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Abstract

Protein homeostasis relies on the accurate translation and folding of newly synthesized pro-
teins. Eukaryotic elongation factor 2 (eEF2) promotes GTP-dependent translocation of the
ribosome during translation. eEF2 folding was recently shown to be dependent on Hsp90 as
well as the cochaperones Hgh1, Cns1, and Cpr7. We examined the requirement for Hsp90
and cochaperones more closely and found that Hsp90 and cochaperones have two distinct
roles in regulating eEF2 function. Yeast expressing one group of Hsp90 mutations or one
group of cochaperone mutations had reduced steady-state levels of eEF2. The growth of
Hsp90 mutants that affected eEF2 accumulation was also negatively affected by deletion of
the gene encoding Hgh1. Further, mutations in yeast eEF2 that mimic disease-associated
mutations in human eEF2 were negatively impacted by loss of Hgh1 and growth of one
mutant was partially rescued by overexpression of Hgh1. In contrast, yeast expressing dif-
ferent groups of Hsp90 mutations or a different cochaperone mutation had altered sensitivity
to diphtheria toxin, which is dictated by a unique posttranslational modification on eEF2. Our
results provide further evidence that Hsp90 contributes to proteostasis not just by assisting
protein folding, but also by enabling accurate translation of newly synthesized proteins. In
addition, these results provide further evidence that yeast Hsp90 mutants have distinct in
vivo effects that correlate with defects in subsets of cochaperones.

Author summary

The Hsp90 molecular chaperone and its associated cochaperones are required for the fold-
ing of approximately 20% of the yeast proteome. Using a series of yeast Hsp90 mutants
defective at distinct steps in the Hsp90 folding pathway, we analyzed the role for Hsp90
and cochaperones in maturation of eukaryotic elongation factor 2, which is required for
ribosome translocation. Our results suggest that Hsp90 and cochaperones have two genet-
ically distinct roles in mediating eEF2 function. The folding of eEF2 is highly dependent
on the Hghl, Cpr7, and Cnsl cochaperones and most sensitive to the Hsp90 mutants that
disrupt one step in the pathway. In contrast, sensitivity to diphtheria toxin was affected by
deletion of the Stil cochaperone and mutations that disrupt other steps in the pathway.
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Thus, it appears that even for a single client, Hsp90 may use different mechanisms to pro-
mote different aspects of client maturation. Our results also provide further evidence that
Hsp90 contributes to proteostasis, both by assisting protein folding and by supporting
folding of proteins required for accurate translation.

Introduction

The molecular chaperone Hsp90 is required for maintaining up to 20% of the yeast proteome
in an active, folded conformation [1-5]. Hsp90 functions as a dimer and undergoes dramatic
nucleotide-induced conformational changes [6]. The most complete model of Hsp90 function
is based on the ATP-dependent cycle of interaction with glucocorticoid receptor (GR) [7-10].
Unfolded GR progresses through a loading complex consisting of Hsp70, Hsp90, and Stil/
Hop to a mature complex of GR, Hsp90, and the Sbal/p23 and FKBP52 cochaperones. Once
in the mature complex, the GR achieves the ability to bind hormone with high affinity. Cryo-
EM structures of Hsp90 and cochaperones in complex with GR demonstrate that each cocha-
perone makes direct contact with the GR, providing the basis for cochaperone-client selectivity
[11-13]. However, evidence suggests GR and/or other clients may use a variety of mechanisms
that include different cochaperones capable of targeting clients to Hsp90 [14-18]. Moreover,
increasing evidence suggests that clients interact with different subsets of cochaperones, and
some cochaperones form functional networks [19,20]. There are about twelve Hsp90 cocha-
perones in yeast and fifty in humans [6,21]. One of our goals is to identify differences in how
clients interact with Hsp90 and cochaperones in order to provide insight into potential mecha-
nisms of selective inhibition of Hsp90 function.

The two isoforms of Saccharomyces cerevisiae Hsp90 (encoded by HSC82 and HSP82) are
97% identical. Yeast eEF2 (encoded by EFT1 and EFT2) consists of two isoforms that are 100%
identical [22,23]. Both proteins are very abundant, with estimates of ~229,000 polypeptides of
Hsc82/Hsp82 per cell and 145,000 polypeptides of Eft1/Eft2 [24]. eEF2 has a critical role in
ribosome translocation, and mutations in eEF2 result in reduced translational fidelity, includ-
ing an increase in frameshift mutations [25-27]. Mutations in human eEF2 result in nervous
system abnormalities or developmental defects, including non-specific craniofacial dysmorph-
isms, abnormal brain morphology, and an autosomal dominant form of spinocerebellar ataxia
[28,29]. eEF2 undergoes a unique posttranslational diphthamide modification that is con-
served in all eukaryotes and archaebacteria. Diphthamide is a modification of a histidine resi-
due in eEF2 (H699 in yeast), and it is the target of diphtheria toxin (DT) and other bacterial
ADP-ribosylating toxins [30]. Diphthamide helps stabilize the anticodon-codon interaction,
and it is required for maintenance of the accurate reading frame [26,31,32]. The folding of
eEF2 was recently shown to be dependent on two cytosolic chaperones, the TRiC/CCT system
and the Hsp90 machine. A novel cochaperone, Hghl, was shown to directly interact with eEF2
and link it to Hsp90 via the Cnsl1 cochaperone. In the presence of an Hsp90 inhibitor, or in
cells expressing reduced levels of the Hgh1, Cpr7, or Cnsl cochaperones, eEF2 becomes mis-
folded and/or aggregated [33,34].

We developed a series of yeast Hsp90 mutants, each with a single amino acid alteration in
the Hsc82 isoform, that we grouped based on shared in vivo phenotypes and their ability to
disrupt intermediate steps within the folding pathway. The mutants have varied effects on
activity of select clients and sensitivity to Hsp90 inhibitors [35-37]. Many of the most studied
Hsp90 mutants that have demonstrated defects in on activity of protein kinases and steroid
hormone receptors fall into our "loading and closing’ category. In contrast, we have not
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previously identified client defects that are strongest in cells expressing mutants in the ’reopen-
ing’ group. Here, we examined the effect of Hsp90 or cochaperone mutation on two distinct
aspects of the function of eEF2, a recently identified Hsp90 client. We monitored eEF2 folding,
as measured by steady-state levels of soluble eEF2, and susceptibility to diphtheria toxin. Our
results suggest that Hsp90 and cochaperones have two genetically distinct roles in mediating
eEF2 function. The folding of eEF2 is highly dependent on the Hgh1, Cpr7 and Cnsl cocha-
perones and most sensitive to the Hsp90 mutants in the reopening group. In contrast, sensitiv-
ity to diphtheria toxin is dependent on the Stil cochaperone and most sensitive to mutations
in the loading and closing groups. These results demonstrate that the role of the Hsp90
machinery may vary as a single client progresses to the functional state.

Material and methods
Media, chemicals, and antibodies

Standard yeast genetic methods were employed. Yeast were transformed by lithium acetate
methods and were grown in either YPD (1% Bacto yeast extract, 2% peptone, and 2% dextrose)
or defined synthetic complete media supplemented with 2% dextrose. Plasmid shuffling was
used to swap in plasmids expressing wild-type or mutant His-eEF2, Hsc82 or Cnsl. Transfor-
mants were cured of URA3 plasmids using 5-fluoroorotic acid (5-FOA) obtained from
Toronto Research Chemicals. Galactose was obtained from Fisher. Raffinose was obtained
from Acros Organics (Cat. 19567-1000). Antibodies used: polyclonal rabbit anti-eEF2 (Kera-
fast, ED7002), monoclonal mouse anti-PGK1 (Invitrogen, 459250), goat anti-rabbit HRP
(Invitrogen, 32460), goat anti-mouse HRP (Invitrogen, 62-6520), rabbit polyclonal anti-
Tim44 [35].

Plasmids

Plasmids expressing wild-type EFTI on a URA3 plasmid and LEU2 plasmids expressing wild-
type or mutant His-EFT2 (YCpEFT2_6xHis-LEU2) were obtained from the laboratory of J.
Dinman (University of Massachusetts) [28]. The control plasmid for the His-EFT2 LEU2 plas-
mid was YCplacllI [38]. Plasmids expressing wild-type or mutant Hsc82, Cnsl, or Cpr7 have
been described previously [35,39,40]. In vivo diphthamide biosynthesis was monitored by
scoring viability of yeast cells upon conditional expression of a galactose-inducible diphtheria
toxin (GAL-DT) plasmid pLMY101 [41]. The plasmid pRS424-HGH1 was constructed by
inserting the coding sequence for Hghl, along with approximately 1 kb upstream and 300 bp
downstream flanking nucleotides into pRS424 [42]. The coding sequence of HGH] in the plas-
mid was sequenced completely.

Yeast strain construction

Yeast strains are isogenic to W303 and are listed in S1 Table. Yeast strains containing individ-
ual deletions of EFT1, EFT2, HGHI1 or DPH2 (eft]::kanR, eftZ::kanR, hghl::kunR or dphZ::kanrR)
were obtained from the knockout library collection (Horizon Discovery). These strains were
back-crossed five times with JJ762 [43] and deletions were confirmed using PCR. The eftleft2/
URA3-EFT1 strain was obtained by mating the individual eftI and eft2 strains and transform-
ing the URA3-EFT1 plasmid into the diploid prior to mating and tetrad dissection. Plasmids
expressing His-eEF2 were transformed into strain JJ1472 (eftleft2) and grown in the presence
of 5-FOA to cure the URA3-EFT1I plasmid. The hghl::TRPI strain was constructed from hgh1::
kan® using a linearized marker-swap plasmid [44], then crossed to JJ1472 to obtain
eftleft2hghl/URA3-EFTI (JJ1481).
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Isolation of His-eEF2 complexes and immunoblot analysis

His-eEF2 complexes were isolated as described for isolation of His-Hsc82 complexes (26).
Cells were cultured in 50 mL of YPD or selective media overnight and harvested at an ODgg,
of 1.7 to 3.2. Cell pellets were stored at -80°C then thawed on ice before resuspending in ice-
cold cell lysis buffer (20 mM Tris pH 7.5, 100 mM KCl, 10 mM MoOQO,, 5 mM MgCl,, 5 mM
imidazole) prepared with a complete Mini protease inhibitor cocktail tablet (Roche Diagnos-
tics). The cells were disrupted by vortexing with glass beads at 4°C for 30 sec and resting for 1
min, repeating these steps 8 times. Crude lysates were precleared by centrifugation at 4,500 x g
for 10 sec at 4°C and cleared at 18,000 x g for 5 min at 4° C. Protein complexes were isolated
by incubation rocked with PerfectPro Ni-NTA agarose resin for 1 h at 4°C followed by four
washes with lysis buffer (20 mM Tris pH 7.5, 102 mM KCl, 10 mM MoOQO,, 5 mM MgCl,, 35
mM imidazole, 0.1% Tween 20). The lysate and resin samples were mixed with 2X sample
loading buffer (250 mM Tris pH 6.8, 2% SDS, 20% glycerol, 0.05% bromophenol blue and 4%
beta-mercaptoethanol) and boiled at 100°C for 3 min. Protein complexes were separated by
gel electrophoresis followed by Coomassie Blue staining and/or immunoblot analysis using
indicated antibodies. The level of His-eEF2 bound to resin was quantified by normalization to
levels of a protein in the stained gels of approximately 35 kDa that binds resin in cells lacking
His-eEF2. This method of normalization was used to focus on the plasmid-borne, soluble His-
eEF2. Another reason for using this approach was because we observed reproducibly low Pgkl
levels, our loading control, in strains expressing cnsI-G90D, and some hsc82 mutants.

Growth tests, quantification and statistical analysis

The relative growth of the yeast cells was measured using spotting assays and quantification as
described elsewhere [45]. Cells were inoculated into 5 mL of YPD media (or other media as
indicated) and incubated in a shaking incubator at 30°C overnight. Growth was examined by
spotting 10-fold serial dilutions of normalized yeast cultures on appropriate media, followed
by incubation for two days at 30°C or 37°C, or other conditions as indicated. Spotting assays
contained respective control lanes on each experimental plate. Image] was used to obtain pixel
counts of the second dilution series (unless otherwise indicated). Values were normalized to
the average of the respective control lanes. For all growth assays, a minimum of 3 biological
replicates were used. Statistical significance was evaluated with GraphPad Prism using an ordi-
nary one-way ANOVA or Mixed-effects analysis as indicated (* P < 0.05; ** P < 0.01; ***

P <0.001; **** P < 0.0001). Non-significant values (P > 0.05 not shown). Error bars represent
standard errors of the mean.

Results
Effect of cochaperone mutation on eEF2 steady-state levels

Hghl was identified as a protein that bridges the interaction of eEF2 with either the Hsp90 or
TRiC chaperone systems [33,34]. A physical and genetic network consisting of Cpr7 and Cnsl
had been recognized for years [46-48], but only recently were those two cochaperones, along
with Hgh1, shown to be involved in regulating eEF2 folding and solubility [34]. The prior
studies that examined the connection between the Hsp90 machinery and eEF2 used a system
in which eEF2 was expressed under the regulatable GALI promoter [34]. We examined the
impact of mutations in the Hsp90 machinery on the levels of soluble His-eEF2 in cell lysates
(the Eft2 isoform containing a 6x-His tag) expressed under a constitutive promoter [28]. First,
we compared isogenic wild-type (WT) cells, or cells lacking HGHI or CPR7. CNSI is essential,
so we tested cnsl cells expressing WT CNS1 or the temperature-sensitive mutation cnsI-G90D,
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which alters a residue in an essential domain [34,49]. As shown in Fig 1, isolation of 6xHis-
eEF2 using nickel resin results in one predominant band that migrates at the expected size. In
agreement with the prior study [34], deletion of HGHI or CPR7, or mutation of CNSI, resulted
in significantly lower levels of the introduced His-eEF2 bound to nickel resin and also resulted
in lower levels of eEF2 in cell lysates, which is a combination of endogenous and introduced
His-eEF2. Reduced levels in our assay may be due either to insolubility of His-eEF2 or misfold-
ing and subsequent degradation of His-eEF2. In contrast, the level of His-eEF2 was not signifi-
cantly affected by deletion of DPH2, one of the genes required for the diphthamide
modification [50], indicating that eEF2 folding is not dependent on the modification. A prior
study found that deletion of STI! did not affect eEF2 levels [20]. We confirmed and extended
that study, demonstrating that levels of His-eEF2 were not significantly decreased in cells lack-
ing the cochaperones encoded by STII, CPR6, AHAI, or SBA1. Together, these results support
prior studies that suggest that a subset of Hsp90 cochaperones are required for eEF2 stability
and/or solubility [20,34].

Overexpression of eEF2 was shown to have toxic effects on growth of cells lacking CPR7 or
with reduced levels of CNSI [34]. We similarly found that overexpression of eEF2 significantly
reduced the growth of cpr7 and cns1-G90D cells at 30°C (S1 Fig). Surprisingly, negative growth
defects were not observed in cells lacking HGHI. Overexpression of eEF2 did not have signifi-
cant negative effects on growth of cells lacking DPH2 or the cochaperones ST11, CPR6, AHAI,
or SBA1. Thus, except for cells lacking HGH], there was strong correlation between the level
of His-eEF2 and negative effects of eEF2 overexpression. The reason for this is unknown.
Schopf et al. [34] showed that about 20% of eEF2 remained soluble after CPR7 deletion or
CNS1 knockdown, but about 40% of eEF2 remained soluble after HGH]I deletion [34], so it is
possible that the amount of insoluble eEF2 impacts the level of negative effects on growth.

Hsp90 mutants have varied effects on His-eEF2 function

We next compared levels of His-eEF2 in cells expressing either WT or mutant forms of Hsc82.
Each of the previously described mutants displays growth defects at elevated temperature
(37°C), but the mutants affect distinct steps in the folding pathway and are differentially
affected by overexpresssion of the HCHI (not HGHI) cochaperone [35,36] (summarized in S2
Table). In a simplified model of the folding pathway (Fig 2A), client is loaded onto Hsp90,
and then Hsp90 progresses to the closed state. Upon ATP hydrolysis and client release, Hsp90
cycles back to the open complex. One mutant in this study disrupts the loading step (G309S),
one disrupts the closing step (A583T), and five mutants disrupt the reopening step (S25P,
K102E, E377A, L379S, and Q380K). Another mutant, G424D, causes temperature-sensitive
growth but does not appear to affect the steps above. As shown in Fig 2B and 2C, His-eEF2
levels were significantly affected only in strains expressing the reopening mutants (S25P,
K102E, Q380K, L379S, and E377A). The S25P, K102E, and Q380K mutations also resulted in
the lowest relative levels of Eft1/2 in a recent analysis by our laboratory of the effects of Hsp90
mutation on a proteome-wide scale [37]. The amino acids altered in the reopening mutants
cluster near regions important for regulation of ATP interaction or hydrolysis [51-53]. Our
demonstration that the reopening mutants have the strongest effect on accumulation of His-
eEF2 is the first demonstration that mutants in the reopening group have the strongest effect
on folding of a specific client.

We next tested whether overexpression of eEF2 in yeast expressing Hsp90 mutants resulted
in negative growth defects, similar to those observed in strains lacking CPR7 or expressing
cnsI-G90D. The effect was readily apparent upon transformation of plasmids into the strains.
Wild-type Hsp90, G309S, A583T, or G424D cells expressing either the control plasmid or the

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011508 December 9, 2024 5/21


https://doi.org/10.1371/journal.pgen.1011508

PLOS GENETICS

Dual roles for Hsp90 and cochaperones in eEF2 function

Q
S
&
A ENNBD B c
FSsS=2292 .
22883356 © = His EF2 levels
kDa - % + + + - + + His-eEF2WT E5S8 S -
30 $ S22 % isorrowr ] b !
130} = His-eEF2 WT ok **
- His-eEF2 wT KD2 se = =
100 4 120 i,
08 100 | His-eEF2 WT
55# 70 & 0.5
55"
35 ————— 0.0
Ee—— — - NAD oA NANLD
35 N O S S @ P S
@ e ememeseEF2 (L) I cEF2 (L) éi\q KRR T iﬁ\f%b
— = ——— = Pgk1 (L) =msm—=Pgk1 (L) g

Fig 1. Effect of cochaperone deletion or mutation 6x-His eEF2 levels. His-eEF2 was isolated from the indicated
strain (S1 Table) using nickel resin. Proteins bound to the nickel resin were separated using SDS-PAGE and visualized
using stained gels (top). Levels of eEF2 were also detected using immunoblot analysis of whole cell lysates (below).
Lane 1: empty vector (YcPlac111). eEF2 levels in the immunoblots in A and B are the combined signal from
endogenous eEF2 + plasmid His-eEF2. Anti-Pgklwas used as a loading control. A. Effect of cochaperones previously
shown to affect eEF2 folding, as well as a protein (Dph2) required for eEF2 modification. B. Effect of additional Hsp90
cochaperones. C. Quantification of the changes in His-eEF2 levels in panels A and B. The level of His-eEF2 bound to
resin in each strain was quantified as described in Materials and Methods. The mean values and standard deviations of
three biological replicates, along with a representative of each, are shown. Cochaperones previously linked to eEF2
function are shaded dark gray. Statistical significance was evaluated with GraphPad Prism using Mixed-effects analysis
(* P <0.05;** P < 0.01; *** P < 0.001). Non-significant values not shown.

https://doi.org/10.1371/journal.pgen.1011508.9001

His-eEF2 grew similarly after three days. However, cells expressing reopening mutants (S25P,
K102E, E377A, L379S or Q380K) exhibited severe growth defects in the presence of His-eEF2
(S2 Fig). Once colonies appeared, we compared growth using the more sensitive growth assay
that uses serial dilutions (S3 Fig). Consistent with our results that the reopening mutants cause
the strongest eEF2 defects, strong growth defects were observed in cells expressing the reopen-
ing mutants. However, growth defects were also observed in cells expressing G309S and
A583T. The only mutant that did not show a significant growth defect upon eEF2 overexpres-
sion was G424D. The G424D mutant had limited effects in our proteomics analysis [37] and
G424D did not exhibit defects in activity of other clients that were observed in the loading and
closing mutants [35]. At this time, the client defects responsible for the temperature-sensitive
growth defect of that mutant remains unknown.

Loss of HGH]1 causes severe growth defects of hsc82 mutants with the
strongest decrease of His-eEF2 levels

In previous studies by the Buchner lab [34], loss of HGHI did not cause a detectable growth
defect, but deletion of HGHI enhanced the growth defect of cells lacking CPR7 [34], reinforc-
ing evidence that the two proteins have similar in vivo functions. We next examined the effect
of HGH1 deletion on growth defect of cells expressing hsc82 mutants (Fig 3A and 3B). We
included additional previously described mutants in each group in these assays to broaden our
understanding of the phenotypes of the different groups (S2 Table [35-37]). R46G and G309S
exhibit decreased Hsp70 interaction and are in the "loading’ group [12,35]. S481Y and A583T
exhibit reduced interaction with the Sbal and Cpr6 cochaperones in the presence of
AMP-PNP and are in the *closing’ group [35,54]. Isogenic hsc82hsp82 or hghlhsc82hsp82
strains that harbor a URA3-marked plasmid expressing HSP82 were transformed with plas-
mids expressing forms of Hsc82. Transformants were plated onto media containing 5-FOA,
which counterselects for the HSP82 plasmid. As shown in Fig 3A, strains expressing WT
Hsc82 grow equally well on 5-FOA in the presence or absence of HGH]I. Similar sized colonies
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Fig 2. Effect of Hsp90 mutation on 6x-His eEF2 levels. A. Schematic of the different Hsc82 mutants and the
approximate location of the mutants. The loading mutants disrupt interaction of Hsp70 and Hsp90 during client
loading and the closing mutants disrupt formation of the closed state. The reopening mutants cluster in regions
required for ATP binding and/or hydrolysis. The G424D mutation is in a distinct region. Additional details about the
Hsc82 mutants are listed in S2 Table. B. Wild-type or mutant Hsp90 (the Hsc82 isoform) was expressed in strain JJ816
(hsc82hsp82). His-eEF2 was isolated using nickel resin. Proteins bound to the nickel resin were separated using
SDS-PAGE and visualized using stained gels (top). Levels of eEF2 were also detected using immunoblot analysis of
whole cell lysates (below). eEF2 levels in the immunoblot are the combined signal from endogenous eEF2 plus plasmid
His-eEF2. Anti-TIM44 was used as a loading control. Lane 1: empty vector (YCplacIII). B. The level of His-eEF2
bound to resin in each strain was quantified as described in Materials and Methods. The mean values and standard
deviations of biological replicates, along with a representative of each, are shown. Hsc82 mutants in the reopening
category are shaded in dark gray. Statistical significance was evaluated with GraphPad Prism using Mixed-effects
analysis (* P < 0.05; ** P < 0.01). Non-significant values (P > 0.05 not shown).

https://doi.org/10.1371/journal.pgen.1011508.g002

also appeared in cells expressing the mutants in the loading (G309S) and closing group
(A583T) in the presence or absence of HGHI after three days on 5-FOA (Fig 3A). In contrast,
strains expressing the reopening mutants all grew very poorly in the absence of HGH1 after
the same amount of time on 5-FOA (Fig 3B). No colonies appeared in hghl strains expressing
S25P or E377A after three days, but small colonies were visible after five days (Fig 3C). To vali-
date the hghlhsc82hsp82 strain, empty vector or a plasmid overexpressing HGH1 was trans-
formed into the strains expressing either WT Hsc82 or Q380K. As shown in Fig 3D, the
presence of HGHI restored growth in the presence of 5-FOA. To quantify the growth defects
and minimize effects due to differences in the amount of cells struck out on the plate, colonies
were picked from the 5-FOA plates in Fig 3A and 3B, grown overnight, normalized, and seri-
ally diluted onto rich media. We did not test the reopening mutants S25P and E377A in this
assay due to the severe growth defect in the absence of HGH1. As expected, the remaining
reopening mutants, K102E, L379S, and Q380K, exhibited strong growth defects in cells lacking
HGH1 (S4 Fig). Using this more sensitive assay, some effects negative effects were also
observed in cells expressing G309S and A583T. However, the growth of cells expressing
G424D was not significantly affected by loss of HGH1, consistent with other results showing
that this mutant has distinct phenotypes. Thus, Hsc82 mutants differ in their effect on eEF2
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Fig 3. Deletion of HGH1 enhances the growth defect of some hsc82 mutant strains. Plasmids expressing either
wild-type Hsc82 or the indicated mutant were transformed into isogenic hsc82hsp82/URA3-HSP82 (J]816) or
hgh1hsc82hsp82/URA3-HSP82 (J]1471) strains. A and B. Strains were streaked onto media containing 5-FOA, which
counterselects for the HSP82 plasmid. Pictures were taken after three days at 30°C. At least three independent assays
were conducted, with a representative shown. C. Growth of strains in B expressing WT HSC82, hsc82-S25P or -E377A
after 5 days on 5-FOA at 30°C. D. Strain hgh1hsc82hsp82/URA3-HSP82 (JJ1471) expressing WT HSC82 or
hsc82-Q380K was transformed with a plasmid expressing HGHI or empty vector (pRS424). Transformants were
patched onto selective media in triplicate, then replicated onto either selective media or plates containing 5-FOA and
grown for two days at 30°C.

https://doi.org/10.1371/journal.pgen.1011508.9003

functions, as evidenced by reduced accumulation of His-EF2, negative effects of EF2 overex-
pression, and growth defects in the absence of HGH]I. In each case, the reopening mutants
(S25P, K102E, Q380K, L379S, and E377A) had the strongest effects. The reason that the
reopening mutants have the strongest defects related to eEF2 is unknown. The most likely
explanation is that the reopening mutants may not be able to form complexes with Hgh1 and/
or eEF2. The Buchner lab did not detect a direct interaction between purified Hghl and puri-
fied Hsp90 or purified eEF2 and purified Hsp90. However, Hsp90 was able to directly bind
Cnsl or a complex consisting of Hghl, Cnsl, and eEF2 [34].

Mutations in eEF2 have distinct effects on eEF2 folding

eEF2 is a large multidomain protein with five domains. Domain I binds GTP, domain III
binds Hghl and domain IV contains the diphthamide modification, which occurs on His699
[26,34]. A yeast model system previously examined the effects of two eEF2 mutations that
mimic human eEF2 mutations associated with neurodevelopmental disorders, C372Y and
P580H. C372Y alters a residue in domain II and P580H is in domain IV, close to H699 [28,29].
We expressed His-tagged versions of those mutants, as well as H699N, which blocks the modi-
fication, in an eftleft2 strain isogenic to our other strains (Fig 4A). All three of these mutations
resulted in growth defects at elevated temperature, with C372Y and P580H also causing
reduced growth at the optimal growth temperature of 30°C. To determine the effect of
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Fig 4. Effect of eEF2 mutation on growth and steady state level. A. Growth of wild-type or mutant His-EF2 in
eftleft2 strain (JJ1472). Strains expressing indicated His-eEF2 plasmid were grown overnight, then serially diluted
10-fold and grown for two days at the indicated temperature. Growth of eftleft2 strains expressing each eEF2 mutant
was normalized to the growth of the cells expressing WT eEF2 strain. B. His-eEF2 was isolated using nickel resin and
analyzed by SDS-PAGE followed by staining with Coomassie Blue and immunoblot analysis. Lane 1 is a control that
lacks His-tagged protein (J]1472). The level of His-eEF2 bound to resin in each strain was quantified as described in
Materials and Methods. The mean values and standard deviations of three biological replicates, along with a
representative of each, are shown. C. Growth of WT or mutant eEF2 in eftleft2 strain (JJ1472) or eftleft2hghl strain
(J71481) after 3 d at 23°C. Growth was normalized to growth of WT or mutant eEF2. D. Growth of WT or mutant
eEF2 in eftleft2 strain in the presence of empty vector (pRS424) or HGHI (prs424-HGH]) after 2 d on selective media
at 30°C. The growth defect on selective media is stronger than when grown on rich media (YPD, in A). Growth was
normalized to growth of WT eEF2 in the presence of empty vector (EV). Three biological replicates were obtained,
with representative pictures of each shown. Statistical significance was evaluated with GraphPad Prism using one way
ANOVA. (* P < 0.05; ** P < 0.01; ¥** P < 0.001; **** P < 0.0001).

https://doi.org/10.1371/journal.pgen.1011508.g004

mutation on folding, WT and mutant His-eEF2 were isolated out of yeast as described above.
As shown in Fig 4B, His-eEF2 WT and H699N accumulated to similar levels, consistent with a
prior analysis [55], but the C372Y and P580H alterations resulted in significantly reduced lev-
els of His-eEF2, suggesting that misfolding of eEF2 contributes to the human disorders associ-
ated with these variants.

Since Hghl directly interacts with eEF2 and enhanced growth defects were observed upon
combination of hsc82 mutants and HGHI deletion, we constructed isogenic eftleft2 and
eftleft2hghl strains. The loss of HGHI reduced the growth of cells expressing all mutants, with
a significant reduction in cells expressing C372Y (Fig 4C). Further, overexpression of HGH1
partially rescued the growth defect of cells expressing C372Y (Fig 4D). In addition to provid-
ing new evidence that Hgh1 has a role in folding of eEF2, this suggests that overexpression of
Hgh1 may help rescue defects of human eEF2 caused by the homologous mutation. Results
from the Buchner lab indicate that domain IIT of eEF2 binds Hgh1 [34], and it is possible that
stabilization of domain III may help overcome folding defects in the nearby domain that arise
due to the C372Y mutation.

Effects on eEF2, Hsp90, or cochaperone mutation on sensitivity to
diphtheria toxin

In wild-type yeast, the presence of diphtheria toxin (DT) results in irreversible ADP ribosyla-
tion of diphthamide, inactivation of EF2, and cell death [41]. To test the effect of mutations on
the diphthamide modification, cells were transformed with a plasmid that expresses the cata-
lytic domain of DT in the presence of galactose (GAL-DT). Wild-type (WT) cells expressing
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Fig 5. Effect of eEF2 mutation sensitivity to diphtheria toxin. A. WT cells (762) or dph2, or jjj3 strains were
transformed with empty vector (-, pB656) or pPLMY101, which expresses the catalytic domain of DT under the GALI
promoter [41]. Cells were struck out onto selective (- uracil) plates containing 2% glucose (as a control) or 2%
galactose and grown for four days at 30°C. B. Strain 1472 (eftleft2) expressing wild-type or mutant His-EF2 was
transformed with plasmid pLMY101. A dph2 strain harboring pLMY101 was used as a control. Cells were struck out
onto selective (- uracil) plates containing 2% glucose (as a control) plates containing 2% galactose and grown for four
days at 30°C. Three biological replicates were obtained, with representative pictures of each shown.

https://doi.org/10.1371/journal.pgen.1011508.9005

empty vector grow similarly on selective media containing glucose (Ura- glucose) or galactose
media (Ura- galactose), but WT cells expressing GAL-DT die on galactose (Fig 5A). As con-
trols, we tested an isogenic strain lacking DPH2, which encodes an enzyme required for the
first step of diphthamide biosynthesis [50,56], as well as a non-isogenic strain lacking Jjj3/
DPH4, which encodes another protein required for the modification [57]. As expected, both
strains grew in the presence of galactose despite the presence of DT.

We then tested the effect of DT expression on cells expressing WT or mutant eEF2. As
expected, the H699N alteration, which prevents the modification, enabled cells to grow in the
presence of DT (Fig 5B). The other mutants, C372Y and P580H, both died in the presence of
DT, suggesting they do not impact the modification. Of note, cells expressing C372Y consis-
tently grew poorly on media lacking uracil, for unknown reasons. As an additional test, we
reduced the amount of galactose in the media from the standard 2% to 1%, since one study
reported that cells lacking DPH7, which encodes one of the genes required for the modifica-
tion, were unable to grow in the presence of 2% galactose but were able to grow when galactose
levels were reduced [58]. However, that did not affect growth of cells expressing P580H and

C372Y (S5 Fig).

We then tested cochaperone mutations. As shown in Fig 6A, strains lacking CPR7 or
HGH1 or expressing cns1-G90D exhibited wild-type sensitivity to DT in the presence of 1 or
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Fig 6. Effect of cochaperone deletion or alteration on sensitivity to diphtheria toxin. A. WT cells (]]762), cells
lacking HGHI (J]J1465), CPR7 (JJ1115) or DPH2 (J]1449) or a cns1 disruption strain (JJ21) expressing WT CNSI or
cns1-G90D were transformed with plasmid pLMY101 and struck out onto selective (- uracil) plates containing 2%
glucose (as a control), 1% raffinose and 1% galactose, or 2% galactose and grown for four days at 30°C. B. WT cells
(J]762), cells lacking CPR6 (J]1138), STII (J]623), AHAI (J]73), SBA1 (J]543), or DPH2 (J]1449). Three biological
replicates were obtained, with representative pictures of each shown.

https://doi.org/10.1371/journal.pgen.1011508.g006

2% galactose. Surprisingly, deletion of STI1, but not deletion of SBAI, CPR6, or AHAI pro-
vided resistance to DT under conditions of reduced galactose (1%) (Fig 6B). In addition, cells
expressing Hsc82-R46G, G309S, or A583T were also able to grow in the presence of 1% galac-
tose, while cells expressing other Hsc82 mutants, including S25P, K102E, and G424D, were
unable to grow (Fig 7). This suggests that some Hsp90 or cochaperone mutations affect the
process or efficiency of the diphthamide modification.

Discussion

The molecular chaperone Hsp90 is an important drug target due to its role in chaperoning
proteins required at multiple stages of cancer progression and proteins that promote fungal
infections [59-61]. However, inhibitors that target the ATP-binding site have negative effects
that limit clinical use [62,63]. A major question in the field is how to achieve selective inhibi-
tion of Hsp90, which impacts the function of 15-20% of the proteome [1-4]. We developed a
robust system to study the impact of mutations that target distinct steps in the Hsp90 folding
pathway in the genetically tractable S. cerevisiae [35-37]. Hsp90 mutants that disrupt early
steps in the folding cycle had the largest effect on ’classic’ clients such as protein kinases. Here
we identify the first client defect that is strongest in the ’refolding’ mutants. Moreover, we pro-
vide evidence that defects in classes of Hsp90 mutants are linked to subsets of cochaperones.
This suggests that there may be distinct versions of the Hsp90 folding pathway that chaperone
different types of clients. A better understanding of the basis of these differences may lead to
selective inhibitors with fewer negative effects.

eEF2 is an essential protein with critical roles in ribosome translocation. As shown in the
model in Fig 8, our results suggest two separate roles for Hsp90 and cochaperones. Along with
Hghl, Cnsl, and Cpr7, Hsp90 promotes proper folding of eEF2. The absence of this function
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Fig 7. Effect of Hsc82 cochaperone deletion on sensitivity to diphtheria toxin. Strain JJ117 expressing WT or
mutant Hsc82 was transformed with plasmid pLMY101 and struck out onto selective (- uracil) plates containing 2%
glucose (as a control), 1% raffinose and 1% galactose, or 2% galactose and grown for four days at 30°C. A dph2 strain
harboring pLMY101 was used as a control. Three biological replicates were obtained, with representative pictures of
each shown.

https://doi.org/10.1371/journal.pgen.1011508.g007

causes eEF2 to misfold and, in some cases, aggregate, resulting in growth defects due to loss of
essential functions. In addition, Hsp90 and Stil appear to have a role in promoting the
diphthamide modification. At least seven genes (DPHI-DPH? in yeast) cooperate in a multi-
step pathway to generate the fully modified form of eEF2 [27,64]. A prior study identified a
link between yeast Hsp90 and DPH6 or DPH7, suggesting that Hsp90 may be required for
those proteins to work properly [4]. Interestingly, one of the proteins required for the
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Fig 8. Model of Hsp90 and cochaperone interaction with eEF2. A. Folding of eEF2 is assisted by Hgh1, Cnsl and
Cpr7. Hsp90 binds the eEF2 cochaperone complex, further assisting folding. Reduced function of Hsp90 or these
cochaperones results in inefficient folding and/or aggregation of eEF2. B. Hsp90 and Stil promote maturation of

proteins required for efficient processing of the diphthamide modification, such as Dph6 and Dph7. Reduced function
of Hsp90 and/or Stil may result in inefficient modification of eEF2, resulting in resistance to DT.

https://doi.org/10.1371/journal.pgen.1011508.g008
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diphthamide modification, Dph4/Jjj3 contains a ] domain, which mediates interaction with
Hsp70 molecular chaperones [57,65]. Other J proteins, such as Ydj1 are known to be required
for Hsp90 clients [66-68]. Further studies are required to determine if eEF2 isolated from
Hsp90 mutant strains have reduced ability to fully modify the H699 residue. S2 Table summa-
rizes our results, which suggest at least three possible fates of eEF2 upon alteration of Hsc82:
reduced accumulation with little or no impact on sensitivity to DT (the reopening mutants);
reduced sensitivity to DT with some impact on steady-state levels (loading and closing
mutants); or little or no effect on either accumulation or sensitivity to DT (G424D, ’other’).
This is the first demonstration that a single Hsp90 client requires two genetically distinct func-
tions of the Hsp90 molecular chaperone machine that differ in cochaperone requirement and
the type of Hsp90 mutation that affects function.

Hsc82 mutants that most strongly affect eEF2 steady-state levels (the reopening mutants)
show strong synthetic growth defects when combined with deletion of HGH]I, which also
results in decreased steady-state levels of eEF2. The reopening mutants are predicted to affect
ATP hydrolysis, client release and return to the open conformation steps involved in ATP
hydrolysis and/or nucleotide exchange (S2 Table) [35,36,51,53]. One possibility for the specific
effect of the reopening mutants is that efficient folding of eEF2 requires a specific rate of ATP
hydrolysis and/or nucleotide exchange, and that any mutant that delays ATP hydrolysis, ADP
release, or alters the timing of the conformational cycle disrupts function [69]. Although a pre-
vious study in the Bolon lab showed that the rate of ATP hydrolysis did not appear to be a fac-
tor in affecting specificity for GR or v-src [70], this has not been tested for eEF2. Another
option is that the reopening mutants disrupt a specific conformation of Hsp90 that is required
for eEF2 or Hghl interaction. CNSI was isolated as a multicopy suppressor of the
hsp82-E381K allele, which contains an alteration in the same flexible loop as many of the
reopening mutants [36,71]. Purified Hsp90 bound Cnsl directly, as well as a complex consist-
ing of Hgh1, Cnsl, and eEF2 [34]. It is possible that Cnsl interaction stabilizes the conforma-
tion of Hsp90 required for formation of the Hgh1-Cns1-eEF2-Hsp90-complex. A direct
interaction between Hgh1 and purified Hsp90 was not detected in studies by the Buchner lab.
However, eEF2 was found to cross-link a site in the middle domain of Hsp90 using the artifi-
cial amino acid Bpa [1]. Thus, the Hsp90-eEF2 interaction may be transient and not detectable
without stabilization through crosslinkers. Our efforts to reproducibly detect and quantify dif-
ferences in how Hsp90 mutation affects interaction with eEF2 or Hgh1 were unsuccessful,
likely due to differences in the abundance of eEF2, the transient nature of the of the interaction
and/or background binding of Hsp90 to resin used during pulldown assays.

The Hsp90 folding cycle is complex and may vary from client to client [14-18], but one
consistent feature is the presence of Hsp90-client-cochaperone complexes. During Hsp90-as-
sisted folding of the GR, GR bound to Hsp70 is targeted to Hsp90 with assistance from Hop/
Stil. Stil directly participates in client loading, mutation of STI! results in defects in GR and
v-src activity, and Hsc82 mutations in the loading and closing group are inviable in the
absence of STII [12,35,72,73]. We previously identified similar connections between Hsp90,
Stil, and the essential client Utp21, which functions in ribosome biogenesis. A mutation in
UTP21 that results in mild growth defects on its own results in lethal or severe growth defects
when combined with deletion of STII or when combined with Hsc82 mutants in the loading
and closing group [35,74]. Our hypothesis is that the mutated form of Utp21 is particularly
reliant on the ability of Stil to load clients onto Hsp90, and that the combination of two sepa-
rate mutations that affect this process results in loss of the essential function of Utp21 in ribo-
some biogenesis. Similarly, the cochaperone Cdc37 directly binds protein kinases and targets
them to Hsp90 [14]. Activity of v-src kinase was reduced in cells expressing either cdc37 or
Hsc82 mutants in the loading and closing group, and the combination of the cdc37 mutant
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Table 1. Functional connections between Hsc82 mutants, cochaperones and clients. A comparison between data in this paper regarding the client eEF2 with prior
data. Results from the current study are shaded in gray. (*nd = not determined).

Client function
analyzed

Cochaperone
requirement

Hsp90 mutant
effect on client

Cochaperone-
Hsp90 connection

References

eEF?2 folding

HGHI required to
maintain steady state
levels

of eEF2

Reopening mutants have
biggest effect on steady
state levels of eEF2

Reopening mutants have
severe growth defect in
absence of HGH1

[34], This study

https://doi.org/10.1371/journal.pgen.1011508.t001

eEF2 sensitivity to DT | Utp21 Cyrl v-src kinase

Deletion of STII results | Deletion of STII results in severe | Mutation in SGTI | CDC37 required for v-src activity
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DT
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mutants have severe growth defect in have severe growth defect when
have severe growth absence of STI1 combined with cdc37 mutation
defect in absence of STII

This study, [35) [35,74,79] [39] [35]

and Hsc82 mutants in the loading and closing groups results in inviability [35]. Finally, we pre-
viously showed that an alteration of the Sgt1 cochaperone mimics the in vivo effects of the
Hsc82-W296A, another mutant in our "other’ category [37,39]. As summarized in Table 1, our
prior results that indicate a strong correlation between selective effects of Hsp90 mutations
and subsets of cochaperones extends to eEF2, the reopening mutants, and Hghl.

Our results, along with the prior analysis of the Hsp90-eEF2 interaction, suggest a role for
Hsp90 in translation elongation by modulating the folding of eEF2. Deletion of CPR7 or alter-
ation of CNSI caused increased sensitivity to translational inhibitors, and some hsc82 mutant
strains also have varied sensitivity to hygromycin, supporting a role in translation [34,46]. The
eEF2-C372Y mutation also caused sensitivity to translation inhibitors [28]. Studies in the
Buchner lab showed that loss of CPR7 or knockdown of CNSI resulted in reduced incorpo-
ration of *S-methionine in proteins. They also used polysome run-off experiments to demon-
strate that strains with reduced levels of Hghl, Cpr7 or Cnsl likely have defects in translation
elongation or termination [34]. Many of the genes linked to the translational apparatus share a
pattern of transcriptional coregulation. Prior studies suggested that Cpr7 and Hgh1 have func-
tions related to translation due to their similar pattern of regulation [75,76]. A recent study
demonstrated that a separate Hsp90 client is involved in translation initiation. Hsp90 inhibi-
tion reduced the fidelity of start site selection, and evidence suggests that the accumulation of
misfolded polypeptides due to translational infidelity triggers the heat shock response medi-
ated by the transcription factor Hsfl [1]. Loss of CPR7 or deletion of HSC82 is known to result
in increased basal Hsfl1 activity [77]. In yeast, the eEF2 mutations P580H and H699N result in
increased -1 frameshifting, and cells expressing P580H exhibited an enhanced stress response
[28,29], presumably due to the buildup of mistranslated proteins. Additional studies are
required to determine whether cells lacking CPR7 or expressing the reopening mutants display
errors in translational fidelity. However, our studies provide evidence that Hsp90 has critical
roles in translation elongation in addition to translation initiation.

Hghl was identified as a protein that bridges the interaction of eEF2 with either Cns1 and
Hsp90 or with the TRiC chaperone [33,34]. Further studies are required to better understand
whether the interaction of Hgh1 and eEF2 with TRiC and Hsp90 represent independent fold-
ing pathways or whether TRiC and Hsp90 interact with eEF2 in a sequential manner. We
showed that the yeast C372Y mutant, which corresponds to a de novo mutation in an individ-
ual with neurodevelopmental disorders [28], results in growth defects that were partially res-
cued by overexpression of HGH1, suggesting that it may be possible to alleviate folding defects
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of some forms of mutated eEF2. Further studies are needed to determine the scope of Hghl
functions. In yeast, deletion of the genes in the diphthamide synthesis pathway has mild effects
on growth, but in humans, alteration of the pathway results in developmental or neurological
disorders [25,65]. Further studies are also required to understand the connection between
Hsp90 and susceptibility to DT. Interestingly, this is not the first connection between Hsp90
cochaperones and DT. A prior study found that Hsp90, Hsp70, and cochaperones such as
Cyp40, FKBP51, and FKBP52, facilitate the transport of diphtheria toxin into human cells
[78]. This highlights the vast cellular roles of Hsp90 in mediating cellular functions and the
potential impact of modulating Hsp90 and/or cochaperone function in order to treat a variety
of human diseases.

Supporting information

S1 Table. Strains used in this study.
(DOCX)

S2 Table. Information about Hsc82 mutants used in this study. General classification of
groups with specific defects listed. Shaded columns represent new data from this study.
(DOCX)

S1 Fig. Effect of overexpression of eEF2 in yeast with cochaperone deletion or mutation. A.
A plasmid expressing wild-type His-eEF2 or empty vector was transformed into the strains
shown as in Fig 1. Transformants were grown overnight in selective media, serially diluted
10-fold and grown on selective media for 2 days at 30°C. B. Growth of biological replicates
expressing eEF2 normalized to cells expressing empty vector, with representative pictures of
each shown. Cochaperones previously shown to be required for eEF2 folding, are shaded in
dark gray. Statistical significance was evaluated with GraphPad Prism using Mixed-effects
analysis (* P < 0.05). Non-significant values (P > 0.05 not shown).

(TIF)

S2 Fig. Overexpression of eEF2 causes negative effect in cells expressing reopening
mutants. A plasmid expressing wild-type His-eEF2 (bottom) or empty vector (top) was trans-
formed into hsc82hsp82 strains expressing either wild-type Hsc82 or the indicated mutant. Pic-
tures were taken after growth on selective media for 2 or 3 days at 30°C.

(TIF)

S3 Fig. Effect of overexpression of eEF2 on growth of cells containing mutations in Hsp90.
A plasmid expressing wild-type His-eEF2 or empty vector was transformed into the strains as
in S2 Fig. Transformants were grown overnight in selective media, serially diluted 10-fold and
grown on selective media for 2 days at 30°C. Growth of biological replicates expressing EF2
was normalized to cells expressing empty vector, with representative pictures of each shown.
Hsc82 mutants in the reopening category are shaded in dark gray. Statistical significance was
evaluated with GraphPad Prism using Mixed-effects analysis (* P < 0.05; ** P < 0.01; ***

P < 0.001). Non-significant values (P > 0.05 not shown).

(TIF)

$4 Fig. Quantification of growth of hsc82 mutants in the presence or absence of HGH].
Colonies were picked from the 5-FOA plates in Fig 2, grown overnight in rich media, serially
diluted 10-fold and grown on rich media (YPD) for 2 days at 30°C. Growth of hgh1hsc82
hsp82 strains expressing each hsc82 mutant was normalized to the growth of the same mutant
in an hsc82hsp82 strain. Three biological replicates were obtained, with representative pictures
of each shown. Hsc82 mutants in the reopening category are shaded in dark gray. Statistical
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significance was evaluated with GraphPad Prism using Mixed-effects analysis (* P < 0.05).
Non-significant values (P > 0.05 not shown).
(TIF)

S5 Fig. Effect of altered galactose concentration. Strain 1472 (eftleft2) expressing wild-type
or mutant His-EF2 was transformed with plasmid pLMY101. Strains were grown on selective
(- uracil) plates containing 0.5%, 1%, or 2% galactose or 2% glucose (as a control) and grown
for four days at 30°C. As needed, raffinose was added so that the total of raffinose plus galac-
tose was 2%. Three biological replicates were obtained, with representative pictures of each
shown.

(TIF)

S1 Source Data. The file contains the quantification data needed for the graphs.
(XLSX)
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