decapping, such as dcp2-7,
or loss of exonuclease activities, such as xrn1D, also cause
increased P-body formation (Fig. 4B,C; Sheth and Parker
2003; Holmes et al. 2004) and loss of starvation-induced
translation repression (Holmes et al. 2004). To evaluate the
influence of these later steps in P-body formation/mRNA
decay upon tRNA nuclear-cytoplasmic distribution, dcp2-7
cells and xrn1D cells cultured in nutrient-replete conditions
were evaluated by FISH. If inducing formation of P-bodies

by inhibiting the later steps in mRNA decay is sufficient to
induce tRNA nuclear accumulation, then fed dcp2-7 cells at
nonpermissive temperature and fed xrn1D cells would
exhibit tRNA nuclear accumulation. If tRNA nuclear-
cytoplasmic distribution is responsive to the early steps,
but not the later steps in mRNA decay/P-body formation,
then fed dcp2-7 cells at nonpermissive temperature and
xrn1D cells would not exhibit tRNA nuclear accumulation.
At the permissive (23°C) and the nonpermissive (37°C)

FIGURE 4. tRNA nuclear accumulation observed in lsm1 cells is
Dhh1/Pat1-dependent. (A) The distribution of tRNATyr (row 1),
tRNAHis (row 3), or DNA (DAPI; rows 2,4) within wild-type, lsm1,
and lsm1 dhh1 pat1 cells grown on complete media and wild-type cells
incubated 2 h in media lacking glucose were determined by FISH. (B)
The distribution of plasmid-borne Edc3-mCherry within wild-type and
dcp2-7 cells at 23°C or after 2 h incubation at 37°C. (C) Wild-type and
xrn1 cells with plasmid-borne Dcp2-RFP. (D) Wild-type and dcp2-7
cells incubated for 2 h at 37°C in media with (Fed) and without (-glu)
glucose were analyzed by FISH. The probe to tRNATyr (row 1) and
DAPI staining (row 2) are presented. (E) The intracellular distributions
of tRNATyr (row 1) and DNA (DAPI; row 2) within wild-type and xrn1
cells that were incubated for 2 h in media with (Fed) and without (-glu)
glucose as revealed by FISH. Bars represent 5 mm.
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temperature, fed dcp2-7 cells exhibited an even distribution
of tRNA (Fig. 4D, column 3; data not shown) that was
comparable to tRNA distribution in fed wild-type cells (Fig.
4D, column 1; Fig. 4E, column 1). Similarly, fed xrn1D cells
exhibited an even distribution of tRNA (Fig. 4E, column 3).
The data indicate that the later steps of mRNA decay,
decapping, and exonucleolytic degradation do not influ-
ence tRNA nuclear-cytoplasmic distribution in nutrient-
replete conditions. These results are in sharp contrast to the
nuclear accumulation observed in lsm1D cells (Fig. 4A).
Therefore, prior to the point of mRNA decapping, the
increased formation of Dcp2 containing P-bodies is co-
ordinated with tRNA nuclear accumulation, and at the
point of mRNA decapping (Dcp2) and 59 to 39 decay
(Xrn1), the correlation no longer exists.

A feature that dcp2 and xrn1D cells have in common with
dhh1D pat1D cells is loss of translation repression upon
nutrient deprivation (Coller and Parker 2005). While
lsm1D cells also share this feature, these cells already exhibit
tRNA nuclear accumulation in fed conditions; therefore,
evaluation of its tRNA nucleus-cytoplasmic distribution
during starvation is not informative. If translation repres-
sion is required for nutrient responsive tRNA nuclear ac-
cumulation, then nutrient deprived dcp2-7 cells, at the
nonpermissive temperature would fail to exhibit tRNA nu-
clear accumulation. If translation repression is not required
for starvation-induced tRNA nuclear accumulation, then
glucose or amino acids deprivation would cause tRNA
to accumulate within the nuclei of dcp2-7 cells incubated
at nonpermissive temperature. Wild-type and dcp2-7 cells
incubated 2 h at nonpermissive temperature in media lack-
ing glucose or amino acids exhibited tRNA nuclear ac-
cumulation (Fig. 4D, columns 2,4 respectively; data not
shown). Similarly, xrn1D cells incubated 2 h in media lack-
ing glucose also exhibited tRNA nuclear accumulation (Fig.
4E, row 4). The data indicate that translation repression is
not required for starvation-induced tRNA nuclear accu-
mulation. In aggregate, the data indicate that tRNA nu-
clear-cytoplasmic distribution is coordinated with P-body
formation until the point of mRNA decapping and decay,
at which point the pathways become uncoupled.

Loss of translation initiation causes tRNA
nuclear accumulation

Although translation repression is not required for star-
vation-induced tRNA nuclear accumulation, translation
initiation may influence tRNA nuclear-cytoplasmic dis-
tribution. This possibility was considered because loss of
translation initiation is not the same as translation re-
pression. Translation repression occurs as part of a stress
specific restricted translation program that varies depend-
ing on the type of stress (for review, see Spriggs et al. 2010),
whereas temperature-sensitive mutations of translation
initiation factors result in more general effects (Nielsen

et al. 2004). The differences between the various stresses are
further evidenced by the differences in P-body and stress
granule formation (Buchan et al. 2010). Increased P-body
formation is also observed when translation initiation is
disrupted (Sheth and Parker 2003; Teixeira et al. 2005).
This increase is specific to the initiation step of translation
as disruption of elongation fails to induce increased P-body
formation in yeast (Sheth and Parker 2003; Teixeira et al.
2005). Addition of the translation elongation inhibitor,
cyclohexamide, also fails to induce tRNA nuclear accumu-
lation in Xenopus oocytes (Lund and Dahlberg 1998). As
inhibition of translation initiation causes P-body forma-
tion, it may also lead to tRNA nuclear accumulation.

The prt1-1 allele, a temperature-sensitive mutation of
eukaryotic translation initiation factor 3b (eIF3b), causes
increased mRNA decay and decreased translation initiation
at nonpermissive temperature (Barnes et al. 1993). Other
temperature-sensitive alleles of PRT1 have been shown to
cause P-body formation at nonpermissive temperature
(Brengues et al. 2005). Consistent with those studies,
prt1-1 causes P-body formation at nonpermissive temper-
ature as viewed by Dcp2-RFP (Fig. 5A, column 4), Edc3-
mCherry, and Pat1-GFP (data not shown). Wild-type cells
grown at 23°C or for 2 h at 37°C exhibited an even
distribution of tRNA (Fig. 5B, columns 1,2, respectively).
The prt1-1 cells exhibited detectably higher levels of nuclear
tRNA than wild-type cells at the permissive temperature
(23°C) (Fig. 5B, column 3) and prominent tRNA nuclear
accumulation when incubated for 2 h at the nonpermissive
temperature (37°C) (Fig. 5B, column 4). Northern analysis
revealed that prt1-1 does not cause accumulation of intron-
containing pre-tRNA (Fig. 6), a hallmark of primary tRNA
export defects. Therefore, the tRNA nuclear accumulation
observed in prt1-1 cells is due to nuclear import and/or
blocked re-export of mature tRNA. To confirm this, tRNA
nuclear import was blocked by mutation of MTR10 in
prt1-1 cells and then the distribution of tRNA was assessed
in prt1-1 mtr10D cells. At nonpermissive temperature,
prt1-1 mtr10D cells fail to exhibit tRNA nuclear accumu-
lation (Fig. 5C, column 4). Collectively, the data show that
inhibition of translation initiation via prt1-1 causes nuclear
accumulation of previously cytoplasmic, spliced tRNA.

To evaluate whether the tRNA nuclear accumulation
observed in prt1-1 depends on Dhh1 and Pat1, the triple
mutant, prt1-1 pat1D dhh1D was generated. If the nuclear
accumulation observed in prt1-1 cells depends upon Dhh1/
Pat1, then prt1-1 pat1D dhh1D cells would fail to exhibit
tRNA nuclear accumulation at the nonpermissive temper-
ature. However, if this accumulation is independent of
Dhh1/Pat1, then prt1-1 pat1D dhh1D cells would exhibit
tRNA nuclear accumulation similar to prt1-1 cells at the
nonpermissive temperature. Surprisingly, when prt1-1
dhh1D pat1D cells were incubated for 2 h at the non-
permissive temperature (37°C), the cells exhibited detect-
able tRNA nuclear accumulation (Fig. 5C, column 3) that
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was less than prt1-1 cells at nonpermissive temperature
(Fig. 5C, column 2), but more than the nuclear levels of
wild-type cells (Fig. 5C, column 1). We also observed that
prt1-1 pat1D dhh1D cells formed Dcp2-RFP foci at non-
permissive temperature (Fig. 5D, column 3). An interpre-
tation of this result is that an additional pathway, that can
bypass the need for Dhh1/Pat1, contributes to the tRNA
nuclear accumulation induced by inhibition of translation
initiation and P-body formation (Fig. 7A). In the case of
the tRNA nuclear accumulation, this pathway is Mtr10-
dependent.

DISCUSSION

Cells initiate a variety of pathways in response to nutrient
deprivation and cellular stresses. Coordinate regulation of

these processes may allow cells to more effectively survive
adverse conditions. This study documents that there is
coordination between the early part of the P-body for-
mation/mRNA decay/translation repression pathways
and tRNA nuclear-cytoplasmic distribution (Fig. 7).
Dhh1 and Pat1 function, in parallel, to promote starva-
tion-induced tRNA nuclear accumulation as they also do
for P-body formation and translation repression (Fig. 7B;
Holmes et al. 2004; Coller and Parker 2005). Either Dhh1
or Pat1 is sufficient to mediate tRNA nuclear accumulation
in response to amino acid or glucose withdrawal as cells
lacking both Dhh1 and Pat1 fail to exhibit starvation-
induced tRNA nuclear accumulation, whereas single de-
letions of either DHH1 or PAT1 are able to do so. Similarly,
overexpression of Dhh1 or Pat1 causes increased P-body
formation, translation repression (Coller and Parker 2005),
and tRNA nuclear accumulation. The requirement for
either Dhh1 or Pat1 to mediate amino acid starvation-
induced tRNA nuclear accumulation highlights the largely
understudied roles of Dhh1 and Pat1 in an amino acid
starvation response. Previous studies demonstrated that

FIGURE 5. tRNA nuclear accumulation observed in prt1-1 cells is
partially Dhh1/Pat1-dependent. (A) Distribution of Dcp2-RFP within
wild-type and prt1-1 cells grown at 23°C or incubated at 37°C for 2 h.
(B) Wild-type and prt1-1 cells grown at 23°C or incubated at 37°C for
2 h were analyzed by FISH to determine the distribution of tRNATyr

(row 1), tRNAHis (row 3), and DNA (DAPI; rows 2,4). These results
were confirmed in the A364 background (data not shown). (C)
Distribution of tRNATyr (row 1) and DNA (DAPI; row 2) within
wild-type (BY4741), prt1-1 (B. prt1-1), prt1-1 mtr10, and prt1-1 dhh1
pat1 cells incubated at 37°C for 2 h as determined by FISH. (D) The
distribution of plasmid-borne Dcp2-RFP within wild-type, prt1-1, prt1-1
dhh1D pat1D cells after 2 h incubation at 37°C. Bars represent 5 mm.

FIGURE 6. The tRNA nuclear accumulation observed in prt1-1 cells
is due to nuclear import and/or defective re-export. Northern analysis
of RNA extracted from wild-type, prt1-1, prt1-1 pat1 dhh1, lsm1, lsm1
pat1 dhh1, and los1 cells grown at 23°C or incubated at 37°C for 2 h
The los1 extracts provide intron-containing pre-tRNA accumulation
(positive) controls. Ethidium bromide staining of gel (top panel) prior
to transfer reveals the RNAs present and serves to assess the amount
of RNA loaded in each well. Blots were probed with 32P-labeled
oligonucleotides that hybridized to tRNAIle (1a—initial transcript of
pre-tRNAIle; 1b—end-processed, intron-containing pre-tRNAIle,
2—mature tRNAIle) or tRNATyr (3—precursor tRNATyr; 4—mature
tRNATyr). Ratios of pre-tRNA to mature tRNA are presented.
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amino acid starvation-induced translation repression is
impaired in dhh1 and pat1 cells (Holmes et al. 2004), and
is blocked in dhh1 pat1 cells (Coller and Parker 2005). This
suggests that Dhh1 and Pat1 may have an intermediate level
of function that allows them to repress translation and
induce tRNA nuclear accumulation without P-body for-
mation, or that there may be a separate pathway that pre-
vents aggregation of P-body components when glucose is
available. The data indicate that Dhh1 and Pat1 also have
parallel roles in amino acid and glucose responsive tRNA
subcellular distribution dynamics.

Additional P-body/mRNA decay components were eval-
uated to determine if they also affect tRNA distribution.
The tRNA nuclear accumulation observed in fed lsm1D

cells provides an additional connection between tRNA nu-
clear-cytoplasmic distribution and P-body formation. The
mechanism by which this tRNA accumulation occurs may
become clear as the mechanism by which lsm1D causes in-
creased P-body formation is elucidated. Consistent with
Dhh1 and Pat1 having roles in this process, the triple
mutant, pat1D dhh1D lsm1D cells did not exhibit tRNA
nuclear accumulation.

Coordination between tRNA distribution and P-body
formation is limited to the early steps of these pathways
as loss of the decapping activiation domain from Pat1
(pat1D254-422) or loss of mRNA decapping (dcp2-7) does
not affect tRNA nuclear-cytoplasmic dynamics. Similarly,
loss of 59 to 39 decay (xrn1D) does not cause nuclear accu-
mulation of tRNA. Therefore, tRNA nuclear-cytoplasmic
distribution is coordinated with early steps of P-body for-
mation in a Dhh1/Pat1-dependent manner during starvation.

Investigation of tRNA nuclear-cytoplasmic dynamics of
the temperature-sensitive, eIF3 subcomponent, prt1-1, pro-
vided data supporting a tRNA nuclear accumulation

pathway that may be independent of Dhh1 or Pat1, but
dependent on Mtr10, which is involved in tRNA import
(Fig. 7A). This is in addition to the previously demon-
strated increase in mRNA decay (Barnes et al. 1993),
increase in P-body formation (Brengues et al. 2005), and
disruption of translation initiation (Barnes et al. 1993) in
prt1-1 cells. It is surprising that the tRNA nuclear accu-
mulation observed in prt1-1 cells is only partially de-
pendent on Dhh1 and Pat1 as tRNA nuclear accumulation
is reduced, but not eliminated, in prt1-1 pat1D dhh1D cells
at the nonpermissive temperature. However, the prt1-1
mtr10D cells exhibit an even distribution of tRNA at the
nonpermissive temperature indicating that the tRNA nu-
clear accumulation caused by defects in translation initia-
tion requires tRNA nuclear import. This conclusion is
supported by the Northern analysis of prt1-1 cells, which
shows that the tRNA accumulating within the nuclei are
spliced. The residual tRNA accumulation observed in prt1-1
pat1D dhh1D cells grown at nonpermissive temperature
may be due to a Dhh1/Pat1-independent pathway(s) or
secondary effect of inhibiting translation initiation.

Since there is detectable nuclear accumulation of tRNA
within prt1-1 pat1D dhh1D cells at nonpermissive temper-
ature, pat1D dhh1D cells must not be completely blocked
for tRNA nuclear import. The loss of starvation-induced
tRNA nuclear accumulation in pat1D dhh1D cells may be
due to an inability of the cells to retain tRNA within nuclei.
This suggests that Pat1 and Dhh1 may participate in reg-
ulatory pathways that alter rates of tRNA re-export and/or
import, resulting in starvation-induced tRNA nuclear
accumulation.

The current model is that Dhh1 and Pat1 function in
parallel to promote tRNA nuclear accumulation when
deprived of nutrients (Fig. 7B). One possible mechanism
of action is that Dhh1/Pat1 are bifunctional proteins that
not only function in mRNA-related activities (translation/
P-body formation/stress granules), but are also part of a
signaling cascade that results in starvation-induced tRNA
nuclear accumulation. A second possible mechanism is that
cells detect early steps of the Dhh1/Pat1 mediated responses
to nutrient loss, and signal for tRNA nuclear accumulation.
This model predicts that loss of Dhh1 and Pat1 (pat1D

dhh1D) would block the signaling for starvation-induced
tRNA nuclear accumulation without disrupting the basal
level of retrograde import and/or re-export of tRNA. These
and other implications of this model will be addressed in
future studies.

While this work has demonstrated that there is co-
ordination of P-body formation, translation initiation, and
tRNA nuclear-cytoplasmic dynamics in response to nutri-
ent availability, many questions remain to be addressed.
The mechanism(s) by which cells sense the nutrient loss
and then alter Pat1 and Dhh1 activity has yet to be eluci-
dated. The rapid response time suggests post-translational
modifications. There may be different modifications resulting

FIGURE 7. Model for the roles of Dhh1, Pat1, and translation
initiation in the regulation of tRNA nucleus-cytosol distribution.
(A) Translation initiation promotes normal distribution of tRNA.
Loss of translation initiation via the prt1-1 mutation causes tRNA to
accumulate within nuclei through Dhh1/Pat1-dependent and -in-
dependent pathways. (B) Cells experiencing acute starvation stimulate
Dhh1 and Pat1 to promote tRNA nuclear accumulation. As Dhh1 and
Pat1 are functioning in parallel, loss of either protein will not block
starvation-induced tRNA nuclear accumulation, P-body formation, or
translation repression.
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from loss of each nutrient. The mechanism(s) utilized by
Pat1 and Dhh1 to influence tRNA nuclear-cytoplasmic
distribution has yet to be uncovered. As Dhh1 and Pat1
have RNA binding domains and are not excluded from the
nucleus (Teixeira and Parker 2007), direct transport of
tRNA from the cytoplasm to the nucleus by Dhh1 and Pat1
is possible. However, this direct mode seems unlikely be-
cause Pat1 and Dhh1 aggregate in the cytoplasm when cells
are starved, in contrast to the nuclear accumulation of the
tRNA. An alternative possibility is that Dhh1 and Pat1
participate in a signaling pathway thereby indirectly regu-
lating tRNA nuclear-cytoplasmic distribution. Addressing
these possibilities may provide insight into what advantage
or benefit does relocating tRNA to the nucleus during
starvation provide for the cell.

MATERIALS AND METHODS

Plasmids and strains

The strains used in this study are listed in Supplemental Table 2.
All yeast transformations were done by standard lithium acetate
procedures. Plasmids used in this study are listed in Supplemental
Table 3. The PAT1/DHH1 containing plasmid, pRPDhh1-16, was
made by ligating the Dhh1-GFP containing fragment from
BamHI-digested pDHH1018 to BamHI-digested pRP1478.

Yeast deletions were accomplished by transformation of a parent
strain with a knockout cassette designed to replace the endogenous
gene with a selection marker (Goldstein and McCusker 1999;
Gueldener et al. 2002). Sequences of the oligonucleotides used for
this study are in Supplemental Table 4. The knockout cassettes were
generated by PCR amplification using oligonucleotides where the
first (59 to 39) 50–70 bases targeted the product to the upstream of
or downstream from the genomic region encoding the gene to be
removed by homologous recombination, and the last 18–22 bases
allowed base pairing of the oligonucleotides to the template
containing the selection marker. The template and oligonucleotide
combinations used are described in Supplemental Table 5.

The pat1ko8, dhh1ko1, xrn1ko8, and lsm1ko6 strains were
generated by transformation of BY4741 with pat1TnatMX4,
dhh1ThphMX4, kem1ThphMX4, and lsm1TKl. leu2, respectively.
Transformation of pat1ko8 with dhh1ThphMX4 resulted in
pat1dhh1-11. Subsequent transformations of pat1dhh1-11 with
lsm1TKl. leu2 and trp1TKl. leu2 produced pat1 dhh1 lsm1 (pdl-B;
Supplemental Table 2) and pat1 dhh1 trp1 (pdt-1; Supplemental
Table 2) strains, respectively. The prt1-1 mtr10 (B. prt1-1 mtr10-8;
Supplemental Table 2) strain was generated by transformation of
prt1-1 (B. prt1-1 in Supplemental Table 2) with mtr10TnatMX4.
The prt1-1 dhh1 pat1 (pdHEpLB; Supplemental Table 2) strain
was made by transformation of B. prt1-1 with pRPDhh1-16,
followed by dhh1ThphMX4, then pat1TKl. leu2, and finally the
pRPDhh1-16 was lost using a 5FOA counter-selection against the
URA3 encoded on the plasmid.

To select for natMX4 and/or hphMX4 cassette integration in
nutrient-rich conditions, the strains were grown on YEPD (yeast
extract, trypticase peptone, dextrose, supplemented with adenine
[0.04 g/L], uracil [0.04 g/L]), agar [20 g/L] with clonNAT (100
mg/L; Werner BioAgents, Jena, Germany) and/or hygromycin B

(300 mg/L; Calbiochem, La Jolla, CA). To select for natMX4 or
hphMX4 cassette integration in the absence of uracil, the strains
were grown on SCB -ura (Synthetic Complete Boone defined
medium; Difco yeast nitrogen base without amino acids and
ammonium sulfate [1.7 g/L; Becton, Dickinson, and Company,
Sparks, MD] supplemented with amino acids, dextrose [2%],
adenine [0.04 g/L], monosodium glutamate [1.0 g/L]) with agar
(20 g/L) and either clonNAT (100 mg/L) or hygromycin B (300
mg/L). To select for K. lactis LEU2 cassette integration, the strains
were grown on SC (Synthetic Complete defined medium; Difco
yeast nitrogen base without amino acids [6.7 g/L; Becton, Dick-
inson, and Company, Sparks, MD] supplemented with amino
acids, dextrose [2%], adenine [0.04 g/L], and uracil [0.04 g/L])
lacking leucine and with agar (20 g/L) added.

Correct insertions of knockout cassettes were verified by PCR
amplification of genomic DNA using combinations of oligonu-
cleotides complementary to regions upstream of, downstream
from, and/or midstream to the targeted gene and/or oligonucle-
otides complementary to the midstream of the selection marker
(Supplemental Table 5).

Fluorescence in situ hybridization
and Northern analysis

Cells were grown in liquid SC or SC variations lacking bases (e.g.,
SC-ura), amino acids (e.g., SC-aa), or dextrose (SC-glu). SC-
ura+raff liquid medium is SC lacking dextrose and uracil with
addition of 2% raffinose. SC-aa+gal liquid medium is SC lacking
all amino acids and dextrose with addition of 2% galactose. Cells
were grown in 15 mL of SC media for 10–14 h at 23°C to A600

between 0.15 and 0.30. For starvation experiments, cells from 15
mL cultures (A600 between 0.15 and 0.30, use unless otherwise
noted) were pelleted, the media was removed, the cells were
resuspended in 5 mL of starvation media (SC-aa, or SC-glu), cells
were re-pelleted, the media was removed, the cells were resus-
pended in 15 mL of starvation media (SC-aa, or SC-glu), and the
suspension returned to the 23°C shaking water bath for 2 h prior
to use. Galactose induction of cultures was accomplished by the
addition of 1/10 volume of 20% galactose to cells (A600 between
0.12 and 0.15) growing in media containing raffinose as the
carbon source 3 h prior to use.

RNA extraction from low-density cultures (A600 0.15–0.3) and
subsequent Northern analysis was performed as previously de-
scribed (Hopper et al. 1980) with the previously described mod-
ifications (Hurto et al. 2007). Fluorescence in situ hybridization
was performed as previously described (Sarkar and Hopper 1998)
with the previously described modifications (Stanford et al. 2004).
Each slide contained positive and negative controls for tRNA
nuclear accumulation. When adjectives describing the relative
amount of tRNA nuclear accumulation are utilized, the probes
were hybridized under the same conditions in different wells on
the same slide. All critical experiments were independently viewed
and scored by at least two people, one of whom was unaware of
the experimental details.

Visualization of P-body markers

To capture the low-density phenotype and avoid oxidative stress,
the cells were fixed in the same manner as used for FISH. Cells
were cultured (A600 between 0.2 and 0.4) and fixed as described
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earlier. After treatment with zymolyase (z20 min) in buffer (1.2
M sorbitol, 0.1 M KHPO4 pH 6.5), the cells were collected by
centrifugation. Cells were resuspended in fresh buffer and then
collected by centrifugation. The cells were resuspended in the re-
sidual buffer (z250 mL) and placed on poly-L-lysine coated slides.
Cells were dehydrated with 70%, 90%, and 100% ethanol washes.
Mounting media was applied and slides were sealed. This pro-
cedure worked for the visualization of Edc3-mCherry and Dcp2-
RFP. However, Lsm1-RFP containing aggregates were undetect-
able using this procedure.

The small size of the Dcp2 and Edc3 foci is not unexpected for
several reasons. First, cells from lower density cultures have been
previously shown to have smaller foci (Teixeira et al. 2005). Sec-
ond, the starvation was a transition from synthetic media to syn-
thetic media lacking glucose. This is in contrast to the frequently
used transition from YEPD to synthetic media lacking glucose or
water which is known to produce large sized P-bodies (Nissan and
Parker 2008). Additionally, the fixation process or protracted
length of deprivation (2 h vs. 10 min) may have reduced the
intensity of fluorescence.

Microscopy and image capture was accomplished using 60X
and 100X objectives with either a Nikon Microphot-FX micro-
scope with a Sensys charge-coupled device camera (Photometrics,
Tucson, AZ) using QED software (QED Imaging, Pittsburgh, PA)
or a Nikon 90i equipped with a CoolSNAP HQ2 digital camera
and MetaMorph software (Molecular Devices, Sunnyvale, CA) or
NIS-Elements (Nikon, Melville, NY). Images were assembled
using Adobe Photoshop (Adobe Systems, San Jose, CA).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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