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ABSTRACT

The malfunctioning of molecular chaperones may result in uncovering genetic variation. The mo-
lecular basis of this phenomenon remains largely unknown. Chaperones rescue proteins unfolded by
environmental stresses and therefore they might also help to stabilize mutated proteins and thus mask
damages. To test this hypothesis, we carried out a genomewide mutagenesis followed by a screen for
mutations that were synthetically harmful when the RAC-Ssb1/2 cytosolic chaperones were inactive.
Mutants with such a phenotype were found and mapped to single nucleotide substitutions. However,
neither the genes identified nor the nature of genetic lesions implied that folding of the mutated proteins
was being supported by the chaperones. In a second screen, we identified temperature-sensitive (ts)
mutants, a phenotype indicative of structural instability of proteins. We tested these for an association with
sensitivity to loss of chaperone activity but found no such correlation as might have been expected if
the chaperones assisted the folding of mutant proteins. Thus, molecular chaperones can mask the nega-
tive effects of mutations but the mechanism of such buffering need not be direct. A plausible role of
chaperones is to stabilize genetic networks, thus making them more tolerant to malfunctioning of their

constituents.

HE remarkable constancy of phenotypes in face

of genetic alteration was recognized decades ago
(SHMALHAUSEN 1949; WADDINGTON 1957; LEWONTIN
1974). Recent technical developments have revealed
that the degree of genetic variation hidden under com-
mon phenotypes is greater than expected. Targeted
mutagenesis of entire genomes has demonstrated
that often as many as half of the genes can be indi-
vidually inactivated without causing visible alteration
of a phenotype (GOFFEAU et al. 1996; OLIVER 1996;
GERDES et al. 2003; KoBayasHI et al. 2003). Studies with
microorganisms demonstrated that strains carrying
dozens of harmful mutations may still have relatively
high fitness (CoopPer and LENsk1 2000; FUNCHAIN et al.
2000; SLiwa et al. 2004). This genetic robustness has
attracted renewed interest and a number of general
explanations for its occurrence have been proposed
(KiIRSCHNER and GERHART 1998; HARTMAN et al. 2001;
S1EGAL and BErReMAN 2002; HERMISSON and WAGNER
2004; WAGNER 2005). Among the most appealing hy-
potheses are those assuming that the ability to resist
genetic perturbations results from the ability to cope
with environmental challenges. The genetic robustness
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would be simply congruent with the environmental one
or derived from it in a course of evolution (WAGNER
et al. 1997, MikLEJoHN and HarTL 2002). Molecular
chaperones seem to be an especially plausible example
of such adaptation. These molecules, also known as
heat-shock proteins (hsp’s), are able to disaggregate and
refold proteins destabilized by a variety of environmen-
tal stresses (EsTrRuUcH 2000; GascH et al. 2000). The
realization that they may also uphold the functionality
of genetically damaged proteins came from studies of
endosymbiotic bacteria. These organisms experience
elevated rates of mutation accumulation due to the
operation of genetic drift. They also have a high
cellular level of GroEL chaperone. This was interpreted
as an adaptation to a high incidence of mutational
destabilization of proteins (MORAN 1996). Subsequent
experiments confirmed that bacteria carrying multiple
mutations grow better when the chaperones GroEL or
DnaK are overexpressed (FARES et al. 2002; MAISNIER-
PATIN et al. 2005). But, although it was shown that the
mutations were present in the bacterial genomes and
that the levels of chaperones were enhanced, there is
no evidence that the mutations caused a massive mis-
folding and that this led to upregulation of the chaper-
ones’ expression (MORAN 1996; MAISNIER-PATIN et al.
2005). Moreover, it is known that overexpression of the
chaperones facilitates folding of many native proteins,
not only the mutated ones (GENEVAUX el al. 2004;
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VORDERWULBECKE ¢t al. 2004). In eukaryotes, a decreased
activity of the Hsp90 chaperone results in unmask-
ing of heritable phenotypic variation. This indicates
that the chaperone’s activity dampens expression of
genetic variation (RUTHERFORD and LiNDQuUIST 1998;
QUEITSCH et al. 2002; RUTHERFORD 2003). Again, in-
terpretation of these findings is not straightforward
because of the complex role of Hsp90 in the cellular
metabolism. Hsp90 maintains activity of key signaling
factors, including steroid hormone receptors and pro-
tein kinases (ZHAO et al. 2005). Hsp90 is also needed for
the development of a correct structure of chromatin
and therefore it affects epigenetic inheritance (SOLLARS
et al. 2003). Thus, the scarcity of Hsp90 may have a
general epistatic effect and not a direct effect due to
insufficient aid in the folding of mutated proteins.
As aresult, although the extent of phenotypic buffering
by Hsp90 is impressive, its molecular underpinnings re-
main unknown (SANGSTER and QUEITSCH 2005).

This work is based on the assumption that virtually all
chaperones should be able to participate in buffering
genetic variation because they are all likely to support
folding of mutationally damaged proteins (SANGSTER
et al. 2004). Although several chaperones are essential
to a cell’s viability under nonstressful conditions, the
position of the Hsp70 family of chaperones is special
because they are found at the beginning and at the
crossroads of all major pathways of protein folding
(YOUNG et al. 2004) . They are also engaged in numerous
specialized processes such as protein translocation, re-
modeling, and degradation (Lunp 2001). Therefore
alteration of their activity is likely to be highly pleiotro-
pic, as is the case for GroEL and Hsp90. A special fea-
ture of Saccharomyces cerevisiae is that it has two Hsp70’s
dedicated to aiding the folding of newly synthesized
proteins. These are Ssbl and Ssb2, the chaperones
responsible for the bulk of Hsp70 binding to ribosome-
bound nascent chains (PFUND et al. 1998; CRAIG et al.
2003; YAM et al. 2005). The peptide-binding activity of
Ssb is dependent on the ribosome-associated complex
(RAC) of an Hsp40 protein, Zuol, and of another
Hsp70 protein, Ssz1 (YAN et al. 1998; MICHIMOTO et al.
2000; GautscHI et al. 2001; HUANG et al. 2005). Ssb,
Zuol, and Sszl form a functional triad. Deletion of a
single constituent results in inactivation of the whole
system and a decrease in the rate of growth (GAuTscHI
et al. 2002; HUNDLEY et al. 2002). Although the RAC
complex appears to be specialized, components of the
complex also participate in other activities. For exam-
ple, Ssb is involved in post-translational transportation
of some proteins (SIEGERS et al. 2003) while Zuol and
Ssz1 may perform some regulatory functions outside the
ribosomal context (EisenmaN and Craic 2004). Never-
theless, in yeast the cotranslationally acting Ssb’s appear
functionally distinct from multipurpose Hsp70’s, such
as Ssal-4 (CralG et al. 2003). This is in contrast to
mammalian systems where a multipurpose Hsp70 is also

recruited to the cotranslational folding by a ribosome-
tethered Zuol homolog (HUNDLEY et al. 2005). For these
reasons, we selected the Ssb—RAC system as especially
attractive for the study of the phenotypic buffering that
results from the activity of chaperones during folding of
nascent proteins.

We used a classic genetic approach. We chemically
mutagenized a yeast strain and screened for mutants
whose lethal (slow-growth) phenotype was apparent
only in the absence of active Ssb—RAC. Tests of comple-
mentation with a genomic library and subsequent gene
cloning allowed us to identify a sample of single-locus
mutations that interacted genetically with the Ssb-
RAC. However, there was no clear indication that the
role of the chaperones was to stabilize the mutant
proteins. Subsequently, we looked for thermosensitive
mutants to identify proteins of reduced spatial stability
(VARADARAJAN ¢t al. 1996; HampsEy 1997). We then
tested whether the thermally unstable proteins were also
sensitive to the absence of Ssb—-RAC but found no evi-
dence that the chaperones can stabilize such proteins.

MATERIALS AND METHODS

Strains and media: A haploid clone acquired from the
Yeast Deletion Project collection, BY4742 zuoIA ura3 leu2 his3
lys2, was used in all experiments. For the purpose of genetic
analysis, the kan gene used to construct zuolA was replaced
with the hph gene that conferred resistance to hygromycin B
(GorLpsTEIN and McCusker 1999). This strain was trans-
formed with a pRS416 URA3 plasmid (ATCC 87521) con-
taining the ZUOI gene. This plasmid and those used in
complementation tests contained a centromere and therefore
were present as one or a few copies per yeast cell. Standard
synthetic complete (SC) and omission media (e.g., SC—uracil)
were used when appropriate. Loss of the pZUO1 URA3 plasmid
was selected for on complete synthetic medium with 0.1% 5-
fluoroorotic acid (5-FOA) (BOEKE et al. 1984). All experiments
were carried out at 25°, except when stated otherwise.

Mutagenesis and screening: A sample of 1 ml of overnight
culture of cells grown on SC—uracil was treated with 30 ul of
ethyl methanesulfonate (EMS) and incubated for 30 min at
30°. Cells were washed, diluted eightfold in fresh medium, and
allowed to grow for 24 hr. The resulting culture was plated for
single colonies on solid medium and allowed to grow for 5-6
days. To screen for effects dependent on the absence of pZUO1
URA3, the colonies were replica plated onto 5-FOA plates and
allowed to grow for 2—4 days. In a screen for thermosensitivity,
the colonies were replica plated onto SC—uracil plates and
incubated at 36° for 1-2 days. Clones showing signs of slow
growth were retested by streaking the master colonies to single
cells on the two compared media (e.g., SC—uracil and 5-FOA).

Complementation: To identify the gene mutant in a given
clone, each mutant strain was transformed with a library of
random fragments of the yeast genome inserted into pBS32
LEU2 (ATCC 77163). Transformations were performed using
a standard procedure (http:/www.umanitoba.ca/faculties/
medicine/biochem/gietz/Trafo.html). The transformed cul-
tures were spread on SC—ura-leu plates and incubated for 2-3
days. The subsequent characterizations were different for the
two classes of mutants. In the case of the mutants whose
phenotype was thought to be dependent on the absence of
Zuolp, the transformants were replica plated onto 5-FOA
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plates to force the loss of the pZUO1 URA3 plasmid. These
were then screened for good growth, which indicated that
the cloned gene complemented the mutant and relieved the
requirement for Zuolp. The library plasmids were isolated
from these transformants and used for retransformation of
the original mutants. Strong growth upon acquisition of the
plasmid marked genuine complementation. The genomic
fragments present in these plasmids were identified by se-
quencing their ends in reactions primed from the adjacent
sequences of pBS32. Single genes from the complementing
clones were amplified by PCR and subcloned into a pRS413
HIS3 plasmid (ATCC 87518).

In the screen for thermosensitive mutants, the plates with
transformants were replica plated on SC—ura-leu plates and
incubated at 36°. The library plasmids were isolated from
colonies that were able to grow at this temperature; the iden-
tity of chromosomal fragments was determined as described
above.

Allele replacement: To compare the phenotypes of the
mutant alleles to those of gene deletions, the open reading
frame of the nonessential pZUOI-dependent alleles was re-
placed with the kanMX4 cassette by a one-step replacement
technique (WACH et al. 1994). Acquisition of resistance to
geneticin and positive results of PCR amplifications from the
expected constructs were used to confirm each replacement.

In other experiments, the thermosensitive alleles were
replaced by wild-type ones. The screen for a clone with a
successful replacement was done by incubation of a post-
transformation culture at 36°. The sequence of DNA in a locus
in question was determined to confirm that the replacement
actually happened and that the observed phenotypic change
was not caused by a compensatory mutation in another locus.

In all cases of DNA sequence analysis at least two in-
dependent PCR products were sequenced. The sequences
obtained from wild-type genes matched those published in the
Saccharomyces Genome Database (http:/www.yeastgenome.
org). The mutations reported here are the reproducible se-
quence deviations from the wild-type alleles.

RESULTS

Phenotypes dependent on zuolA: The goal of this
experiment was to find strains with impaired growth
due to a synthetic effect of inactivation of the Ssb—RAC
complex and acquisition of a random mutation. We
used EMS to mutagenize a haploid strain of yeast in
which the gene coding for the Zuol protein was deleted
from the chromosome (zuolA) but expressed from a
plasmid, pZUOI URA3. We then compared growth of
~20,000 colonies on media selecting for either presence
or absence of the plasmid. We found 93 mutant strains
that grew well on the former but poorly on the latter
medium.

We hypothesized that the growth defects observed
on the zuolA background were caused by point muta-
tions and that the mutated loci could be complemented
by their wild-type alleles. To test this assumption, we
transformed every mutant, initially harboring pZUOI,
with a library of single-copy plasmids carrying random
fragments of the yeast genome. We expected that com-
plementing plasmids would allow sustained ability to
grow after losing pZUOI. Successful implementation
of this approach required that three conditions were

met for every mutant: the efficiency of transformation
was high, the rate of spontaneous reversion to fast growth
was low, and the difference in the growth rate between
the background and the candidate colonies of comple-
mented mutants was easy to detect. These requirements
were fulfilled for 37 mutant strains. The library plas-
mids from these transformants were isolated and used
to retransform the original mutant strains and to retest
the ability to complement the growth defect. Plasmids
passing this test were found for 32 mutant strains. In all
cases, at least one library plasmid contained ZUOI; for 8
mutants, we also found unique complementing chro-
mosomal regions. We carried out two further tests on
the latter. First, we found which individual genes from
the fragments provided complementation. We also
sequenced the same genes from the chromosomal loci
of the mutant strains. For two strains, we did not find a
mutation in the genes that were responsible for com-
plementation, RRPI and TRKI. These genes were iden-
tified as the only ones shared by all library fragments
complementing a given mutant. For the remaining
six mutants, we identified a single gene in which the
results of both tests agreed; that is, the cloned wild-type
allele complemented the growth defect and the chro-
mosomal allele contained a mutation. All eight cases of
complementation are described in Table 1. The muta-
tions were transitions at GC sites, as expected for the
EMS mutagenesis (SEGA 1984). No substitutions other
than those reported in Table 1 were found. Thus, the
occurrence of three substitutions in a single clone of
sacl was striking but was confirmed by repeated cloning
and sequencing.

Figure 1 illustrates the phenotype of mutants in which
either ZUOI or a complementing gene were sufficient
to improve growth. Strains carrying mutations in non-
essential genes were compared with strains derived
directly from them by deletion of the mutated locus.
In the cases of ARCIS, VPS2, and possibly SPE3 and
SACI, the negative growth effect of the substitution was
stronger than that of the deletion compared with strains
missing ZUOI. We also asked whether the strains differ
in the maximum growth rate measured in liquid cultures.
The results generally corresponded to those obtained in
the dot test although not all mutant strains were suitable
for assays in liquid cultures (see supplemental Figure 1S
at http:/genetics.org/supplemental /).

To summarize this experiment, we did find yeast
mutants whose growth was greatly impaired in the ab-
sence of pZUOI. However, most of these were comple-
mented only by library clones containing ZUOI. This
implies that these were not simple single-gene loss-of-
function mutations that could be complemented by sup-
plying a wild-type allele. A caveat to this is that strains
harboring multiple loss-offunction mutations would also
be complemented only by ZUOI as one clone could not
complement several mutations. However, it would re-
quire that such mutations were present only in the 24
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TABLE 1

Complementation of mutants with a zuolA-dependent slow-growth phenotype

Gene Gene product Cellular localization Length (aa) Base mutation Amino acid mutation
Complementation of characterized mutations

RPB2  RNA polymerase II core subunit Nucleus 1224 1583 C — T 528 Pro — Leu

SCHY9  cAMP-dependent protein kinase Cytoplasm 824 1378 G — A 460 Glu — Lys

SPE3 Spermidine synthase Cytoplasm, nucleus 293 475 C - T 159 GIn — STOP

ARC18 Arp2/3 complex subunit Actin patches 537 494G — A 494 Trp — STOP

VPS27 Vacuolar protein sorting Endosome 622 509G — A 170 Trp — STOP

SACI  Phosphoinositide phosphatase ER, Golgi 623 3G - A 1 START — Ile
719G — A 27 Ala — Thr
638 G — A 213 Gly — Asp

Complementation of uncharacterized mutations
RRPI5 Constituent of pre-60S ribosomal particles Nucleus 250
TRKI  Potassium transporter Plasma membrane 1235

strains in which only ZUOI provided complementation,
at least two per strain, while none of them occurred in
the 8 strains with mapped loci. Having the proportion of
the class with zero events, py = 8/32 = 0.25, we can use
Poisson distribution to calculate the frequency of the
class with a single event (p; = 0.347, which gives the
expected number of such mutants, 11.1, in contrast to
the zero observed) and the frequency of the class with
multiple mutations (p,, = 0.403; expected 12.9, ob-
served 24). The ratios of expected/observed are clearly
inconsistent with the hypothesis that our results were
confounded by strains with multiple mutations by ZUOI
(x*=20.632, d.f. =1, P < 0.001).

Thermosensitivity and dependence on zuolA: Our
second approach was to design a screen in which we
identified conditionally structurally unstable proteins
and then demonstrated their phenotypic dependence
on the chaperones at the permissive conditions. To im-
plement this idea, we tested whether thermal sensi-
tivity of mutated proteins, a known marker of spatial
instability, was associated with sensitivity to the absence
of functional Ssb—RAC at the permissive temperature.
We reasoned that a link between the ts- and zuolA-
dependent phenotypes would be the most straight-
forward method for interpreting essential genes. A
mutationally caused instability of such proteins might
be enhanced by either heat or absence of the chaper-
ones. Either would result in an insufficient level of an
essential protein and, consequently, in a growth defect.

We mutagenized the zuolA strain harboring pZUOI
URA3 as above. Survivors were screened for tempera-
ture-sensitive (ts) growth after replica plating and incu-
bation at 36°. A total of 125 strains whose ts phenotype
was reproducible were identified. These mutants were
streaked to single cells on 5-FOA medium at 25° to force
the loss of pZUO1 URA3. In 54 mutant strains, we could
unequivocally demonstrate that there were no signs
of poorer growth after losing the pZUOI plasmid. The
remaining strains were further analyzed to test the asso-

ciation between sensitivity to thermal stress and absence
of chaperones. We transformed the mutants with the
genomic library and selected for restoration of growth
at 36°. Of the 47 mutant strains that transformed with
high efficiency, complementing plasmids were found
for 38 mutant strains. These strains, complemented for
the ts effect, were then tested for dependence on Zuolp
at 25°. For 22 of them, we decided that the apparent
association between ts and dependence on zuolIA could
not be confirmed because, while the complementing
plasmid clearly cured the ts phenotype, it did not alle-
viate the zuoIA dependence.

For the remaining 16 mutant strains, the association
between ts and the sensitivity to absence of Zuolp could
not be excluded although it was not clearly evident. The
observed small differences in growth could have been
caused by differences in relative plasmid stabilities or
in nutritional properties of the media used. To exclude
such nuances and map the complementation effects to
single genes, we first determined the stretch of DNA that
was shared by clones complementing a given mutant
strain. We found 18 essential genes, distributed among
14 chromosomal fragments. We analyzed the DNA se-
quence of all corresponding genes in the appropriate
mutants. For 6 mutants, we found substitutions of a
single base in a single essential gene. To confirm that
these were the critical changes, we amplified the corre-
sponding wild-type alleles, transformed the mutants, and
selected for the ability to grow at 36°. We found revertants
of temperature sensitivity in all six strains. Restoration of
the original DNA sequence was confirmed in every case.

Figure 2 presents the six strains whose ts effect was
reverted by restoring the original nucleotide at the
point of mutation. However, reversion of the ts pheno-
type was not associated with loss of the sensitivity to the
absence of ZUOI. Thus, association between the two
phenotypes was not confirmed although these strains
were regarded as the most likely to provide examples of
such pleiotropy. Only in the case of rrpl did we find



Buffering by Molecular Chaperones 941

A +pLIBR +pZUO1

+pZUO1
® o
o e

RRP15 2 & %

TRK1 m

B

BY 4742

rpb2 + pRPB2
b2

sch9 + pSCH9

sch9
Asch9

Asch9 + pSCH9

spe3 + pSPE3
spe3

Aspe3

Aspe3 + pSPE3

arc18 + pARC18
arc18

Aarc18

Aarc18 + pARC18

vps27 + pVPS27

vps27
Avps27

Avps27 + pvVPS27

sac1 + pSAC1

sact

Asac1

Asac1 + pSACT

the phenotypic difference between the mutant and wild
type in the background. However, the molecular ba-
sis of this genetic interaction could be very special. It is
probably not coincidental that rpI and nop4 (as well as
rrpl15, identified in the first screen) are mutations in
genes required for maturation of the 60S ribosomal
unit (SuNn and WoorrorD 1994; HoORSEY et al. 2004;
DE MARCHIS el al. 2005), the complex to which Zuolp is
anchored. It indicates that Zuolp participates in bio-
genesis of the ribosome either passively as its future
constituent or actively as aworking enzyme. This hypoth-
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FIGURE 1.—Mutants de-
pendent on the activity of
cotranslational chaperones.
The mutants were derived
from BY4742 deleted for
ZUOI; this strain serves as
a control. (A) The two mu-
tants in which mutated
genes were not identified.
(Left) The presence of
pZUOI was sufficient to
support growth of mutants
whether library plasmids,
pLIBR, were present or
not. (Right) In the absence
of pZUOI, the library plas-
mids containing RRPI5 or
TRK1 were needed to sup-
port growth. (The chromo-
somal copies of these genes
were found nonmutated;
see text). Comparing the
left and right side shows
that the growth defect ap-
pears only when ZUOI is
absent. (B) The six mutants
in which the mutated locus
was identified. (Left) In the
presence of pZUOI, mu-
tants grew well whether or
not wild-type alleles of the
mutated genes were sup-
plied on plasmids. For the
nonessential genes (all ex-
cept for RPB2), the compar-
isons were extended on
strains in which the mu-
tated genes were deleted.
(Right) In the absence
of pZUO1, the plasmids car-
rying cloned wild-type alleles
were needed to support
growth of mutants. The
overall conclusion is again
that growth defects appear
or are enlarged in mutants
when ZUOI is absent. This
observation was not always
true for the deletants; see
text for comments.

esis is appealing in that Zuolp can bind both nucleic
acids and ribosomal proteins (ZHANG et al. 1992; YAN
et al. 1998). We therefore suggest that the interaction
between zuolA and rrpl, the only one producing the
searched co-occurrence of ts and zuolA depencence,
is not rooted in the need of active Zuolp for cotransla-
tional folding of the mutant Rrplp. Thus, co-occurrence
of ts and dependence on ZUOI was confirmed for none
of the original 125 mutations.

Most of our ts mutations remained unidentified.
We therefore decided to include in our tests a set of
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well-characterized ts mutations that were all in the same
S288C-derived strain (DAVIERWALA et al. 2005). These
were arp2-14, cdcl2-1, cde42-1, exo84-102, nip7-1, nopl-3,
prtl-1, rfc5-1, secl-1, sec7-1, sec15-1, and secl18-1. An ad-
ditional three ts mutations, stul-5, stu2-10, and myo2-14,
were obtained from T. Huffaker (BREw and HUFFAKER
2002). We confirmed the thermosensitivity of these
strains and then deleted ZUOI in each of them to test
for a link between the ts phenotype and sensitivity to
the loss of chaperone function. The results were nega-
tive for all mutants (see supplemental Figure 2S at
http://genetics.org/supplemental/), confirming that
proteins that are unstable at elevated temperatures are
not dependent on the RAC-Ssb complex at normal
temperatures.

DISCUSSION

Our study provides further evidence that malfunc-
tioning of molecular chaperones is likely to uncover
cryptic mutational variation. Thus, chaperones may be
counted among the factors promoting genetic robust-
ness of an organism (DE VISSER et al. 2003). However, we
suggest that it is necessary to reconsider what is the ba-
sis of this phenomenon. In particular, we did not find
support for the hypothesis that molecular chaperones
directly interact with mutationally destabilized polypep-
tides and facilitate their refolding. Consider first the
mutants that grew slowly due to a synthetic effect of an
EMS-induced mutation and inactivation of the cytosolic
chaperone system RAC-Ssb. Most of them remained
unidentified because they were complemented only by
library clones containing ZUOI. The insensitivity to com-
plementation by specific library clones suggests that
these were not simple loss-offunction mutations but
ones involved in defects of other types (HERSKOWITZ
1987). There were strains (RRP5 and TRKI) in which a
zuolA-dependent growth defect was compensated by
acquisition of additional copies of the wild-type RRP5
and TRKI but were not mutated in these genes. It ap-

FiGure 2.—Test for corre-
lation between the ts- and
zuoIA-dependent growth ef-
fects. (Left) At high temper-
ature and in the presence
of pZUOI, reversion of the
named mutation was nec-
essary and sufficient to up-
hold growth of the ts
mutants. (Right) At lower
temperature and in the ab-
sence of pZUOI, the rever-
sion of the ts mutation did
not result in a better growth.
It shows that thermosensitiv-
ity does not correlate with
sensitivity to the absence of
the chaperones.

25° C - pZUO1
revertant mutant

pears as if doubling the dose of these proteins helped
to overcome defects in other aspects of cellular metab-
olism. In four strains, the zuolA-dependent mutations
were nonsense mutations in nonessential genes (arcl§,
vps27, spe3, sacl). The chaperones probably did not re-
store functionality to these truncated proteins; rather,
their activity helped in alleviating toxicity of malformed
proteins. The conjecture that the proteins were toxic
was supported by the observation that complete de-
letion of the mutant alleles resulted in alleviation of
the growth defects. There were two missense mutations
located in loci whose deletion would be lethal (RPB2)
or very harmful (SCHY9). However, mutations in a core
subunit of RNA polymerase II or an important pro-
tein kinase are known to be extensively pleiotropic
(ARCHAMBAULT and FRIESEN 1993; JORGENSEN ¢! al.
2002; WiLsoN and RoacH 2002). Therefore, it is pos-
sible that the absence of chaperones did not decrease
the stability of the altered proteins but rather widened
the spectrum of their negative pleiotropic interactions.
Having these negative or ambiguous results, we per-
formed an entirely new screen that was designed to
search specifically for mutations that lead to destabili-
zation of protein structure (ts phenotype) and whose
negative effects would be alleviated by the activity of
molecular chaperones (presence of Zuolp). Such an as-
sociation was not found. In addition, no link was found
between temperature sensitivity and dependence on
Zuolp in a collection of ts mutants.

Molecular chaperones are best known for their ef-
fectiveness in preventing the massive misfolding and
aggregation of proteins in the face of strong environ-
mental stress. Therefore, it appears especially plausible
to invoke their direct assistance in reactivation of
mutationally impaired proteins. However, there is an
alternative explanation of the buffering role of the
chaperones. They uphold functioning of a multitude
of other proteins and therefore an insufficient level
of their activity will result in improper behavior of
their client proteins even if the latter are not mutated.
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Impaired folding of the chaperones’ clients, in turn,
would change the cellular environment and sensitize it
to malfunctioning of the proteins that happened to be
mutated (SANGSTER e al. 2004). In this way, the chap-
erones would buffer mutations without any physical
interaction with mutated proteins. At higher levels of
cellular organization, the chaperones—with their abil-
ity to form weak, dynamic, and temporary interactions
with a great number of proteins—appear to be impor-
tant stabilizing factors of cellular networks (CSERMELY
2004; Sort1 et al. 2005). Indeed, a study devised to map
the genomic network of gene interactions in yeast
found that genes coding for molecular chaperones ex-
hibited the highest number of interactions, confirming
their role as global stabilizers (TONG et al. 2004).

Despite a decade of interest in the role of molecular
chaperones in the masking of genetic variation (MORAN
1996; RUTHERFORD and LiNnpQuisT 1998), there is a
dearth of experimental examples that the chaperones
act by improving folding of mutationally defective pro-
teins (RUTHERFORD 2003; SANGSTER et al. 2004; MAISNIER-
PATIN et al. 2005; SANGSTER and QUEITSCH 2005). Neither
of our experiments provide support for this hypothesis.
Thus, we suggest that chaperones buffer mutations by
stabilization of interactions between proteins rather than
by direct assistance of their folding. Further experimental
tests are needed to evaluate both hypotheses. Advance-
ment in basic research on the molecular chaperones will
be also important. It is interesting to note that recent
years have witnessed an important change in perception
of their cellular role. Once seen mostly as helpers in
disassociation and refolding of proteins, molecular chap-
erones are now known to be involved also in their deg-
radation. The chaperones, together with the ubiquitin
pathway, form cellular systems of protein quality control.
An older view was that molecular chaperones save de-
stabilized proteins from entering the degradation path-
way (WICKNER et al. 1999). Newer concepts postulate that
the chaperones may actually cooperate with the ubiquiti-
nation enzymes in detecting destabilized chains (ESSER
et al. 2004; McCLELLAN et al. 2005; BURAU et al. 2006). The
quality control is normally tuned to maintain the balance
between folding and degradation of native proteins be-
cause, even for the wild-type genes, as many as 30% of the
ribosomal products do not attain the proper structure
and therefore they need to be detected and removed
(SCHUBERT et al. 2000). From this perspective, the hypoth-
esis that the function of chaperones is to save mutationally
destabilized proteins has to be considered especially
carefully. There is no indication that molecular chaper-
ones can distinguish proteins destabilized by random
events or environmental stress from those destabilized by
mutations. If the cellular surveillance against misfolded
polypeptides were lowered to save mutated proteins,
massive misfolding and aggregation of native proteins
could develop and result in an array of cytotoxic effects
(GOLDBERG 2003).
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