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The DExD/H box ATPase Dhh1 functions

in translational repression, mRNA decay,
and processing body dynamics

Johanna S. Carroll, Sarah E. Munchel, and Karsten Weis

Department of Molecular and Cell Biology, Division of Cell and Developmental Biology, University of California, Berkeley, Berkeley, CA 94720

ranslation, storage, and degrodqtion of messenger

ribonucleic acids (mRNAs) are key steps in the post-

transcriptional control of gene expression, but how
mRNAs transit between these processes remains poor|y
understood. In this paper, we functionally characterized
the DExD/H box adenosine triphosphatase (ATPase) Dhh1,
a critical regulator of the cytoplasmic fate of mRNAs.
Using mRNA tethering experiments in yeast, we showed
that Dhh1 was sufficient to move an mRNA from an active
state to translational repression. In actively dividing cells,

Introduction

Central to the proper regulation of gene expression is the post-
transcriptional control of mRNA translation, storage, and decay.
By repressing translation and promoting mRNA decay, cells are
able to rapidly alter the transcripts that are available for protein
production and to attenuate gene expression accordingly.

In eukaryotes, mRNA is stabilized by a 5" methylguano-
sine cap and a 3’ poly(A) tail. The cap-binding protein eIF4E
and poly(A)-binding protein interact with the mature transcript,
preventing its degradation and promoting its association with
translation initiation factors (Coller and Parker, 2004; Garneau
et al., 2007). The bulk of eukaryotic mRNA turnover initiates
with deadenylation (Coller and Parker, 2004). Shortening of
the poly(A) tail is the only reversible step in mRNA turnover;
transcripts can be readenylated and return to polysomes to be
actively translated (Curtis et al., 1995; Coller and Parker, 2004).
However, if an RNA is destined for decay, deadenylation is fol-
lowed by mRNA degradation. Degradation occurs through one
of two conserved pathways: either the unprotected 3’ end is
degraded by the exosome, a complex of 3'-5" exonucleases,
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translational repression was followed by mRNA decay;
however, deleting components of the 5'-3" decay path-
way uncoupled these processes. Whereas Dhh1’s ATPase
activity was not required to induce translational inhibition
and mRNA decay when directly tethered to an mRNA,
ATP hydrolysis regulated processing body dynamics and
the release of Dhh1 from these RNA-protein granules.
Our results place Dhh1 at the interface of translation and
decay controlling whether an mRNA is translated, stored,
or decayed.

or, alternatively, and more commonly in yeast, the Dcpl/Dcp2
decapping enzyme cleaves the 5’ cap structure, exposing the
mRNA to the 5'-3’ exonuclease Xrnl (Coller and Parker, 2004;
Garneau et al., 2007). Decapping is a key step in mRNA decay,
as the presence of the cap is critical for translation of many
transcripts, and its removal activates decay. The decapping ma-
chinery and the translation initiation machinery are thought to
compete to determine the fate of an mRNA, and initial steps
triggering RNA decay involve shortening the poly(A) tail and
removing translation factors from a messenger RNP (mRNP)
complex (Franks and Lykke-Andersen, 2008).

Nontranslating mRNPs localize in distinct mRNP gran-
ules in the cytoplasm (Anderson and Kedersha, 2006; Parker
and Sheth, 2007). One class of these mRNP granules, termed
processing bodies (PBs), are evolutionarily conserved structures
that contain nontranslating mRNAs and proteins involved in de-
capping, exonucleolytic decay, nonsense-mediated decay (NMD),
and microRNA (miRNA)-mediated repression (Eulalio et al.,
2007; Parker and Sheth, 2007). The mechanisms involved in the
movement of mRNA from polysomes into PBs are unclear;
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however, it is assumed that changes in the protein composition
of the mRNP are critical for this relocalization.

Likely candidates for remodeling protein—-RNA com-
plexes are members of the DEXD/H box family of ATPases.
DExD/H box proteins have RNA-dependent ATPase activity
and have been shown to have a wide array of activities, includ-
ing the ability to separate duplex RNA, dissociate proteins bound
to RNA (RNPase activity), or function as RNA-binding scaf-
folds onto which cofactors bind (Rocak and Linder, 2004;
Cordin et al., 2006).

The Saccharomyces cerevisiae protein Dhh1 is a DExD/H
box protein involved in both translational repression and mRNA
decay, making it a good candidate for mediating the mRNP re-
modeling required to move an mRNA from active translation to
atranslationally inactive state. Dhh1 is part of a highly conserved
subfamily of proteins, which includes orthologues in Schizo-
saccharomyces pombe (Stel3), Caenorhabditis elegans (CGH-1),
Xenopus laevis (Xp54), Drosophila melanogaster (Me31b), and
mammals (RCK/p54). Overexpression of RCK/p54, Xp54, or
Me31b can rescue the loss of Dhhl in yeast (Maekawa et al.,
1994; Tseng-Rogenski et al., 2003; Westmoreland et al., 2003),
suggesting that the function of this protein is conserved across
eukaryotes. Dhh1 and its orthologues interact with proteins es-
sential for decapping, deadenylation, and translational repres-
sion (Coller et al., 2001; Fischer and Weis, 2002; Maillet and
Collart, 2002; Weston and Sommerville, 2006) and localize to
PBs under conditions of cellular stress (Sheth and Parker, 2003;
Coller and Parker, 2005; Teixeira et al., 2005). Functionally,
Dhhl is thought to act as an enhancer of decapping because de-
letion of Dhh1 in yeast stabilizes mRNA transcripts and inhibits
decapping (Coller et al., 2001; Fischer and Weis, 2002). In ad-
dition to its involvement in decay, Dhhl and its orthologues
have been implicated in both general and miRNA-mediated
translational repression (Nakamura et al., 2001; Navarro et al.,
2001; Minshall and Standart, 2004; Coller and Parker, 2005;
Chu and Rana, 2006; Minshall et al., 2009). For example, re-
combinant Dhh1 can repress translation of a reporter mRNA in
vitro (Coller and Parker, 2005), and both Xp54 and Me31b can
repress translation of a reporter mRNA in Xenopus oocytes and
Drosophila S2 cells, respectively (Minshall and Standart, 2004;
Minshall et al., 2009; Tritschler et al., 2009). Additionally,
Xp54, Me31b, and CGH1 are all components of stored maternal
RNPs and are involved in amassing these RNAS in a translation-
ally repressed state (Minshall et al., 2001; Nakamura et al.,
2001; Navarro et al., 2001; Minshall and Standart, 2004; Coller
and Parker, 2005).

Together, these observations suggest that Dhhl plays an
important role in regulating the translation status of mRNA.
However, the mechanism by which Dhhl directs the fate of an
mRNA remains unclear. Here, we investigate the role of Dhh1
in translational repression and decay by tethering Dhhl to endog-
enous mRNASs and by analyzing the in vivo role of ATP hydro-
lysis by Dhhl in S. cerevisiae. We found that tethering Dhhl
reduces both steady-state mRNA and protein and that the reduc-
tion in mRNA, but not protein, depends on the 5'-3" decay ma-
chinery. ATP hydrolysis is not required for the ability of Dhhl
to reduce mRNA and protein levels when tethered to an mRNA
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but is critical for the movement of Dhh1 out of PBs. Our data
demonstrate that Dhh1 acts as a translational repressor and de-
cay activator in vivo and support a model in which Dhh1 regu-
lates the transition of an mRNA between active translation,
translational repression, and decay.

Results and discussion

Steady-state RNA and protein levels
decrease upon tethering Dhh1 to
endogenous yeast mRNAs

To dissect the role of Dhhl in mRNA decay and translational re-
pression, we directly tethered Dhh1 to endogenous mRNAs in vivo
by expressing a Dhh1 PP7 coat protein (PP7CP) fusion in a yeast
strain containing a target mRNA with a stem—loop binding site
for the PP7CP in its 3’ untranslated region (UTR; Fig. 1 A).
Dhh1-PP7CP rescued the growth defect of a dhhiA strain, demon-
strating that the fusion protein is functional (unpublished data).

We first tethered Dhhl to an mRNA coding for fructose
1,6-bisphosphate aldolase (FBAI). FBAI is essential and is
among the most highly expressed mRNAs in yeast (Holstege
et al., 1998). Insertion of the PP7 loop into the 3" UTR of FBAI
did not cause any growth defects, indicating that the loop itself
did not interfere with the expression of FBAI. To monitor the
effects of Dhhl tethering on FBAI, we analyzed steady-state
RNA levels by Northern blotting when Dhh1-PP7CP, GFP-
PP7CP, or nontethered Dhh1-GFP was present (Fig. 1 B, left).
Tethering Dhh1 to FBAI mRNA resulted in a fourfold reduction
in mRNA levels (Fig. 1 B, left), whereas tethering GFP had no
effect on the FBAI mRNA levels compared with the no tether
control with both Dhh1-PP7CP and GFP-PP7CP expressed at
similar levels (Figs. 1 B and S1 A). The reduction in FBAI
mRNA by Dhh1-PP7CP was dependent on the presence of a
PP7-binding loop in the 3" UTR of FBAI (Fig. S1 D).

Next, we compared Fbal protein levels in cells expressing
Dhh1-GFP, GFP-PP7CP, or Dhhl-PP7CP (Fig. 1 B, right).
Tethering Dhhl to FBAI mRNA resulted in an approximately
fourfold reduction in Fbal protein levels (Fig. 1 B, right). This
reduction was again specific to Dhh1-PP7CP and was depen-
dent on the presence of a PP7-binding loop in the 3" UTR of
FBAI (Figs. 1 B and S1 E).

To test whether Dhh1 could reduce steady-state mRNA
and protein levels of other mRNAs, we tethered Dhh1 to RPL25
mRNA, which encodes an essential ribosomal protein. As for
FBAI, tethering Dhhl to RPL25 mRNA resulted in a fourfold
reduction in both protein and mRNA levels when compared
with GFP-PP7CP and the nontethered Dhh1-GFP control
(Fig. 1 C). Together, these results demonstrate that binding of
Dhhl to yeast mRNAs is sufficient to reduce both steady-state
mRNA and protein levels.

The ability of Dhh1 to reduce mRNA

levels depends on components of the 5'-3’
decay pathway

Next, we wanted to determine whether Dhh1 requires the 5’3’
decay machinery to lower mRNA levels and whether the reduc-
tion in protein levels is merely a consequence of the lower
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Figure 1. Tethering Dhh1 to endogenous mRNAs decreases mRNA and protein levels. (A) A schematic of tethering strategy. (B, left) Northern blot analysis
of FBAT-PP7 mRNA levels in cells expressing the nontethered control (Dhh1-GFP), GFP-PP7CP, or Dhh1-PP7CP proteins. FBAT mRNA levels were normal-
ized to RPL37 mRNA. (right) Western blot analysis of Fbal protein levels relative to XpoT. (C, left) Northern blot analysis of RPL25-PP7 mRNA in cells
expressing Dhh1-GFP, GFP-PP7CP, or Dhh1-PP7CP proteins normalized to ADHT mRNA. (right) Western blot analysis of Rpl25 protein levels normalized
to Xpol. (B and C) Mean values + SD from three independent experiments are shown.

Dhh1 represses translational and promotes mRNA decay * Carroll et al. 529

920z Atenige4 8o uo 1senb Aq ypd- 151200102 A9l/661895 L/.2S//v6 L 4pd-aomue/qol/Bio ssaidnyy/:dny woly pspeojumoq



530

mRNA levels or whether Dhh1 directly represses translation.
To analyze the role of the 5’3" decay pathway, we deleted CCR4, a
component of the deadenlyation complex (Tucker et al., 2001).
FBAI-PP7 mRNA in ccr4A yeast remained decreased (about
threefold) upon Dhhl tethering (Fig. 2 A, left). This suggests
that recruitment of Dhh1 bypasses the need for deadenylation,
consistent with prior results showing that Dhhl functions
downstream of deadenylation (Coller et al., 2001; Fischer and
Weis, 2002). In contrast, deletion of the decapping factor DCPI
(Fig. 2 A, middle) or the 5'-3" exonuclease XRNI (Fig. 2 A,
right) restored FBAI-PP7 mRNA to normal levels. Thus, the
ability of Dhhl to reduce mRNA levels depends on DCPI and
XRNI, indicating that Dhh1 functions upstream of decapping
and exonucleolytic digestion by activating and/or recruiting the
5'-3" decay machinery.

Dhh1 can reduce protein levels in the
absence of RNA decay

The ability to uncouple the tethering of Dhhl from the sub-
sequent induction of mRNA degradation in dcplA and xrnlA
cells allowed us to determine the effects of Dhhl on protein
levels independent of mRNA decay. We compared Fbal protein
levels in ccr4A, deplA, and xrnlA strains when Dhhl was teth-
ered to FBAI mRNA. As expected, tethering of Dhhl to FBAI
mRNA in the ccr4A strain resulted in a decrease in Fbal protein
levels, corresponding to the decrease in mRNA levels (Fig. 2,
A and B, left). Intriguingly, we found that tethering Dhhl to
FBAI mRNA in both the deplA and xrnlA strains still resulted
in a decrease in Fbal protein levels (Fig. 2 B, middle and right),
despite the fact that there was no change in FBA/ mRNA levels
(Fig. 2 A). This shows that Dhh1 can repress mRNA translation
independent of its ability to activate mRNA decay and indicates
that translational inhibition functions upstream of mRNA decay.
If the pathways of mRNA decay and translational inhibition
acted in parallel and were in competition with each other, resto-
ration of mRNA levels should at least partially restore steady-
state protein levels. However, the Dhhl-mediated decrease in
protein levels is identical in wild-type cells and mutants in
which the 5’3’ RNA decay pathway is blocked (compare Fig. 1
with Fig. 2), suggesting that Dhh1l-mediated mRNA decay is
epistatic to translational repression.

Our data also show that in actively growing yeast, recruit-
ment of Dhh1 to an mRNA rapidly targets the mRNA for decay.
It is likely, however, that in different cellular environments or
growth conditions, Dhh1’s association with an mRNA could
result in storage rather than decay. This could be achieved either
through recruitment of additional cofactors or through general
inhibition of the mRNA decay machinery. In this context, it is
interesting that two Dhhl-interacting proteins in yeast have re-
cently been shown to modulate mRNA storage and decay spe-
cifically during Gy (Talarek et al., 2010), and the orthologue of
Dhhl in C. elegans is found in distinct complexes depending on
the developmental status of the organism (Boag et al., 2008).
Additionally, tethering the Dhh1 orthologue to an mRNA in
Xenopus oocytes, cells with very low decapping activity (Gillian-
Daniel et al., 1998), resulted exclusively in translational repres-
sion (Minshall and Standart, 2004; Minshall et al., 2009).
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Tethering Dhh1 is sufficient to localize
FBA1 mRNA to PBs

In yeast, the mRNA decay machinery localizes to cytoplasmic
PBs during certain conditions of cell stress (Parker and Sheth,
2007), and it has been suggested that the number and size of
PBs correlate with the amount of nontranslating mRNA (Franks
and Lykke-Andersen, 2008). Because tethering Dhhl to FBAI
mRNA results in translational repression and mRNA decay, we
wanted to test whether tethering Dhhl to FBAI mRNA affects
PB formation. To visualize PBs, we expressed Dcp2-GFP in
dhhlA cells with either Dhh1-PP7CP or PP7CP and FBAI or
FBAI containing the PP7-binding loop (Fig. 3 A). Few Dcp2-
positive PBs could be detected in cells expressing the PP7CP in
either the presence or absence of the PP7-binding loop in the
FBAI mRNA. Expression of Dhh1-PP7CP alone caused an
increase in Dcp2-positive PB intensity compared with PP7CP.
Importantly, however, tethering Dhh1 to FBAI mRNA resulted
in a twofold increase in the amount of Dcp2-GFP found in PBs
compared with the nontethered control (Fig. 3 A), demonstrat-
ing that tethering Dhh1l to an abundant mRNA can result in
increased PB formation.

Next, we tested whether Dhhl tethering to FBAI mRNA
was sufficient to localize FBAI mRNA to PBs. However, we
were unable to detect any enrichment of FBAI mRNA in Dcp2-
GPP-labeled PBs in a wild-type strain background (unpub-
lished data). Because Dhh1 tethering leads to a drastic reduction
of steady-state FBAI mRNA levels (Fig. 1), we reasoned that
FBAI mRNA turnover might be too rapid to observe PB accu-
mulation or, alternatively, that FBAI mRNA levels are poten-
tially too low to be visualized by in situ hybridization. Therefore,
we monitored the localization of FBAI mRNA in xrnlA cells.
In this background, FBAI-PP7 mRNA levels are restored, but
tethering Dhh1 to FBAI still results in translational repression
(Fig. 2). Whereas deleting XRN1 caused the constitutive forma-
tion of Dcp2-containing PBs (Fig. 3 B; Teixeira and Parker,
2007), we found that FBAI mRNA tethered to the PP7CP alone
was enriched in only ~5% of the Dcp2-labeled PBs (Fig. 3 B).
In contrast, tethering Dhh1-PP7CP to FBAI mRNA resulted in
a fivefold increase in the number of PBs in which a signal for
FBAI mRNA was detected (Fig. 3 B). Targeting of FBAl mRNA
to PBs required the recruitment of Dhhl, as there was no change
in the localization of FBAI mRNA that lacked the PP7-binding
loop (Fig. 3 B). This demonstrates that tethering Dhh1 to FBA
mRNA under conditions in which it causes translational repres-
sion results in an increased localization of FBAI mRNA to
Dcp2-positive PBs. Thus, our results show that recruitment of
Dhhl to a specific mRNA is sufficient to target the resulting
mRNP to a PB.

Reduction in RNA and protein levels does
not require ATP hydrolysis by Dhh1

Dhh1 is a member of the large family of DExD/H box ATPases.
To investigate the role of Dhh1’s ATPase activity in translational
inactivation, degradation, and PB localization, we mutated the
glutamic acid (E) to glutamine (Q) in the DEAD domain (here-
after referred to as DQAD) of Dhhl. This mutation abolishes
ATP hydrolysis activity in several DExD/H box proteins and is
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Figure 2. Dhh1’s ability to reduce mRNA, but not protein levels, depends on a functional 5'-3’ decay pathway. (A) FBAT mRNA levels when GFP-PP7CP
or Dhh1-PP7CP is tethered in ccrdA, dep 1A, or xrn 1A strains. (B) Effects of tethered Dhh1-PP7CP on Fba protein levels in ccrdA, dep 14, and xrn 14 strains.
Tethering assay was performed and analyzed as described in Fig. 1. Mean values = SD from three independent experiments are shown.

predicted to lock Dhhl into the ATP-bound state (Pause and
Sonenberg, 1992; Cordin et al., 2006).

A PP7CP-tagged copy of the DQAD mutant protein
(Dhh1PAP_PP7CP) was expressed in dhhIA cells in which
FBAI was tagged with a PP7-binding loop. Dhh1°%P-PP7CP

and wild-type Dhh1-PP7CP were expressed at comparable
levels (Fig. S1 B). Intriguingly, Dhh1°?*°-PP7CP reduced
both mRNA and protein levels to a similar extent as the
wild-type protein when compared with GFP-PP7CP or the non-
tethered Dhh1°?*P-GFP control (Fig. 4 A). This demonstrates

Dhh1 represses translational and promotes mRNA decay * Carroll et al.
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that ATP hydrolysis by Dhhl is not required to reduce
RNA and protein levels when Dhhl is directly targeted to
an mRNA.

ATP hydrolysis is necessary for the
dynamic localization of Dhh1 in PBs
Although the Dhh1”?*P mutant reduced mRNA and protein
levels of tethered mRNAs, expression of Dhh1”?4P was unable
to rescue the temperature sensitivity of the dhhIA strain (Fig. 4 B).
Therefore, it was important to further investigate the function
of ATP hydrolysis in the cellular role of Dhhl. To address this
question, we first tested whether the DQAD mutation affected
the interaction with known binding partners of Dhh1. However,
no significant difference was seen between the amount of Xrnl-
myc or Patl-myc that copurified with either Dhh1 or Dhh1P?4P
in pull-down assays examined by Western blotting (Fig. S2).
Furthermore, affinity purifications of Dhh1°?*P revealed that it
still interacted with Dcpl, Dcp2, Lsml, Edc3, and Ccr4 when
copurified proteins were analyzed by multidimensional protein
identification technology mass spectrometry (unpublished data).
To test whether Dhh1”?*P could function in the decay of
nontethered RNAs, we analyzed the decay of three mRNAs,

JCB « VOLUME 194 « NUMBER 4 « 2011

ACTI, CGHI, and RPL25, either in cells in which DHHI was
deleted or in cells expressing wild-type Dhhl or Dhh1P?4P
(Fig. 4 C). All three mRNAs were stabilized in dhhIA cells
compared with wild-type Dhhl-expressing cells (Fig. 4 C).
However, the presence of Dhh1?*P had differential effects on
the decay kinetics of the three mRNAs. Whereas Dhh1P?4P
fully rescued the defect of ACT decay, it only partially restored
the decay of CRHI and was not able to rescue RPL25 decay
(Fig. 4 C). Interestingly, the ability of Dhh1°?4P to complement
the mRNA turnover defect seemed to correlate with the half-life
of the mRNA; Dhh1P?*P fully rescued the decay of the stable
ACTI mRNA but could not enhance the degradation of the
unstable mRNA RPL25, suggesting that ATP hydrolysis by
Dhh1 may be rate limiting for the decay of short-lived mRNAs.
This rate-limiting step may be overcome when Dhh1 is directly
tethered to the mRNA.

Next, we monitored the localization of Dhh1-GFP or
Dhh1P®P_GFP in dhhlA cells. Both proteins were expressed at
similar levels (Fig. S1 C). Dhh1-GFP was diffusely localized
throughout the cytoplasm in logarithmically growing yeast and
localized to PBs only upon stress (Fig. 5 A; Teixeira and Parker,
2007). In contrast, Dhh1°@P_-GFP localized to cytoplasmic foci
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Figure 4. Dhh1°®P hqs differential effects on tethered and nontethered mRNAs. (A, left) Northern blot analysis of FBA1-PP7 loop mRNA in dhh1A cells
expressing Dhh1P9*0.GFP, GFP-PP7CP, or Dhh1°®AP.PP7CP normalized to SCR1. (right) Western blot analysis of FBAT protein levels compared with Xpo1.
Mean values = SD from three independent experiments are shown. (B) Wildtype Dhh1 or Dhh1P94P was expressed in a dhh1A cells and 10-fold serially
diluted. Growth at 30 and 37° was monitored for >3 d. (C) ACTI, CRH1, and RPL25 mRNA levels were measured after transcriptional shutoff with thio-
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in logarithmically growing cells (Fig. 5 B), and this localization
remained unaltered in stress conditions (Fig. 5 B). Dhh1PAP.
GFP and Dcp2-mCherry foci overlapped, suggesting that the
Dhh1P@P foci represent PBs (Fig. 5 B).

Because Dhh1P?4P constitutively localized to PBs, we
hypothesized that the ATPase activity of Dhh1 could be critical
for the recycling of Dhhl out of PBs. To test this directly, we
performed FRAP experiments (Fig. 5 C). PBs induced upon
glycerol stress in the presence of wild-type Dhh1 were dynamic
in that the Dhh1-GFP PB signal rapidly recovered (Fig. 5 C,
left). This suggests that wild-type Dhhl continuously cycles
in and out of PBs. In contrast, Dhh1P?*P-GFP failed to re-
cover after bleaching PBs in either logarithmically growing or

glycerol-stressed cells (Fig. 5 C, middle and right). No signifi-
cant recovery could be detected even 1 min after the bleach.
Together, these data demonstrate that the Dhh1”?4P protein is
trapped in PBs and that ATP hydrolysis by Dhhl is important
for normal PB dynamics.

Our results suggest that ATP hydrolysis is important for
the recycling of Dhh1 out of PBs and is required for the decay
of certain mRNAS. The mechanism by which ATP hydrolysis
stimulates PB disassembly and mRNA turnover remains to
be determined. One possibility is that Dhh1 acts as an RNPase
facilitating the dissociation of translation factors. Alterna-
tively, although not mutually exclusively, Dhhl could func-
tion as an RNA-dependent scaffold to which decay factors and

920z Aeniged 80 uo 3senb Aq 4pd- L1 200102 A2l/66 1 895 L/2ZS/bIv6 L 4pd-8jonie/qol/Bio sseidnyj/:dpy wouy papeojumoq



translational repressors bind. Such a mode of action would
be analogous to the function of the DExD/H box protein
elF4AIll, which recruits cofactors to the exon junction com-
plex (Ballut et al., 2005; Andersen et al., 2006; Bono et al.,
2006). As proposed for elF4AIIl, the ATPase function of
Dhhl could be required for complex disassembly, RNA re-
lease, and recycling, consistent with our localization data show-
ing that a hydrolysis-deficient Dhhl variant constitutively
localizes to PBs (Fig. 5). Interestingly, a similar ATPase muta-
tion in the SF1 RNA helicase Upfl, which is involved in
NMD, also induces constitutive PBs and prevents mRNP dis-
assembly and completion of NMD (Franks et al., 2010). Col-
lectively, these results suggest that ATP hydrolysis by RNA
helicases plays a critical role in enzyme recycling, which is
important for the regulation of PB assembly and dynamics.

By tethering Dhhl to endogenous yeast mRNAs, we di-
rectly show that Dhhl is sufficient to move mRNAs out of ac-
tive translation into a translationally repressed state in which
mRNAs can be targeted for decay (Fig. 5 D). How Dhhl is re-
cruited to an mRNA in nontethered conditions remains an un-
resolved question; however, it is probable that recruitment is
triggered through the shortening of the poly(A) tail, through
interactions with distinct sequence-specific RNA-binding pro-
teins, or in other eukaryotes by miRNA-mediated recruitment
of an RNA-induced silencing complex. Our work suggests that
recruitment of Dhhl to mRNAs by miRNAs or other cellular
cofactors first triggers translational repression. After the initial
step of repression, the mRNA could remain translationally re-
pressed until yet unknown cellular signals direct it to reenter the
translational pool, or, alternatively, the recruitment of degrada-
tion factors could target the mRNA for decay. The final outcome
of whether mRNAs are stored or degraded in response to Dhhl
binding might be highly dependent on cell and tissue type or
environmental conditions. Future work will be required to fur-
ther elucidate the role of Dhhl in regulating gene expression of
specific targets in different cellular conditions and to explore
the role of ATP hydrolysis in this process.

Materials and methods

Construction of yeast strains and plasmids
Construction of plasmids for this study (Table S1) was performed using
standard molecular cloning techniques. Yeast strains (Table S2) were con-
structed using PCR-based transformation with specific primers and integra-
tion plasmids (Longtine et al., 1998). Additionally, yeast mutants were
constructed by transformation with genomic regions PCR amplified from
the corresponding yeast mutant strains or by mating and subsequent dis-
section of the fetrads.

To generate the plasmid used to tag genes with the FLAG tag, the
FLAG peptide was cloned into a yeast integration cassette. Plasmids
containing the PP7 loop and PP7CP sequences were gifts from B. Hogg
and K. Collins (University of California, Berkeley, Berkeley, CA; Hogg
and Collins, 2007). The plasmid used for PP7 loop tagging in yeast
was a gift from Z. Dossani (University of California, Berkeley). To gener-
ate the plasmid used for PP7 loop tagging, the PP7 loop was cloned
into a yeast integration plasmid downstream of a FLAG tag. FLAG-PP7-
tagged genes were obtained by performing PCR-based plasmid integra-
tion. To generate plasmids for expressing proteins tagged with PP7CP,
GFP, and CaM-binding peptide (CBP)-tobacco etch virus (TEV)-ZZ,
each tag was cloned into a plasmid with the Dhh1 promoter and the
Adh1 3" UTR. Protein sequences were then subcloned into these plas-
mids to generate C-terminal-tagged proteins.

Dhh1 mutagenesis

The Dhh1P94P (E196Q) mutation was introduced using a QuikChange site-
directed mutagenesis kit (Agilent Technologies) using UC1949 and
UCT1950 (Table S3) and confirmed by sequencing. This caused a GAA-
CAA mutation at base pair 568, which results in an amino acid change
from glutamic acid to glutamine.

PP7 tethering assay

Yeast cultures were grown to mid-log phase (ODgoo 0.4-0.6) at 30°C
in synthetic media containing 2% dextrose. Cells were collected by cen-
trifugation and lysed in 1x PBS with Tween 20 using protease inhibi-
tors. Lysis was performed with two 30-s pulses using a Mini-BeadBeater
(Biospec Products). Extract was clarified by centrifugation, and extract
protein concentration was normalized by Bradford assay (Bio-Rad Lab-
oratories). Protein samples were prepared by resuspending extract in
SDS sample buffer. RNA was isolated using the RNeasy RNA isolation
kit (QIAGEN).

Northern and Western blot analysis

Total RNA levels were measured using a NanoDrop spectrophotometer
(Thermo Fisher Scientific), and equal amounts of total RNA were separated
by agarose gel electrophoresis. RNA was transferred to a nitrocellulose
membrane and incubated with gene-specific antisense oligonucleotides
(Table S3) end labeled with ATP—y-*2P using T4 polynucleotide kinase
(New England Biolabs, Inc.). Hybridization was performed at 46°C in
Church buffer; wash steps were performed at 46°C in saline-sodium
citrate (SSC) buffer with 0.1% SDS. RNA was visualized using a Typhoon
Trio imager (GE Healthcare), and RNA levels were quantified using
ImageQuant software (Molecular Dynamics). All tethered mRNAs were
monitored by probing with UC587, an oligonucleotide against the FLAG
tag. Tethered mRNA levels were normalized against an endogenous un-
tethered mRNA.

Protein samples from yeast extract were separated by SDS-PAGE
and used for Western blot analysis with an infrared imaging system (Odys-
sey; LFCOR Biosciences). Western blotting was performed with one of the
following primary antibodies: anti-FLAG, anti-His, anti-myc, anti-Xpo1, or
anti-Pab1. Goat anti-mouse Alexa Fluor 680 (Invitrogen) or goat anti-rabbit
IRDye800 (Rockland Immunochemicals) was used as a secondary anti-
body. Protein levels were quantified using the Odyssey imaging software.
Protein levels of tethered mRNAs were monitored by probing an antibody
against the FLAG tag. Protein levels were normalized against the endoge-
nous Xpo|l or Pab1 protein.

mRNA decay measurements

Cell cultures were grown to log phase. Time points were collected after the
addition of 3 pg/ml thiolutin (Enzo Life Sciences). RNA isolation was per-
formed as described in the PP7 tethering assay section. After DNase treatment
(Invitrogen) of the RNA, cDNA was synthesized with reverse transcription
(SuperScript II; Invitrogen). Quantitative PCR was performed in a realtime
PCR system (StepOnePlus; Applied Biosystems) using gene-specific primers
and green ROX mix (ABsolute QPCR SYBR; Thermo Fisher Scientific).
cDNA levels were normalized against levels of the RNA subunit of the sig-
nal recognition particle SCR1.

Myc purifications

Purifications were performed as described in Oeffinger et al. (2007). In
brief, cells were grown to mid-log phase and lysed mechanically using a
mixer mill (type 307; Retsch). Grindate was resuspended in TBT buffer
(20 mM Hepes, pH 7.4, 110 mM KOAc, 2 mM MgCl,, 0.5% Triton X-100,
0.1% Tween 20, 1:1,000 DTT, 1:5,000 rRNasin [Promega], and 1:5,000
Antifoam B [Sigma-Aldrich]), and extract was incubated with IgG-coupled
magnetic Dynabeads (Invitrogen). Beads were washed twice in TBT buffer
and resuspended in SDS sample buffer.

Live-cell fluorescent microscopy

Cells were grown to mid-log phase (ODggo 0.4-0.6) at 30°C in synthetic
media containing 2% dextrose. Cells were observed using a fluorescence
microscope (Eclipse E600; Nikon) using a 100x oil immersion objective.
Images were captured using a charge-coupled device camera (Orca |l
C4742-98-24R; Hamamatsu Photonics) controlled by MetaMorph software
(4.6R6; Molecular Devices).

For tethering experiments measuring the accumulation of Dcp2-GFP
in PBs, the fluorescent intensity of Dcp2 in PBs was compared with the fluo-
rescent intensity of the entire cell for ~100 cells per indicated condition.
The amount of Dcp2 in PBs was then normalized to the untethered strain
expressing Dhh1-PP7CP for each independent replicate. Quantification was
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performed using Image)J, a public domain Java image-processing program
(National Institutes of Health).

For carbon source shift experiments, cells were washed twice in
fresh synthetic media containing either 2% dextrose or 3% glycerol as a
carbon source. Cells were resuspended in the same medium used for wash-
ing and observed after 15 min. Image processing was performed using
Photoshop (Adobe).

In situ hybridizations

Four oligonucleotides were designed against regions of FBAT mRNA
(Table S3) and used to create fluorescently labeled RNA probes. The pro-
tocol for in vitro transcription and fluorescent labeling was based on manu-
facturer’s instructions and published protocols from Robert Singer’s
laboratory (Long et al., 1995). RNA probes were synthesized by in vitro
transcription using reagents from the MEGAshortscript kit (Applied Biosys-
tems). RNA probes were synthesized by a standard in vitro transcription
reaction, except that UTP was replaced by a 1:1 mixture of UTP/amino-
allyl UTP. Transcription reactions were then treated with DNase, phenol
extracted, ethanol precipitated, and resuspended in 1x SSC. Unincorpo-
rated nucleotides were removed by gel filtration through spin columns
(NucAway; Invitrogen). The probes were then ethanol precipitated and re-
suspended in 0.1 M NaHCO; buffer, pH 8.8. The four FBAT probes were
combined info one reaction (1.5 pg of each probe) and labeled using one
vial of the Cy3 monoreactive labeling kit (GE Healthcare). Unincorporated
nucleotides were removed by two rounds of ethanol precipitation and were
resuspended in water.

Cultures were grown to mid-log phase (ODggo 0.4-0.6) at 30°C in
synthetic media with 2% dextrose. 1 ml of cell culture was fixed for 15 min
with 134 pl of 37% formaldehyde (Flukka) and washed twice in buffer A
(0.01 M potassium phosphate buffer, pH 6.5, and 0.5 mM MgCl,) fol-
lowed by resuspension in buffer B (0.01 M potassium phosphate buffer,
pH 6.5, 0.5 mM MgCl,, and 1.2 M sorbitol). Cells were spheroplasted with
zymolase T100, plated on poly-i-lysine—coated slides, and incubated in
70% ethanol for 2 h. Samples were then blocked for 30 min at 37° in hy-
bridization buffer and incubated overnight with Cy3-labeled RNA probes
against FBAT mRNA. Slides were washed with decreasing concentrations
of SSC and mounted in Vectashield mounting medium (Vector Laborato-
ries). FBAT mRNA was colocalized with Dcp2-GFP, and the number of over-
lapping FBAT and Dcp2 PBs was counted in ~150 cells per condition.

FRAP

Photobleaching was performed using a DeltaVision microscope (Spectris;
Applied Precision) equipped with a 488-nm DeltaVision quantifiable laser
module (Applied Precision) and a camera (CoolSnap HQ; Photometrics).
One z stack image (with optical sections 0.5 pm apart) was collected be-
fore photobleaching. PBs to be photobleached were subjected to a 1-2-s
pulse from a UV laser. Images were collected at 5-s intervals for 1 min
after bleach. Images were deconvolved using softWoRx software (Applied
Precision), and a maximum projection from each z stack was obtained
using softWoRx image-processing software. Data analysis was performed
using Image).

Online supplemental material

Fig. S1 shows that PP7CP and GFP fusion proteins are expressed to
similar levels and that the Dhh1-PP7CP-induced reduction of FBAT
mRNA and protein levels is specific to tethered Dhh1. In Fig. S2, we
demonstrate that equal amounts of mRNA decay factors copurify with
wildtype and ATPase mutant Dhh1. Tables SI-S3 describe yeast strains
(Table S1), plasmids (Table S2), and oligonucleotides (Table S3) used in
this study. Online supplemental material is available at http://www.jcb

.org/cgi/content/full /jcb.201007151/DC1.
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