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Many human diseases are caused by missense substitutions
that result in misfolded proteins that lack biological function.
Here we express a mutant form of the human cystathionine
�-synthase protein, I278T, in Saccharomyces cerevisiae and
show that it is possible to dramatically restore protein stability
and enzymatic function by manipulation of the cellular chaper-
one environment. We demonstrate that Hsp70 and Hsp26 bind
specifically to I278T but that these chaperones have opposite
biological effects. Ethanol treatment induces Hsp70 and causes
increased activity and steady-state levels of I278T. Deletion of
the SSA2 gene, which encodes a cytoplasmic isoform of Hsp70,
eliminates the ability of ethanol to restore function, indicating
that Hsp70 plays a positive role in proper I278T folding. In con-
trast, deletion of HSP26 results in increased I278T protein and
activity, whereas overexpression of Hsp26 results in reduced
I278T protein. The Hsp26-I278T complex is degraded via a
ubiquitin/proteosome-dependent mechanism. Based on these
resultswepropose anovelmodel inwhich the ratio ofHsp70 and
Hsp26 determines whether misfolded proteins will either be
refolded or degraded.

Cells have evolved quality control systems formisfolded pro-
teins, consisting of molecular chaperones (heat shock proteins)
and proteases. These molecules help prevent misfolding and
aggregation by either promoting refolding or by degradingmis-
folded proteinmolecules (1). In eukaryotic cells, the Hsp70 sys-
tem plays a critical role in mediating protein folding. Hsp70
protein interacts with misfolded polypeptides along with co-
chaperones and promotes refolding by repeated cycles of
binding and release requiring the hydrolysis of ATP (2).
Small heat shock proteins (sHsp)2 are small molecular
weight chaperones that bind non-native proteins in an oli-
gomeric complex and whose function is poorly understood
(3). In mammalian cells, the sHsp family includes the �-crys-
tallins, whose orthologue in Saccharomyces cerevisiae is

Hsp26. Studies suggest that Hsp26 binding to misfolded pro-
tein aggregates is a prerequisite for effective disaggregation
and refolding by Hsp70 and Hsp104 (4, 5).
Misfolded proteins can result from missense substitutions

such as those found in a variety of recessive genetic diseases,
including cystathionine �-synthase (CBS) deficiency. CBS is a
key enzyme in the trans-sulfuration pathway that converts
homocysteine to cysteine (6). Individuals with CBS deficiency
have extremely elevated levels of plasma total homocysteine,
resulting in a variety of symptoms, including dislocated lenses,
osteoporosis, mental retardation, and a greatly increased risk of
thrombosis (7). Approximately 80% of the mutations found in
CBS-deficient patients are point mutations that are predicted
to cause missense substitutions in the CBS protein (8). The
most common mutation found in CBS-deficient patients, an
isoleucine to threonine substitution at amino acid position
278 (I278T), has been observed in nearly one-quarter of all
CBS-deficient patients. Based on the crystal structure of the
catalytic core of CBS, this mutation is located in a �-sheet
more than 10 Å distant from the catalytic pyridoxal phos-
phate and does not directly affect the catalytic binding
pocket or the dimer interface (9).
Previously, our lab has developed a yeast bioassay for human

CBS in which yeast expressing functional humanCBS can grow
in media lacking cysteine, whereas yeast expressing mutant
CBS cannot (10). We have used this assay to characterize the
functional effects of many different CBS missense alleles,
including I278T (7, 11). However, an unexpected finding was
that itwas possible to restore function to I278T and anumber of
other CBSmissensemutations by either truncation or the addi-
tion of a second missense mutation in the C-terminal regula-
tory domain (12, 13). The ability to restore function by a cis-
acting secondmutation suggested to us that itmight be possible
to restore function in trans via either interaction ofmutant CBS
with a small molecule (i.e. drug) or a mutation in another yeast
gene. In a previous study, we found that small osmolyte chem-
ical chaperones could restore function to mutant CBS presum-
ably by directly stabilizing the mutant CBS protein (14).
In this study we report on the surprising finding that expo-

sure of yeast to ethanol can restore function of I278T CBS by
altering the ratio of the molecular chaperones Hsp26 and
Hsp70. We demonstrate Hsp70 binding promotes I278T fold-
ing and activity, whereas Hsp26 binding promotes I278T deg-
radation via the proteosome. By manipulating the levels of
Hsp26 and Hsp70, we are able to show that I278T CBS protein
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can have enzymatic activity restored to near wild-type levels of
activity. Our findings suggest a novel function for sHsps.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—CBS expressing yeast strains
used in this study are derived from WY35 (� leu2 ura3 ade2
trp1 cys4::LEU2) (10). Strains LS1 (� leu2 ura3 ade2 trp1
cys4::LEU2 hsp26::KanMX), LS2 (� leu2 ura3 ade2 trp1
cys4::LEU2 hsp104::KanMX), and LS3 (� leu2 ura3 ade2
trp1 cys4::LEU2 ssa2::KanMX) are isogenic derivatives of
Wy35 created by insertion of a disruption cassette as described
below. The yeast ubiquitin assay strains LS4 and LS5 were
derived fromRJD3269 (MATa, uba1�::KanMX [pRS313-uba1-
204-HIS], can1-100, leu2-3, -112, his3-11, -15, trp1-1, ura3-1,
ade2-1) and RJD3270 (uba1�::KanMX [pRS313-UBA1],
ura3::PGAL-SIC1HA-URA3), respectively (15). These were
created by introduction of the cys4::LEU2 cassette as described
previously (10). Gene replacements and expression of phI278T
were verified byWestern blot and functional assay. SSC1, SSA2,
SSA3, SSA4, SSE1, SSE2, SSB1, SSQ1, SSZ1, LHS1, ECM10, and
SSA1 deletion strains were obtained from the yeast deletion
strain library (16).
The CBS expression plasmids phCBS and pI278T were all

made as described previously and are 2-�m-based plasmids
with a TRP1 marker and express CBS from the yeast TDH1
promoter (7). Tomake the pHsp26 overexpression plasmid, the
HSP26 gene was PCR-amplified with primers 5�-CGTTG-
GACTTTTTTTAATATAACCTAC (forward) and 5�-CTTT-
GGCGCTACGTATTTCTGCATTTTC (reverse), and the
productwas then digestedwith SpeI andHincII and cloned into
expression vector pRS426.
Deletion of HSP26, SSA2, and HSP104—Disruption cassettes

were created by PCR amplification of total DNA of the HSP26,
SSA2, and HSP104 deletion strains from the Yeast Genome
Deletion Project using A and D primers. The PCR product was
transformed by the lithium acetate procedure into the recipient
yeast strain, WY35. Transformants were selected on SC-trp
media, and gene replacement was verified byWestern analysis.
YeastMedia andGrowth—Synthetic completemedia lacking

cysteine (SC�Cys) and histidine (SC�His) were made as
described (17). SC�Cys media were made by adding glutathi-
one to the indicated SC media at a final concentration of 30
�g/ml. All chemicals were purchased from Sigma. For cell
growth assays, saturated cultureswere diluted to anA600 of 0.05
in standard 15-ml borosilicate tubes containing 3 ml of media.
Cells were then grown at 30 °C with aeration. After 24 h A600
was determined using aMiltonRoy Spectronic 601 spectropho-
tometer (Ivyland, PA).
Quantitative Reverse Transcription-PCR—RNA was ex-

tracted from the yeast cells using RNeasy mini kit from
QIAGEN (catalogue number 74104). A total of 100 ng of RNA
was used for Taq Man gene expression analysis using two
probes, one for human CBS (Hs00163925_m1; Applied Biosys-
tems, Foster City, CA) and one for 18 S ribosomal RNA
(Hs99999901_s1). Quantification of signal was achieved using
an Applied Biosystems 7900HT version 2.2.2 sequence detec-
tion system. Each sample was assayed in triplicate for both
probes.

Extract Preparation and Immunoblot Analysis—Yeast were
diluted to anA600 of 0.05 and grown until theA600 was between
0.7 and 0.9 (mid-log phase). Yeast extracts were prepared by
mechanical lysis as described previously (12). Protein concen-
tration was determined by the Coomassie Blue protein assay
reagent (Pierce) using bovine serum albumin as a standard.
For immunoblot analysis, extracts containing 20 �g of total
protein were run on precast Tris acetate gel (Bio-Rad) at 15
mA per gel and transferred to polyvinylidene difluoride
membrane as described (14). For most experiments, immu-
nopurified mouse anti-CBS was purchased from ABNOVA
(catalogue number H00000875-A01) and was used at
1/10,000 dilution. For the experiments shown in Figs. 1D and
3D, rabbit polyclonal serum was used (13). Hsp26 polyclonal
rabbit antiserum was a generous gift from J. Buchner (18)
and was used at a 1/4000 dilution. Hsp104 polyclonal rabbit
serum was obtained from AbCAM (catalogue number
ab2924) and was used at a 1/5000 dilution. Hsp70 mono-
clonal mouse serum was also from AbCAM (catalogue num-
ber ab5439) and used with at a dilution of 1/5000. �-Tubulin
antibody used here is the same as described previously (19).
Ubiquitin monoclonal antibody was purchased from
Covance (MMS-258R) and used at a 1:1000 dilution. For
rabbit antiserum a horseradish peroxidase-conjugated anti-
rabbit secondary anti-body was used at a 1/30,000 dilution
(Jackson ImmunoResearch, West Grove, PA). Signal was
detected by chemiluminescence using SuperSignal West
Pico chemiluminescent substrate (Amersham Biosciences)
and Chemigenius station (Syngene); signal was quantitated
by Alpha Innotech software.
CBS Enzyme Activity—CBS enzyme activity was measured

using a Biochrom 30 amino acid analyzer as described pre-
viously (20). Units are nanomoles of cystathionine/h/mg of
protein.
Immunoprecipitation—Yeast cells were lysed in 50 mM

Hepes, 50mMNaCl, 5mMEDTA, 1%TritonX-100, 50mMNaF,
and 10 mM sodium pyrophosphate buffer supplemented with
protease inhibitormixture (RocheDiagnostics, catalogue num-
ber 11 836 153 001). 500 �g of yeast extract was incubated
overnight with 50 �l of anti-Hsp26 antibody or 10 �l of CBS
antibody. After 4 h the antigen-antibody complexes were
treated with 50 �l of protein A-Sepharose beads and incubated
overnight. Protein A-Sepharose-isolated immune complexes
werewashed three timeswith assay buffer, boiled in SDS-PAGE
sample buffer for 5 min, and analyzed by Western blot. The
immune complexes were then washed three times with assay
buffer, boiled in SDS-PAGE sample buffer for 5 min, and ana-
lyzed by Western blot.

RESULTS

Ethanol andHeat Shock Rescues I278T Function—Previously
we have shown that yeast lacking endogenous yeast CBS and
expressing human I278T are unable to grow in yeast media
lacking cysteine (SC�Cys) (10).We found that addition of up to
6% ethanol to standard yeast media allowed growth of I278T
expressing yeast in SC�Cys media in a concentration-depend-
ent manner (Fig. 1A). Addition of 10% ethanol resulted in total
growth inhibition, but this was also observed in yeast express-
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ing wild-type human CBS (data not shown). Addition of 4%
ethanol caused a 280% increase in steady-state levels of I278T
protein, as well as a 930% increase in CBS enzyme activity (Fig.
1B). Examination of CBSmRNA levels by quantitative real time
PCR showed that ethanol had no effect on mRNA levels (data
not shown), indicating that the increase in steady-state I278T
levels was because of stabilization of the protein. As it has been

shown previously that certain heat shock genes are up-regu-
lated upon ethanol stress in S. cerevisiae (21), we hypothesized
that heat shock proteins might somehow mediate this effect.
Consistent with this idea, we found that exposure of I278T
yeast to a 45 °C heat shock for 3 h resulted in a 312% increase in
steady-state CBS and a 511% increase in CBS activity (Fig. 1C).
These findings indicate that exposure to either ethanol or heat

FIGURE 1. Functional rescue of I278T CBS by chaperone manipulation.
A, saturated culture of yeast strain WY35 expressing I278T CBS (WY35 pI278T)
was diluted 1:1000 in SC�Cys media with the indicated amount of ethanol at
30 °C for 24 h. Growth was measured by A600 (OD600). All cultures were grown
in triplicate with the error bars showing standard deviation. A control strain
expressing wild-type human CBS is shown on the right. B, WY35 pI278T cells
were grown in SC�Trp�Cys media with the indicated percent of ethanol
added to the media. Cells were harvested, and CBS and �-tubulin were
assessed by immunoblot. CBS enzyme activity was measured in triplicate
with the average and standard deviation shown. The far right lane contains
extract from WY35 with no plasmid. ND � not determined. C, heat shock
rescue of I278T CBS activity. Yeast strain WY35 pI278T was grown overnight at
either 25, 30, or 37 °C, and extracts were assessed for CBS activity and CBS
protein by immunoblot as described under “Experimental Procedures.” The
yeast labeled 45 °C were exposed to a 3-h heat shock after overnight growth
at 37 °C. All experiments were done in triplicate, and standard deviation is
shown. D, WY35 phCBS and WY35 pI278T strains were grown in SC�Trp�Cys
media with the indicated amount of ethanol overnight. Total lysates were
examined for Hsp26, Hsp70, Hsp104, and �-tubulin by immunoblot.

FIGURE 2. Hsp70 interacts with I278T CBS. A, yeast strains deleted for the
indicated genes were grown in the presence of 4% ethanol, and total lysates
were examined for Hsp70 and �-tubulin by immunoblot. B, yeast strain LS3 (�
leu2 ura3 ade2 trp1 cys4::LEU2 SSA2::KanMX) was transformed with pI278T or
phCBS, and saturated cultures were diluted 1:1000 in SC�Trp�Cys�G418
media and grown with aeration at 30 °C for 24 h in the absence and presence
of ethanol. Growth was measured by A600 (OD600). C, WY35 or LS3 cells trans-
formed with either phCBS or pI278T were grown in SC�Trp�G418�Glu
media in the presence or absence of 4% ethanol as indicated. Cells were
harvested, and CBS, Hsp70, and �-tubulin were assessed by immunoblot.
D, yeast strain WY35 phCBS, WY35 pI278T, LS1 pI278T, and LS1 phCBS were
grown in SC�Trp�Cys media with or without ethanol. Two hours before
harvest, 50 �M MG132 was added, and cell lysates were prepared. Immuno-
precipitation (IP) was performed with anti-Hsp26 antibody, and CBS present
in the immune complexes was analyzed by immunoblot. Lane labeled control
shows extract without immunoprecipitation.
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shock can both stabilize I278T protein and increase its specific
activity.
To understand the mechanism by which ethanol and heat

shock restored I278T function, we examined the steady-state
levels of three major Hsps in yeast, Hsp26, Hsp70, and Hsp104.
In strains expressing WT CBS, we observed increased Hsp70
levels with regards to ethanol exposure, but no increase in
either Hsp26 or Hsp104 (Fig. 1D). Interestingly, basal levels of
Hsp26 weremuch lower in I278T yeast but strongly induced by
ethanol (Fig. 1D, right panel).
Elevated Hsp70 Is Associated with Increased I278T Activity—

Because ethanol induced Hsp70 and increased both steady-
state levels and specific activity of I278T, we hypothesized that
elevated Hsp70 might aid in the correct folding of I278T pro-
tein. Because Hsp70 in S. cerevisiae is encoded by a gene family
with at least 14 members (22), we had to first determine which
gene or genes were responsible for the increased Hsp70 cross-
reacting material observed by immunoblot. We examined the

level of Hsp70 protein present in yeast strains grown in ethanol
containing deletions of each of the annotated Hsp70 family
members. We found significant reductions of Hsp70 in cells
containing deletions in three genes, SSA2, SSC1, and SSQ1 (Fig.
2A). We focused on SSA2, because it was the only one of the
three genes thought to be present in the cytosol. (The SSQ1 and
SSC1 are thought to encode mitochondrial proteins (22).)
Therefore, to determine whether cytosolic Hsp70 is playing a
crucial role in proper I278T folding, we deleted SSA2 in a strain
expressing I278T and measured CBS function by examining
growth on cysteine-free media in the presence and absence of
4% ethanol (Fig. 2B). I278T cells deleted for SSA2 (ssa2�) can
no longer grow in the presence of ethanol, implying that SSA2 is
required for ethanol rescue of I278T.
We next examined how ethanol and ssa2� affected steady-

state levels of CBS. In the absence of ethanol we find that
steady-state levels of I278T are significantly reduced compared
with WT CBS (Fig. 2C and Fig. 3A). Addition of ethanol
increases I278T steady-state levels but only when SSA2 is pres-
ent. This experiment indicates that elevated Hsp70 may help
stabilize I278T protein.
We next determined if Hsp70 could bind directly to wild-

type and I278T CBS. Immunoprecipitation experiments with
�-CBS antibodies show thatHsp70 forms a complexwith I278T
but not wild-type CBS protein (Fig. 2D). The amount of the
complex appears to increase upon ethanol induction or dele-
tion of Hsp26. These findings show that Hsp70 binds specifi-
cally to I278T and that Hsp70 is required for ethanol rescue of
I278T.
Hsp104 Is Not Involved in Reactivation of I278TCBSActivity—

Because previous studies have suggested that Hsp104 acts coordi-
nately with Hsp70 for protein refolding (4, 5), we investigated if
Hsp104 plays a role in ethanol rescue of I278T. We found that
deletion of Hsp104 had no effect on ethanol rescue of I278T as
measured by growth, steady-state level of protein, or activity (Fig.
3, A and B). These findings suggest that Hsp104 does not play a
significant role in reactivation of the inactive mutant I278T.

FIGURE 3. Loss of Hsp104 does not affect I278T function. A, yeast strain
LS2 (� leu2 ura3 ade2 trp1 cys4::LEU2 Hsp104::KanMX) was transformed
with a plasmid expressing either I278T CBS (pI278T) wild-type human CBS
(phCBS). Saturated cultures of the yeast were diluted 1:1000 in
SC�Trp�Cys�G418 media and grown with aeration at 30 °C for 24 h in
the absence and presence of 4% ethanol. Growth was measured by A600
(OD600). Experiment was done in triplicate, and error bars indicate stand-
ard deviation. B, LS2 cells transformed with either phCBS or pI278T were
grown in SC�Trp�G418�Glu media. Cells were harvested, and CBS,
Hsp104, and �-tubulin were assessed by immunoblot. Extracts were also
examined for CBS activity in triplicate.

FIGURE 4. Ethanol and MG132 rescue of I278T. WY35 phCBS and WY 35
pI278T were grown in SC�Trp�Cys media in the absence and presence of 4%
ethanol. Where indicated, 50 �M MG132 was added 3 h before cells were
harvested. Total cell lysates were then examined for CBS, Hsp26, and �-tubu-
lin by immunoblot. CBS enzyme activity was measured for each extract in
triplicate with the mean � S.D. for each sample indicated.
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I278T Expression Causes Reduced Steady-state Levels of
Hsp26—Based on the Western blot shown in Fig. 1D, we were
interested in why yeast expressing I278T had greatly reduced
levels of Hsp26 compared with yeast that expressWTCBS.We
hypothesized that the low steady-state levels of I278T and
Hsp26 in I278T-expressing yeast might be due to increased
proteosomal degradation of I278T and Hsp26 proteins. To test
this, we examined the steady-state levels of CBS and Hsp26 in
WT and I278T yeast supplemented with either ethanol or the

proteosome inhibitor MG132 (Fig.
4). I278T yeast had significantly
lower steady-state levels of both
CBS and Hsp26 protein compared
to WT yeast, and addition of either
4% ethanol or the proteosome
inhibitor MG132 caused a signifi-
cant increase in both I278T and
Hsp26. The steady-state levels of
I278T CBS were slightly higher in
the MG132-treated cells compared
with the 4% ethanol-treated cells, as
was enzyme activity. Treatment
with both ethanol and MG132 was
no more effective than MG132 by
itself in stabilizing I278T protein.
With regard toWTCBS, 4% ethanol
resulted in an �50% increase in
both steady-state and enzyme activ-
ity, whereas MG132 treatment
resulted in a 2-fold increase in activ-
ity and steady-state protein. Taken
together these observations show
the following. 1) Expression of
I278T results in decreased Hsp26
levels. 2) Low steady-state levels of
both I278T and Hsp26 can be
reversed by addition of the proteo-
some inhibitor MG132. 3) 4% etha-
nol supplementation stabilizes
I278T and Hsp26 proteins and
increases the specific activity of
I278T expressed in S. cerevisiae.
Hsp26� Restores Function to

I278T CBS—To explain both the
low steady-state levels of I278T and
how I278T expression resulted in
decreased steady-state Hsp26, we
hypothesized that Hsp26 binds to
I278T, and the Hsp26-I278T com-
plex is then targeted to the proteo-
some for degradation. A predic-
tion of this hypothesis is that, in
the absence of Hsp26, steady-state
levels of I278T should increase
resulting in increased CBS activ-
ity. As predicted, I278T yeast
deleted for HSP26 (hsp26�) had
increased steady-state CBS pro-

tein and increased CBS activity (Fig. 5A). I278T protein lev-
els increased by 4-fold, whereas I278T activity increased
9-fold, to almost 60% that observed in the hCBS-expressing
strain. Loss of Hsp26 had no significant effect on WT CBS.
Hsp26� also rescued the cysteine auxotrophy of I278T (Fig.
5B) and caused a 776% increase in CBS tetramer formation
on native gels (Fig. 5C). In contrast, overexpression of Hsp26
selectively reduced levels of I278T but did not affect WT
CBS levels (Fig. 5D).

FIGURE 5. Hsp26 interacts with I278T CBS. A, yeast strain LS1 (� leu2 ura3 ade2 trp1 cys4::LEU2 hsp26::KanMX)
was grown in SC�Trp�Cys, and total lysates were examined for CBS and Hsp26 protein by immunoblot.
Extracts were also examined for CBS activity in triplicate. CR indicates cross-reacting band that acts as an
internal control. B, yeast strain LS1 was transformed with either phCBS or pI278T. Yeast were grown in
SC�Trp�Cys in the absence and presence of 4% ethanol, and growth was measured after 24 h using A600 (OD).
C, indicated strains were grown in SC�Cys media, and total soluble extracts were prepared. Extracts were then
subjected to native gel electrophoresis followed by immunoblot with native CBS antiserum. D, yeast strains
WY35 phCBS and WY35 pI278T were transformed with a plasmid overexpressing Hsp26 (pHsp26). Strains were
grown in SC�Trp�Ura�Cys media, and total lysates were examined for CBS, Hsp26, and �-tubulin by immu-
noblot. E, yeast strain WY35 phCBS, WY35 pI278T, LS1 pI278T, and WY35 were grown in SC�Trp�Cys media
with or without ethanol. At this time, 50 �M MG132 (to prevent I278T degradation) was added, and cells were
incubated an additional 2 h before lysates were prepared. Immunoprecipitation (IP) was performed with
anti-Hsp26 antibody, and CBS present in the immune complexes was analyzed by immunoblot. Lane labeled
control shows extract without immunoprecipitation.
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A second prediction of our hypothesis is that Hsp26 should
physically interact with I278T CBS but not wild-type CBS. As
shown in Fig. 5E, antibodies to Hsp26 immunoprecipitated
I278T present in untreated cells but not in cells treated with
ethanol or expressing WT CBS. These findings show the fol-
lowing. 1) Hsp26 binds to I278T CBS and is required for degra-
dation of both proteins. 2) I278T enzyme is highly active in the
absence of Hsp26.
Degradation of Hsp26-I278T Complex Is Ubiquitin-depen-

dent—To test whether degradation of I278T and Hsp26 is
ubiquitin-dependent, we first expressed I278T in yeast contain-
ing a temperature-sensitive allele of the ubiquitin-activating
enzyme (uba1–204) (15). When shifted to the nonpermissive
temperature, cells carrying this allele exhibit a rapid depletion
of cellular ubiquitin conjugates and stabilization of several dif-
ferent substrates. Using this strain, we found that shifting to the
nonpermissive temperature resulted in a large increase in the
steady-state levels of both I278T and Hsp26 (Fig. 6A). These
findings suggest that that degradation of the Hsp26-I278T
complex is ubiquitin-dependent.
More direct evidence for the ubiquitination of Hsp26 and

I278T was obtained using immunoprecipitation. For these
experiments, we prepared extracts from an ssa2� strain treated

with the proteosome inhibitorMG132 expressing eitherWTor
I278T CBS. The ssa2� mutation was used to prevent I278T
from folding into a native conformation, whereas the MG132
was used to prevent degradation of the ubiquitinated substrate.
As shown in Fig. 6B, immunoprecipitationwith eitherHsp26 or
CBS-specific antibodies pulled down significant amounts of
ubiquitinated Hsp26 or CBS protein only in the strain that
expresses I278T and not WT CBS (top panel). Probing the
immunoprecipitated material with either CBS or Hsp26 anti-
bodies reveals that almost all of the Hsp26 or I278T present is
ubiquitinated in the I278T-expressing strain but not in the
WT-expressing strain. This experiment demonstrates that
I278T is a substrate for ubiquitination and that expression of
I278T induces ubiquitination of Hsp26.

DISCUSSION

The data presented here show that substantial enzymatic
function could be restored to human I278TCBS expressed in S.
cerevisiae by either reduction of Hsp26 or increase in Hsp70
levels. To explain our data, we propose amodel (Fig. 7) inwhich
there is an equilibrium between Hsp26 and Hsp70 binding to
misfoldedmutant proteins. In this model, Hsp26 acts as a qual-
ity-control chaperone resulting in the formation of an Hsp26-
mutant protein complex that is then targeted to the proteo-
some for degradation, whereas Hsp70 acts positively as a
refolding chaperone resulting in the production of functional
active protein.
This model can explain all of our experimental data. In the

absence of ethanol, the Hsp26 pathway predominates because
there are low basal levels of Hsp70 relative to Hsp26. This then
results in low steady-state levels of I278T. In the presence of

FIGURE 6. Ubiquitin-dependent degradation of I278T and Hsp26. A, yeast
strain LS4pI278T� was grown in SC�His�Leu�Trp�Glu at 30 °C to an A600 of
0.7 and then either shifted to 37 °C or maintained at the current temperature
as indicated. At the indicated times, total lysates were prepared and analyzed
for CBS and Hsp26 by immunoblot. B, yeast strain LS3 transformed with either
pI278T or phCBS was grown in SC�Trp�G418 to an A600 of 0.7 and then
treated with 50 �M MG132 for 3 h. Extracts were then subjected to immuno-
precipitation (IP) with either Hsp26 and CBS antibodies. Immune complexes
were analyzed for ubiquitin (Ub), CBS, and Hsp26 by immunoblot.

FIGURE 7. Equilibrium model of Hsp26 acting as quality control chaper-
one. Missense mutant proteins are acted on by two competing systems. If
bound by Hsp26, missense mutant proteins are ubiquitinated and directed to
the proteosome for degradation. If bound by Hsp70, mutant proteins are
refolded into an active conformation. Ub, ubiquitin.
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ethanol, Hsp70 levels are greatly increased resulting in the
refolding of I278T to an enzymatically active, stable form. We
speculate that addition of the proteosome blocker, MG132,
results in increased enzyme activity by increasing the half-life of
the I278T protein, resulting in an increased probability of inter-
action with Hsp70. The simplest explanation for the observa-
tion that either ethanol treatment or MG132 could modestly
increase steady-state levels of WT CBS is that about half of the
time WT CBS fails to fold properly and is then subject to deg-
radation. This is also consistent with the modest amount of
ubiquitination observed for WT CBS in Fig. 6.
Previous studies have shown thatHsp26 and other small heat

shock proteins bind denatured proteins and prevent protein
aggregation (4, 5). TheHsp26-denatured protein complexes are
then acted upon by Hsp70 and Hsp104 to allow refolding. In
contrast, the experiments described here indicate that Hsp26
has the opposite function, binding tomisfoldedmutant protein
and directing it to the proteosome. Our data also show that
Hsp104 does not play an important role in this process. How-
ever, there are some key difference between these two sets of
experiments. In both earlier studies, marker proteins were sub-
jected to heat stress, whereas the experiments presented here
involved the use ofmissense proteins grownunder normal tem-
perature conditions. In addition, the experiments described
here utilize a human protein and not an endogenous yeast pro-
tein. Interestingly, Ahner et al. (23) demonstrated that Hsp26
expression was induced by expression of the human cystic
fibrosis transmembrane conductance regulator in S. cerevisiae
and that deletion of Hsp26 increased the half-life of the protein.
Because both our system and the system by Ahner et al. (23)
involve the expression of foreign proteins, we cannot be certain
that Hsp26 would function the same way with regard to endog-
enous misfolded yeast proteins.
Our data also suggest a link between sHsp and the ubiquitin/

proteosome system. We found that both I278T and Hsp26
steady-state protein levels increased in either the absence of
ubiquitin-activating enzyme protein or the presence of a pro-
teosome inhibitor. In addition, we demonstrate directly that
Hsp26 and I278T are ubiquitinated. We hypothesize that
Hsp26-I278T complex is a target for a ubiquitin ligase, which
then directs the entire complex to the proteosome for degrada-
tion. A link between molecular chaperones and ubiquitin-me-
diated proteolysis has been described previously. CHIP,
carboxyl terminus of Hsc70-interacting protein, is a ubiquitin-
protein isopeptide ligase that is known to interact with both
mammalian Hsp90 andHsp70 and is responsible for the degra-
dation of several proteins, including the glucocorticoid receptor,
ErbB2, cystic fibrosis transmembrane regulator, and luciferase
(24).We hypothesize that theremay also be a ubiquitin-protein
isopeptide ligase that interacts with yeast Hsp26 and directs
ubiquitination of the complex. One possible candidate is Cul8,
a ubiquitin-protein isopeptide ligase involved in anaphase pro-
gression that was found to interact with Hsp26 in a large scale
proteomics screen using tandem affinity purification (25, 26).
One interesting difference between the CHIP system and the
one described here is that in CHIP-mediated degradation
the levels of the accompanying Hsp protein do not change,

whereas in the system described here both the misfolded pro-
tein and the accompanying Hsp26s are degraded.
Our findings also suggest new potential strategies to treat

genetic diseases. The fact that we were able to restore signifi-
cant functional activity back to the I278T protein suggests that
some disease-causing missense mutations can be refolded suc-
cessfully by modifying the molecular chaperone environment.
In humans there are 10 members of sHsp family designated
HspB1–B10 and at least 9 members of the Hsp70 family (27).
Interestingly, overexpression of the mammalian Hsp26 ortho-
logue �-crystalline (HspB4) caused enhanced degradation of
DF508-cystic fibrosis transmembrane regulator in human
embryonic kidney cells (23). If our finding that deletion of
Hsp26 results in increased mutant protein expression and
activity in mammalian cells, it may be possible to develop
agents that alter molecular chaperone expression in vivo,
resulting in increased mutant protein function. This approach
might be especially attractive for treating individuals with
inherited genetic disorders inmetabolism because often a small
increase in residual enzymatic activity can have a profound
effect in the clinical severity of the disease.
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