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Summary

In mammalian and Drosophila cells, heat stress strongly reduces general protein translation while
activating cap-independent translation mechanisms to promote the expression of stress-response
proteins. In contrast, in Saccharomyces cerevisiae general translation is only mildly and
transiently reduced by heat stress and cap independent translation mechanisms have not been
correlated with the heat stress response. Recently we have identified direct target genes of the heat
shock transcription factor, HSF, including genes encoding proteins thought to be important for
general translation. One gene activated by HSF during heat stress encodes the enhancer of
decapping protein, Edc2, previously shown to enhance mRNA decapping under conditions when
the decapping machinery is limited. In this report we show that strains lacking Edc2, as well as the
paralogous protein Edcl, are compromised for growth under persistent heat stress. This growth
deficiency can be rescued by expression of a mutant Edcl protein deficient in mMRNA decapping
indicative of a decapping independent function during heat stress. Yeast strains lacking Edcl and
Edc2 are also sensitive to the pharmacological inhibitor of translation paromomycin and exposure
to heat stress and paromomycin functions synergistically to reduces yeast viability, suggesting that
in the absence of Edcl and Edc2 translation is compromised under heat stress conditions. Strains
lacking Edc1 and Edc2 have significantly reduced rates of protein translation during growth under
heat stress conditions, but not under normal growth conditions. We propose that Edc1 and the
stress responsive isoform Edc2 play important roles in protein translation during stress.

Introduction

All organisms encounter environmental, chemical or physiological stresses in various forms.
In response to these stresses eukaryotic cells promote changes in macromolecular synthesis,
trafficking and degradation until more favorable conditions are met (Lindquist, 1992). The
exposure of eukaryatic cells to elevated temperatures, or heat stress, results in the inhibition
of general transcription, a reduction in mRNA splicing, the retention of specific mMRNAs in
the nucleus, the inhibition of overall protein translation and the induced expression of stress-
response genes (Lindquist, 1986, Morano et al., 1998). These changes promote a remodeling
of the proteome to increase the concentration of proteins important for stress survival while
reducing the levels of proteins not essential for stress survival (Lindquist, 1986).

Previous studies in cultured mammalian and Drosophila cells show that a stress-dependent
reduction of proteins that do not specifically contribute to stress-survival is achieved through
the inhibition of cap-dependent protein translation (McCormick & Penman, 1969, Lindquist,
1981) by mechanisms that include the inactivation of the translation initiation factors elF2a
and elF4E as well as the activation of the translation repressive 4E binding protein (4E-BP)
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(Sierra & Zapata, 1994, Kleijn et al., 1998). In conjunction with the repression of cap-
dependent translation, the preferential translation of proteins required for heat stress survival
is promoted through the activation cap-independent translation mechanisms (Sierra &
Zapata, 1994).

In Saccharomyces cerevisiae cap-dependent translation is repressed in response to a variety
of stresses including osmotic shock and nutrient starvation (Ashe et al., 2000, Uesono &
Toh, 2002). However, overall translation in yeast is only modestly reduced during heat
stress (McAlister & Finkelstein, 1980, Uesono & Toh, 2002). Rather, only transient
reductions in the levels of some proteins are observed shortly after exposure to elevated
temperatures (Miller et al., 1982). In general, these reductions are promoted through
reductions in transcription and mRNA stability (McAlister & Finkelstein, 1980, Miller et al.,
1982, Herrick et al., 1990, Gasch et al., 2000). Consistent with this notion, a cap
independent-translation mechanism has not been described in yeast in response to heat
stress.

An important aspect of the response to heat stress is the activation of genes encoding
proteins required for heat stress survival. This activation is mediated in part by heat shock
transcription factors (HSF), whose fundamental architecture and heat shock element (HSE)
binding site are conserved from yeast to humans, (Wu, 1995,L.ittlefield & Nelson,
1999,Akerfelt et al., 2007). Through chromatin immunoprecipitation in conjunction with
microarray analysis we have recently identified 165 direct HSF target genes in S. cerevisiae
(Hahn et al., 2004). While many of the identified HSF target genes encode protein
chaperones, newly identified targets suggest an important role for HSF in many of the
molecular events that occur in response to heat stress including protein folding and
degradation, ion transport, signal transduction, energy generation, carbohydrate metabolism,
vesicular transport and cytoskeleton formation (Hahn et al., 2004). Consistent with the
finding that general translation is not repressed during heat stress in yeast, HSF was shown
to bind the promoters of several genes encoding proteins linked to general translation,
including SOL1, encoding a protein involved in tRNA export from the nucleus (Shen et al.,
1996), TMA10 encoding a protein that associates with poly-ribosomes (Fleischer et al.,
2006), ZPR1 encoding a protein that interacts with eEF1a and is important for rRNA
biogenesis in S. pombe (Galcheva-Gargova et al., 1998,Gangwani et al., 1998) and
YGR250c, encoding a protein homologue of the poly-A binding protein Pabl (Buchan et al.,
2008).

While much is known about gene transcription in response to heat stress, relatively little is
known about post-transcriptional events. Recently we identified EDC2 as a direct target of
yeast HSF (Hahn et al., 2004, Hahn & Thiele, 2004). EDC2 encodes an RNA-binding
protein previously identified in conjunction with the homologous protein Edc1 as multi-copy
suppressors of strains containing temperature sensitive alleles of the mRNA decapping
complex (Dunckley et al., 2001). Subsequent studies showed that Edcl and Edc?2 interact
with the mRNA decapping machinery in an mRNA-dependent manner and enhance the rate
of mRNA decapping through as of yet unknown mechanisms (Schwartz et al., 2003, Steiger
et al., 2003). Interestingly, Edc1 and Edc2 are only required for mRNA decapping and
decay when the activity of the decapping complex is limited (Dunckley et al., 2001,
Schwartz et al., 2003). In addition, localization of Edc1 and Edc2 to P-bodies, the
predominant extranuclear sites of mMRNA decapping and decay and translation inhibition,
has not been described.

Herein we show that expression of EDC2 is activated in response to heat stress at both the
mMRNA and protein level, while expression of EDCL1 is transiently reduced. Interestingly, we
further show that despite only EDC2 expression being up-regulated by heat shock, both
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Edc1 and Edc2 are required for optimal growth during heat stress. In addition, we present
evidence for potentially novel functions for Edc1 and Edc2 as proteins important for protein
translation under heat stress conditions.

EDC1 and EDC2 encode small, basic RNA binding proteins (Schwartz et al., 2003) (Fig.
1A) that have been reported to bind RNA non-specifically through an as of yet
uncharacterized RNA binding domain. Our previous work has identified EDC2 as a direct
binding target of HSF, expressed through a putative promoter HSE in response to heat stress
(Hahn et al., 2004). No HSEs have been identified in the EDC1 promoter, consistent with
the notion that EDC1 is not a target of HSF. As shown in Figure 1A, Edcl and Edc2 share
two distinct regions of homology. Previous experiments have shown that Edcl truncation
mutants, lacking the carboxyl-terminal domain (domain 2), retain the ability to bind RNA,
yet are defective in their ability to enhance MRNA decapping (Schwartz et al., 2003). In
addition, through primary sequence analysis of Edc1 and Edc2 we have identified a putative
bipartite nuclear localization signal (NLS) in Edc2 that is lacking in Edcl (Fig. 1A).

EDC1 and EDC2 were recently identified as ohnologs, or paralogous genes that were
formed by a whole genome duplication event that occurred in an ancestor of S. cerevisiae
(Kellis et al., 2004, Byrne & Wolfe, 2005). Sequence comparison with fungi that diverged
from S. cerevisiae before the genome duplication (Wolfe, 2006), including S. kluyveri, K.
waltii, K. lactis and A. gossypii, suggests that EDC1 is more closely related to the ancestral
EDC gene (Fig 1B). This suggests that EDC2 arose from EDC1 as a result of genome
duplication and was maintained, presumably because it conferred an adaptive advantage to
the ancestral organism. In support of this hypothesis, several fungal species that diverged
from S. cerevisiae after the genome duplication express paralogs of both EDC1 and EDC2.
A notable exception to this is C. glabrata, which, despite diverging from S. cerevisiae after
genome duplication (Wolfe, 2006), expresses only an EDCL1 paralog (Fig 1B). The
introduction of an HSE into the EDC2 promoter, as well as a putative NLS into the EDC2
ORF, likely conferred an adaptive advantage to an ancestral organism since both are absent
from EDCL, but were retained in all EDC2 paralogs. Interestingly, the genome of S. castelli,
which diverged from S. cerevisiae after the genome duplication (Wolfe, 2006), contains two
EDC1-like genes neither of which has an HSE in the promoter or an NLS in the ORF. This
suggests that the introduction of both the HSE and the NLS occurred after S. castelli
diverged from S. cerevisiae.

EDC2 but not EDC1 is activated in response to heat stress

Previous experiments have shown that in response to heat shock, EDC2 is bound by HSF
and transcriptionally activated (Hahn et al., 2004, Hahn & Thiele, 2004). To ascertain if
EDC2 and the related gene EDC1 are co-regulated in response to heat shock, we analyzed
the expression of both genes by RNA blotting after exposing a wild type strain to a 41°C
heat shock for increasing times. As shown in Figure 2, EDC2 mRNA levels are transiently
elevated in response to heat shock peaking within 5 min after exposure to elevated
temperatures and then returning to slightly above basal levels. We detect the EDC2 mRNA
as two distinctly migrating mRNA species that appear to be similarly regulated by heat
stress. Consistent with our findings that EDC1 is not a target of HSF (Hahn et al., 2004),
EDC1 expression was not upregulated in heat shocked yeast cells (Fig. 2). Interestingly, we
also detect the EDC1 mRNA as two distinctly migrating species though unlike the EDC2
MRNA, the two EDC1 mRNA species appear to be transiently reduced upon exposure to
heat shock (Fig. 2). While at this time the nature of the two mMRNA species observed for the
EDC1 and EDC2 remains unknown, it is possible that for EDC1 they represent the
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adenylated and de-adenylated state of the EDC1 mRNA which occur as a function of an
extended poly-U tract within the 3> UTR of EDC1 (Muhlrad & Parker, 2005).

To determine if Edcl and Edc2 protein levels change in response to heat shock, we assayed
the expression of genomically TAP-tagged EDC1 and EDC2 alleles in response to heat
stress by immunoblotting. As shown in Figure 3, Edc2 protein levels increased within 15
min after exposure to heat shock and continued to increase up to 75 min after heat shock
exposure. In contrast, Edcl protein levels, like the EDC1 mRNA, were transiently reduced
in response to heat shock (Fig. 3B).

Edcl and Edc2 are important for growth under stress conditions

To ascertain the functional significance of Edc1 and Edc2 during heat stress, yeast strains
deleted for either EDC1 and/or EDC2 were generated and assayed for their ability to grow
under normal conditions and heat stress conditions. Interestingly, despite only EDC2 being
transcriptionally activated in response to heat stress, both the edc1A and the edc2A strain
exhibited a reduction in growth under heat stress conditions as compared to the isogenic
wild type parental strain (Fig. 4A). As shown in Figure 4A, the edc1A edc2A double mutant
exhibited further growth reductions at 41°C than either of the single mutant strains. The
significant growth reductions seen in edcl1A strain suggest that an up-regulation of gene
expression, as observed for EDC2, is not absolutely required for an EDC protein to have an
important contribution in long-term growth under stress conditions.

To test if Edcl and Edc2 have similar functions during stress we assayed the ability of Edcl
or Edc2 overexpression to rescue the growth of the edc1A edc2A strain under heat stress
conditions. As shown in Figure 4B, overexpression of either Edcl or Edc2 from the
constitutive GPD promoter could rescue the growth of the edc1A edc2A under thermal stress
conditions, suggesting that Edcl and Edc2 have, at least in part, redundant functions. The
growth deficiency of the edc1A edc2A strain during heat stress was also rescued by
overexpression of a mutant Edcl protein that lacks domain 2 (edc1A162-175), known to be
deficient in the enhancement of mMRNA decapping (Schwartz et al., 2003) (Fig. 4C). These
data suggest that Edc1 and Edc2 might have functions independent of mRNA decapping
during heat stress. In support of this hypothesis, Edcl was recently identified as a multicopy
suppressor of a psk1A psk2A strain which lacks a functional PAS kinase, a positive
modulator of translation initiation (Rutter et al., 2002), suggesting that Edc1 and, potentially
Edc2, are involved in events underlying translation during heat stress.

Strains lacking Edc1 and Edc?2 are sensitive to paromomycin and resistant to
cycloheximide

To test if Edcl and Edc2 may be involved in translation, we ascertained the ability of the
edclA edc2A mutant strain to grow in the presence of pharmacological inhibitors of
translation. When the edc1A edc2A mutant was grown on medium containing 10 mg/ml
paromomycin, an aminoglycoside antibiotic that interacts with the A site of the 16S
ribosomal RNA and disrupts translation (Vicens & Westhof, 2001), a severe growth defect
was observed (Fig. 5A). Because Edcl and Edc2 are required for optimal growth under heat
stress conditions, but not in the absence of stress, we reasoned that the sensitivity to
translational inhibitors might be increased if the yeast are exposed to mild temperature
increases. To test if heat stress could enhance the sensitivity to paromomycin, we assayed
the edc1A edc2A strain on medium containing 2 mg/ml paromomycin under normal growth
conditions (30°C) and under a mild heat stress (37°C). As shown in Figure 5B, when the
edclA edc2A strain was grown on low levels of paromomycin or under a mild heat stress, no
growth reductions were observed. However, when the mild heat shock and low levels of
paromomycin where combined, a pronounced growth deficiency of the edc1A edc2A strain
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was observed. In contrast to paromomycin, when the edc1A edc2A strain was grown on
plates containing 500 ng/ml cycloheximide, an inhibitor of translational elongation
(McKeehan & Hardesty, 1969), we observed a distinct growth advantage of the mutant
strain in comparison to a wild type strain (Fig. 5C). Conversely, when either Edc1 or Edc2
were overexpressed in a wild type strain, the cells became strongly sensitized to
cycloheximide (Fig. 5D). While the mechanistic basis for these phenotypes remains unclear,
mutations in other proteins required for translation, for example the ribosome biogenesis
factor Nmd3, result in similar cycloheximide resistance and paromomycin sensitivity (Ho &
Johnson, 1999). Together these data suggest that Edc1 and Edc2 might have functions
important for protein translation that are exacerbated during times of cells stress.

Edcl1 and Edc2 are required for efficient translation during stress

To test the importance of Edcl and Edc2 in translation we assayed the incorporation of
[35S]-methionine into trichloroacetic acid (TCA) precipitable proteins under normal growth
and heat stress conditions. In the absence of thermal stress no defect in [3°S]-methionine
incorporation was observed (Fig. 6A), consistent with the notion that Edc1 and Edc2 have
non-essential functions in global translation in the absence of stress. After exposure to a 2 hr
heat shock, the rate of [3°S]-methionine incorporation was reduced by approximately 2-fold
in strains lacking either Edcl or Edc2 and was reduced by approximately 4-fold in the
edclA edc2A strain (Fig. 6A). The rate of [3°S]-methionine incorporation in the edc1A
edc2A strain during heat stress could be rescued by overexpression of Edcl and Edc2 but
not the structurally distinct decapping enhancer protein Edc3 (Fig. 6B). Together these data
support the hypothesis that Edcl and Edc2 play important roles in effective protein
translation during heat stress conditions.

Differential localization of Edc1 and Edc2

In order to better understand the potential roles of Edcl and Edc? in translation we
examined the subcellular localization of the Edcl and Edc2 proteins. For Edcl and Edc2
localization analysis, proteins carboxyl-terminally fused to green fluorescent protein (GFP)
were expressed from a plasmid under control of the constitutively active TEF promoter. This
allowed us to examine Edcl and Edc2 localization independent of stress-induced
transcriptional activation or repression. Edc1-GFP was localized throughout the cell in the
absence of stress, though a diminution of Edcl in the nucleus was observable (Fig. 7A). The
localization of Edc1-GFP did not change when the cells were exposed to heat shock (data
not shown). In contrast to Edcl, Edc2-GFP appeared to be localized largely to the nucleus
and a peri-nuclear compartment (Fig. 7A), indicative of nucleolar localization. Like Edc1-
GFP, the localization of Edc2-GFP did not change in response to heat shock (data not
shown). While expression of the Edc1-GFP and Edc2-GFP fusion proteins from the
constitutive TEF-promoter was substantially higher than expression from the native
promoter (data not shown), the localization of genomically tagged GFP fusion proteins was
indistinguishable from those expressed from plasmids (data not shown). To independently
test whether Edc2-GFP is localized to the nucleolus, we expressed Edc2-GFP in a strain co-
expressing the nucleolar Sik1 protein fused to red fluorescence protein (RFP). As shown in
Figure 7B, Edc2-GFP partially co-localized with Sik1-RFP, indicative of Edc2-GFP being
partially localized to the nucleolus. These data correlate well with a recent finding
suggesting that Edc2 is complexed with a variety of nucleolar proteins involved in ribosome
biogenesis (Krogan et al., 2006). In addition, the presence of a putative NLS in Edc2 but not
in Edcl (Fig. 1A) fits well with our data demonstrating that Edc2-GFP but not Edc1-GFP, is
localized to the nucleus and nucleolus. To confirm the functionality of the Edc1-GFP and
Edc2-GFP fusion proteins, both proteins were expressed in the edc1A edc2A strain and
assayed for their ability to promote growth during heat stress conditions. As shown, in
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Figure 7C, expression of both Edc1-GFP an Edc2-GFP rescued growth of the edc1A edc2A
strain under heat stress conditions.

Edcl and Edc2 localize to P-bodies in an xrnl1A strain

Because many proteins involved in mMRNA decapping localize to P-bodies (Sheth & Parker,
2003) we tested if Edcl and Edc2 could also localize to P-bodies under specific
circumstances, using Dcp2-RFP as a marker for P-body localization (Teixeira et al., 2005).
In a wild-type strain grown under normal growth or heat stress-conditions, Edc1-GFP and
Edc2-GFP did not co-localize with Dcp2-RFP (data not shown). However, when Edc1-GFP
or Edc2-GFP expressing strains were starved for glucose (data not shown) or when Edc1-
GFP or Edc2-GFP where expressed in an xrnlA strain (Fig. 8), P-body co-localization was
readily observed. Interestingly, for Edc2-GFP P-body localization in the xrn1A strain did not
occur at the expense of the nuclear localization suggesting that only a subset of Edc2-GFP is
being localized to P-bodies. These data support a role for Edcl and Edc2 in mRNA
decapping and decay but suggests the notion that Edc1 and Edc2 are multifunctional
proteins important for many aspects of mRNA biology.

Discussion

In response to heat stress eukaryotic cells increase the concentration of proteins important
for stress survival while reducing those proteins less essential for survival under stress
conditions (Lindquist, 1986). In mammalian and Drosophila cells this is achieved primarily
through repression of cap-dependent protein translation and the activation of cap-
independent translation mechanisms (Sierra & Zapata, 1994). Unlike mammalian and
Drosophila cells, S. cerevisiae cap-dependent protein translation is not interrupted by heat
stress (McAlister & Finkelstein, 1980, Uesono & Toh, 2002), and HSF promotes the
activation of genes that are thought to play an important role in general translation under
heat stress (Hahn et al., 2004). In this report we have begun to characterize the role of two
ohnologous RNA binding proteins, Edcl and Edc2, whose function is important for
effective protein translation and growth during heat stress but not under normal growth
conditions.

While the mechanistic basis underlying the importance of Edc1 and Edc2 in translation
during heat stress remains unclear, the nucleolar localization of Edc2 makes it tempting to
speculate that Edc2 and potentially Edcl are involved in ribosome biogenesis. This notion is
supported by sensitivity and resistance of the edc1A edc2A mutant strain to paromomycin
and cycloheximide respectively, phenotypes which are also observed in response to
mutations in other ribosome biogenesis factors (Ho & Johnson, 1999). Also suggesting a
role in ribosome biogenesis are recent findings that suggest Edc?2 interacts with the ribosome
biogenesis factors Mak5, Nop14 and Kril (Krogan et al., 2006). However, our experiments
testing the export of Rps2-GFP and Rpl11b-GFP from the nucleolus to the cytoplasm
(Stage-Zimmermann et al., 2000, Milkereit et al., 2003) have not detected reductions in
ribosome biogenesis in the edc1A edc2A mutant strain under normal growth or heat stress
conditions (data not shown). Nevertheless, at this time we cannot rule out the possibility that
Edcl and Edc2 affect ribosome function without affecting ribosome biogenesis. Consistent
with a potential role in ribosome function, SDS-PAGE analysis of [3°S]-methionine labeled
proteins in the edc1A edc2A strain suggests that exposure to thermal stress results in a global
reduction in protein translation (data not shown).

Previous studies have elegantly shown that Edcl enhances the activity of the decapping
enzyme and is required for the degradation of specific mMRNA in response to changes in
carbon sources (Schwartz et al., 2003). The ability of Edcl to enhance the function of the
decapping enzyme is strongly dependent on the last 14 amino acids which constitute domain
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2. In striking contrast, our data show that this domain is not required for the ability of Edcl
to rescue the growth deficiency of the edc1A edc2A strain during heat stress thereby
suggesting that under heat stress conditions Edcl is functioning independent of mMRNA
decapping. Therefore, Edcl as well as Edc? are likely to have important functions in
multiple aspects of RNA biology including mMRNA decapping and translation. This idea is
supported in part by the apparent non-specificity of Edcl and Edc2 in RNA binding
(Schwartz et al., 2003) suggesting that these proteins can act on many target RNAs. Our
findings showing that Edcl and Edc2 are important for translation only during cells stress in
addition to previous findings that Edcl and Edc?2 are required for mRNA decapping only
when the activity of the decapping complex is limited (Dunckley et al., 2001, Schwartz et
al., 2003) evokes an interesting comparison to protein chaperones which in many instances
act to stabilize misfolded proteins or promote the accurate folding of nascent polypeptides
(Morimoto, 2008) and many of which only become essential for growth under stress
conditions. Could Edcl and Edc2 be acting as RNA chaperones and stabilizing RNA in
specific confirmations? Indeed several instances of RNA chaperones have been described in
prokaryotes, acting to stabilize RNA structure during non-optimal growth conditions
(Rajkowitsch et al., 2007). Interestingly, like Edc1 and Edc2 many prokaryotic RNA
chaperones are small basic proteins, with little or no RNA binding specificity (Rajkowitsch
et al., 2007). Future experiments will test the RNA chaperone functions of Edcl and Edc2
and will explore if Edcl and Edc?2 affect translation directly or indirectly, potentially
through roles in ribosome biogenesis.

Experimental procedures

Yeast strains

The strains used in this study are listed in Table 1 and were derived from BY4741 and
BY4742, which are considered wild type, except for strain DNY111 which is derived from
W303. Gene deletions were generated by homologous recombination with either the loxP-
spHIS5-loxP or loxP-kanMX-loxP cassettes derived by PCR from plasmid pUG27 and pUG6
respectively (Guldener et al., 1996). For strains, DNY160 and DNY170, the spHIS5 and
kanMX genes were removed via recombination through expression of the Cre-recombinase
from plasmid pSH47 (Guldener et al., 1996). Strain DNY100 was obtained from the TAP-
tagged collection (Ghaemmaghami et al., 2003). To generated strain DNY111, DNA
encoding the TAP-tag and selectable marker was generated by PCR from plasmid pBS1479
(Caspary et al., 1999) and inserted by homologous recombination. The Sik1-RFP strain was
previously described (Huh et al., 2003).

RNA blotting and immunoblotting analysis

Total RNA was extracted from 10 ml yeast cultures by glass bead lysis utilizing LETS
buffer (0.1 M LiCl, 10 mM EDTA, 10 mM Tris (pH 8.0), 0.5% SDS) and
phenol:chloroform. RNA concentrations were quantified by measuring Aygo and 10 pg of
total RNA was analyzed as described (Neef & Kladde, 2003). Protein extracts were
generated from 10 ml of yeast culture using cell lysis buffer (25 mM Tris, 150 mM NaCl,
1% Triton X-100, 0.1% SDS, 1 mM EDTA) supplemented with protease inhibitors and glass
beads. Protein concentrations were quantified using the BCA assay and 10 pg of total
protein was resolved by SDS-PAGE, transferred to a nitrocellulose membrane and proteins
of interest detected by immunoblot analysis following standard procedures using anti-TAP
and anti-Pgk1 antibodies.
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Fluorescence microscopy

Yeast strains were grown to mid log-phase, the DNA was stained with 4',6-diamidino-2-
phenylindole (DAPI) and fluorescence was analyzed using a Zeiss Axio Imager fluorescence
microscope and images deconvoluted with MetaMorph software.

In vivo [3%S]-methionine incorporation

Strains were grown overnight in CSM-Met or CSM-MET-URA to an O.D.ggp = 0.2 and
incubated at either 30°C or 41°C for 2 hr. At time zero, [3°S]-methionine was added to each
culture at a final concentration of 1 uCi/ml and the cultures were further incubated at 30°C
or 41°C. At the indicated times, aliquots were removed and assayed for O.D.ggg and
methionine incorporation as previously described (Carr-Schmid et al., 1999).
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Fig. 1. Edcl and Edc2 are small, basic RNA binding proteins that evolved as a result of whole
genome duplication in an ancestor of S. cerevisiae

A. Regions of homology between Edcl and Edc2 are shown in grey. A putative bipartite
nuclear localization signal (NLS) in Edc2 with the sequence, KKKSCKYKKKEK, is shown
in black. B. Summary of events in the evolution of the EDC1 and EDC2 loci. The
phylogenetic tree on the left is not drawn to scale and shows the evolutionary relationships
between various yeast species and is based on data reviewed by Wolfe, 2006. The line break
represents the whole genome duplication event. In the table on the right, + indicates the
presence of one, ++ indicates the presence of two and — indicates the absence of a locus,
heat shock element (HSE) or NLS.
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Fig. 2. Gene expression of EDC1 and EDC2 is modulated by heat stress

A. A wild type (WT), BY4741 strain, was heat shocked at 41°C for the indicated times. The
expression of EDC1 and EDC2 was assayed by RNA blotting. ENO1 serves as a loading
control. EDC1 and EDC2 mRNA species with differential mobility are indicated as Species
1(S1) and Species 2 (S2). B. EDC1 and EDC?2 transcript levels were normalized to ENO1,
from panel A.
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Fig. 3. Edcl and Edc2 proteins are modulated by heat shock

A. The EDC2-TAP strain was heat shocked at 41°C for the indicated times. The expression
of Edc2-TAP was assayed by immunoblotting using an anti-TAP antibody. Pgk1 serves as a
loading control. B. Expression of Edc1-TAP was analyzed as in A.
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Fig. 4. Edcl and Edc2 are required for optimal growth under heat stress conditions

A. Strains BY4741 (WT), DNY86 (edc1A), DNY25 (edc2A) and DNY63 (edclA edc2A)
were grown at 30°C to O.D.ggg = 0.2 and 5-fold dilution of cells were spotted on SC
medium and grown at either 30°C or 41°C. B. Strain BY4741 (WT) transformed with
pRS416, and strain DNY63 (edc1A edc2A) transformed with either pRS416, pRS416-GPD-
EDC1, or pRS416-GPD-EDC2 were grown and spotted as in A. on SC-URA medium and
grown at either 30°C or 41°C. C. Strain BY4741 (WT) transformed with pRS425, and strain
DNY63 (edc1A edc2A) transformed with either pRS425, pRP984 (2 u EDC1) or pRP1056
(2 nedclA162-175) were grown and spotted as in A. on SC-LEU medium and grown at
either 30°C or 41°C.
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Fig. 5. edc1A edc2A strain is sensitive to growth on paromomycin but resistant to cycloheximide
Strains BY4741 (WT), and DNY160 (edc1A edc2A) were grown at 30°C to O.D.ggg = 0.2
and 5-fold dilutions of cells were spotted on (A) SC medium or SC medium supplemented
with 10 mg/ml paromomycin (PM) and grown at 30°C, (B) SC medium or SC medium
supplemented with 2 mg/ml paromomycin and grown at either 30°C or 37°C, or (C) SC
medium or SC medium supplemented with 500 ng/ml cycloheximide (CHX) and grown at
30°C. D. Strain BY4741 transformed with pRS416-GPD-EDC2 was grown and diluted as in
A. and spotted on SC-URA medium supplemented with 500 ng/ml cycloheximide and
grown at 30°C.
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Fig. 6. Edcl and Edc2 are required for optimal translation under heat stress conditions

A. Strains BY4742 (WT), DNY191 (edc1A), DNY192 (edc2A), DNY170 (edclA edc2A)
were grown to mid-log phase at 30°C and exposed to either 30°C or 41°C for 2 hr and [3°S]-
methionine incorporation was assayed. Data shown for all curves are averages of three
experiments with associated standard deviations. B. Strain DNY170 (edc1A edc2A)
transformed with pRS416, pRS416-GPD-EDCL1 or pRS416-GPD-EDC2 was assayed for
[35S]-methionine incorporation as in A. The rate of [3°S]-methionine incorporation was
determined by calculating the slope from 0 to 40 min.

Mol Microbiol. Author manuscript; available in PMC 2010 September 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Neef and Thiele Page 17

A GFP DAPI
Edc1-GFP
Edc2-GFP
B Edc2-GFP DAPI Sik1-RFP  Overlay
C 30°C 41°C

WT+ vector [ ] .ﬁ <

+ vector "‘ ﬁ >

+ TEF-EDC1-GFP .: I
+ TEF-EDC2-GFP kL I I I §

edc1A edc2A

Fig. 7. Differential localization of Edcl and Edc2

A. Strain BY4741 transformed with either pRS416-TEF-EDC1-GFP, or pRS416-TEF-
EDC2-GFP was grown to mid-log phase and the localization of Edc1-GFP and Edc2-GFP
were assessed by fluorescence microscopy. B. A SIK1-RFP strain transformed with
pRS416-TEF-EDC1-GFP was grown to mid-log phase and the localization of Edc2-GFP
and Sik1-RFP was assessed by fluorescence microscopy. C. Strain BY4741 (WT)
transformed with pRS416 and strain DNY63 (edc1A edc2A) transformed with either
pRS416, pRS416-TEF-EDC1-GFP or pRS416-TEF-EDC2-GFP were grown at 30°C to
0.D.ggp = 0.2 and 5-fold dilution of cells were spotted on SC-URA medium and grown at
either 30°C or 41°C
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Fig. 8. Edcl and Edc2 localize to P-bodies in an xrnlA strain

A. Strain DNY253 (xrnl1A) transformed with pRS416-TEF-EDC1-GFP and pRP1167
(DCP2-RFP) was grown to mid-log phase and the localization of Edc1- GFP and Dcp2-RFP
were assessed by fluorescence microscopy. B. Strain DN'Y253 (xrnl1A) transformed with
pRS416-TEF-EDC2-GFP and pRS415-DCP2-RFP was analyzed as in A.
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Table 1

Yeast strains used in this study.

Strain Genotype

BY4741 MATa his3A1 leu2A0 met15A0 ura3A0

BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0

DNY25 MATa his3A1 leu2A0 met15A0 ura3A0
edc2A::loxP-kanMX-loxP

DNY63 MATa his3A1 leu2A0 met15A0 ura3A0 edc1A::loxP-HIS5-loxP
edc2A::loxP-kanMX-loxP

DNY86 MATa his3A1 leu2A0 met15A0 ura3A0
edclA::loxP-HIS5-loxP

DNY100 MATa his3A1 leu2A0 met15A0 ura3A0
EDC2-TAP::HIS3

DNY111 MATa leu2-3, 112 trp1-1 can1-100 ura3-1
ade2-1 his3-11, 15 EDC1-TAP:: TRP1

DNY160 MATa his3A1 leu2A0 met15A0 ura3A0
edc2A::loxP

DNY170 MATa his3A1 leu2A0 lys2A0 ura3A0 edclA::loxP edc2A::loxP

DNY191 MATa his3A1 leu2A0 lys2A0 ura3A0 edc1A::loxP

DNY192 MATa his3A1 leu2A0 lys2A0 ura3A0 edc2A::loxP

DNY253 MATa his3A1 leu2A0 lys2A0 ura3A0 xrn1A::KanMX4

SIK1-RFP  MATa his3A1 leu2A0 lys2A0 ura3A0

SIK1-RFP::kanMX
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