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Abstract

SSE1 and SSE2 encode the essential yeast members of the Hsp70-related Hsp110 molecular
chaperone family. Both mammalian Hsp110 and the Sse proteins functionally interact with cognate
cytosolic Hsp70s as nucleotide exchange factors. We demonstrate here that Ssel forms high affinity
(Kg~1078 M) heterodimeric complexes with both yeast Ssa and mammalian Hsp70 chaperones, and
that ATP binding to Ssel is required for binding to Hsp70s. SselsHsp70 heterodimerization confers
resistance to exogenously added protease, indicative of conformational changes in Ssel resulting in
a more compact structure. The nucleotide binding domains of both Sse1/2 and the Hsp70s dictate
interaction specificity, and are sufficient to mediate heterodimerization with no discernable
contribution from the peptide binding domains. In support of a strongly conserved functional
interaction between Hsp110 and Hsp70, Ssel is shown to associate with and promote nucleotide
exchange on human Hsp70. Nucleotide exchange activity by Ssel is physiologically significant, as
deletion of both SSE1 and the Ssa ATPase stimulatory protein YDJ1 is synthetically lethal. The
Hsp110 family must therefore be considered an essential component of Hsp70 chaperone biology in
the eukaryotic cell.

Molecular chaperones of the Hsp70 class are present in all cells and are essential for tolerance
of protein denaturing stresses as well as protein biogenesis and regulation under normal growth
conditions. Hsp70s share a common architecture defined by an amino-terminal nucleotide
binding/ATPase domain (NBD) that regulates chaperone activity of a carboxyl-terminal
peptide peptide binding domain (PBD). Hsp70 chaperones bind to exposed hydrophobic
segments of proteins through the PBD, preventing their aggregation and assisting in folding
to achieve native conformation. Hsp70 ATPase activity governs reversible transition between
low- and high-affinity substrate binding states, and is in turn regulated by additional factors
(reviewed in (1)). Hsp40-type, or J-domain co-chaperones stimulate ATP hydrolysis, and co-
chaperones such as GrpE in bacteria and Fesl in yeast accelerate release of nucleotide from
Hsp70 (2-4). There is increasing evidence for collaboration of Hsp70s with co-chaperones that
are themselves divergent Hsp70 homologs. For example, in the yeast endoplasmic reticulum
(ER), the lumenal Hsp70, Kar2, binds the Grp170 subfamily homolog Lhs1, leading to
reciprocal regulation of their respective ATPase activities (5). Similarly, Ssb ATPase activity
is stimulated by a heterodimeric complex known as RAC (ribosome-associated complex)
consisting of the Hsp70 Ssz1 and the Hsp40 Zuol (6,7).
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The Hsp110 subfamily of Hsp70-related chaperones is a poorly understood group defined by
an extended linker region separating the 8 and o subdomains of the PBD, as well as an extended
carboxy terminus of unknown significance (8). Murine Hsp1050 was shown to inhibit Hsp70-
mediated refolding of a model substrate by inhibiting Hsp70 ATPase activity in vitro (9,10).
However, the molecular mechanism by which this inhibition occurs is unknown. In vivo,
overexpression of Hsp110 confers increased thermotolerance in mammalian cell lines (11). In
contrast to Hsp70, the Hsp110 class of chaperones appears incapable of mediating protein
folding, confounding efforts to make predictions regarding their cellular roles (12,13).
Saccharomyces cerevisia epossesses two highly similar Hsp110 homologs encoded by the
SSE1 and SSE2 genes. Cells lacking Ssel are temperature sensitive and slow-growing, while
loss of Sse2 has no obvious functional consequence (14,15). We and others have demonstrated
that deletion of both genes results in lethality, suggesting that Hsp110 chaperones play a critical
role in cellular physiology (16-18). Ssel is found in association with the two groups of cytosolic
Hsp70 proteins Ssa and Ssb (19,20). In addition, Ssel stimulates the ATPase activity of Ssal
in a synergistic manner with the Hsp40, Ydj1 (20). A functional role for this association is
suggested by the finding that cells lacking Ssel accumulate untranslocated a-factor, which is
post-translationally inserted into the ER in an Ssa-dependent manner (20). Hsp110 and Sse
have been recently shown to possess nucleotide exchange activity on their cognate Hsp70
partners, providing a functional role for this enigmatic class of chaperones (18,21).

In this study, we show that in addition to the yeast Hsp70s Ssa and Ssb, Ssel is able to form
high affinity heterodimeric complexes with mammalian Hsc70 and Hsp70. These complexes
are resistant to proteolytic attack, suggesting a compact structure. In contrast to a previous
report, we find that ATP binding by Ssel is absolutely required for complex formation with
Hsp70 (18). Heterodimerization appears to be mediated by the respective NBDs with no
discernable role played by the PBDs. Ssel was found to possess potent Hsp70 nucleotide
exchange activity for mammalian Hsp70, suggesting strict conservation of function along the
eukaryotic lineage. Genetic data suggest that Ssel and Ydj1 may operate with the Ssa proteins
as an essential functional unit as ssel1A ydj1A cells were found to be inviable while fes1A
ydj1A mutants were not.

EXPERIMENTAL PROCEDURES

Strains and plasmids

Yeast strains and plasmids are described in TABLE I. A plasmid-based fes1A::HIS3 disruption
cassette was created by PCR amplification of fragments upstream and downstream of the
FES1 open reading frame from BY4741 genomic DNA followed by cloning into a plasmid
containing the HIS3 gene. The ssel::LEU2 plasmid-based knockout cassette was constructed
in a similar manner. All knockouts were confirmed by PCR analysis.. To construct Ssel1-Sse2
chimeras, p416GDP-FLAG-Ssel and p416GPD-FLAG-Sse2 were used as templates for PCR
reactions that altered codons 387 and 388 to a BamH | restriction site (Leu-Arg (Ssel) or Val-
Arg (Sse2) to Gly-Ser). p416GPD-FES1 was constructed by PCR amplification of the ORF
from genomic DNA incorporating flanking Spel and Xhol sites for cloning into plasmid
p416GPD. P416GPD-FLAG-Sse2 ATPase was constructed by PCR using p416GPD-Sse2 as
a template and introducing a stop codon after codon 394. Sequences for primers used to make
all constructs are available upon request.

Protein purification and complex assays

FLAG-Ssel, FLAG-SselK69Q, FLAG-Sse1G233D, FLAG-Ydj1 and Ssal were purified as
described (20). Several different preparations of Hsp70 molecules were used for distinct
purposes during the course of experiments. Purified human Hsp70 was kindly provided by D.
Toft (Mayo Clinic, Rochester, MN) and used for nucleotide exchange and protein refolding
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assays (22). Recombinant bHsc70AC and nucleotide binding domain (NBD) of bHsc70 were
expressed and purified as described for use in native gel analysis and ATPase assays (23).
Binding experiments were done by mixing proteins at the indicated concentrations in individual
figure legends in 10 mM Tris pH 8.0, 5 mM MgCl,, 50 mM KCI and incubating at room
temperature for 15 min. Reactions were then electrophoresed on 8-25% native polyacrylamide
gels and stained with Coomassie blue. In experiments to determine the effects of nucleotides
on heterodimer formation, binding reactions were supplemented with nucleotides at
concentrations specified in figure legends. ADPBeFx, ADPAIFx, and ADPVi were prepared
as described (24,25). To determine Ky values, Coomassie stained gels of reactions carried out
with constant amounts of Ssel and varying amounts Ssal or bHsc70AC were scanned and
digitized with a Molecular Imager GS-800 densitometer and ImageJ software. The fractions
of free and bound Ssel were then determined by reference to the intensity of an identical amount
of Ssel run alone on the same gel, and the apparent Ky at each bHsc70AC or Ssal concentration
was then calculated explicitly using Origin software (Northampton, MA), assuming 1:1
stoichiometry for the complex.

Detection of ATP binding to chaperone complex

Varying concentrations (0.3 to 10 uM) of Ssel were mixed with 0.03 uM [a—32P]-ATP either
alone, or in the presence of excess (20 uM) bHsc70AC in 10 mM Tris pH 8.0, 5 mM MgCly,
50 mM KCI. After a 15 min room temperature incubation, the reactions were resolved by native
PAGE and the location of the radioactive ATP was visualized with a Molecular Dynamics
Phosphorimager. Gels were subsequently stained with coomassie blue to identify the protein
bands.

Immunoprecipitation and immunoblot analysis

Immunoprecipitations of FLAG-Ssel, -Sse2, -Ssel/2 chimeras, and -Ssel/2 NBD fragments
were performed as described (20). SDS-PAGE and immunoblot analysis were performed as

described (16). Anti-Ssal/2 and anti-Ssb polyclonal antibodies were used at 1:5000 dilution

(generously provided by E. Craig). Anti-Ssel polyclonal antibody was used at 1:2000 dilution
(kindly provided by J. Brodsky, Univ. Pittsburgh, Pittsburgh, PA). M2 monoclonal antibody
(anti-FLAG, Sigma, St. Louis, MO) was used at 1:1000 dilution.

Protease protection experiments

1 uM Ssel was treated with 0, 0.5, 1, 2, 4, 8, 16, or 32 ug/ml Proteinase K in either the presence
of absence of 1 mM ATP or other nucleotides as indicated in individual figure legends, and
with either 1 uM Hsc70AC, 1 uM NBD, or no added protein for 30 min. at room temperature
in 10 mM Tris pH 8.0, 5 mM MgCl,, 25 mM KCI. Reactions were terminated by addition of
1 mM PMSF, resolved by electrophoresis with 8-25% SDS PAGE, and stained with Coomassie
blue.

Nucleotide exchange and ATPase assays

Nucleotide exchange assays were performed essentially as described (3). Briefly, Ssa- or
human Hsp70-[a-32PJATP complexes were formed by incubating 25 g of the Hsp70 in
complex buffer (25 mM HEPES-KOH, pH 7.5, 100 mM KCI, 11 mM MgOAc, 25 mM ATP)
and 100 mCi [a-32P]JATP (50 pL total volume) for 30 min on ice followed by passage through
a G50 Microspin column (GE Healthcare, Piscataway, NJ) prequilibrated with complex buffer.
6 uL of Hsp70-[0-32PJATP complex was used per 50 L exchange reaction, with or without
Ssel or mutant Ssel (8 pg). 15 pL aliquots were removed at one, four, and seven minutes and
immediately passed through a G50 Microspin column. 2 uL of eluate was spotted in duplicate
on PEI- cellulose TLC plates and resolved in 1 M formic acid with 0.5 M LiCl. TLC plates
were developed by phosphorimage analysis using a Storm 840 Imager and ImageQuant
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software (GE Healthcare, Piscataway, NJ). Single turnover ATPase assays were carried out by
mixing 1 uM Hsc70, Hsc70ACterm, or NBD (with or without 1 uM 9 Ssel) with 0.03 pM
A-32PATP (3000 Ci/mM) in 10 mM Tris pH 8.0, 5mM MgCl,, 25 mM KCl at r.t. At different
times after mixing the ATP with the proteins, aliquots were taken and immediately mixed with
an equal volume of 2% SDS, 50 mM EDTA to stop the reaction and subsequently resolved by
TLC if formic acid/LiCl. Data were quantified with a Molecular Dynamics phosphorimager
and fit to single exponential decays using Origin software to determine ATPase rates. Multiple
turnover rates were done similarly except that cold ATP was added so that the total ATP
concentration was 10 uM.

ATP binding by Ssel is required to form a high affinity heterodimer with Hsp70

We and others have previously documented that Ssel forms stable complexes with the yeast
cytosolic Ssa and Ssh Hsp70 chaperone families (18-21). To quantitatively characterize the
interaction between Hsp70 and Ssel we utilized a mutant of bovine Hsc70 that is missing 10
kD from its C-terminus (bHsc70AC). This truncated version of Hsc70 has advantages over the
full-length protein because it does not heterogeneously oligomerize on native gels, but is
otherwise fully functional (26,27). In addition, preparations of recombinant bHsc70AC purified
from E. coli are free of detectable nucleotide, allowing us to measure the effects of added
nucleotides on the interaction (28).

To determine the stoichiometry of the Ssel*Hsc70 complex, a constant amount of Ssel was
incubated with varying molar ratios of bHsc70AC in the presence of 1 mM ATP and the
reactions were resolved on native polyacrylamide gels. At an Ssel:Hsc70 ratio of 2:1, roughly
half of the Ssel is observed to enter the complex while all of the added bHsc70AC becomes
complexed (Figure 1A, lane 2). At a 1:1 ratio, both proteins are quantitatively incorporated
into the complex and little of either protein is observed running free (Figure 1A, lane 3).
Addition of bHsc70AC in excess of Ssel resulted in increasing amounts of free bHsc70AC,
but no apparent increase in the amount of complex present. We therefore conclude that Ssel
and bHsc70AC form a 1:1 complex. To assess the affinity of Ssel for bHsc70AC, 0.25 uM
Ssel was incubated with 1 mM ATP and bHsc70AC at concentrations varying from 0 to 1
M. Reactions were resolved on native gels, and free Ssel was quantified by staining with
Coomassie blue and densitometry (Figure 1B). Since neither protein was in large excess, the
Kg was explicitly determined at each bHsc70AC concentration based on the fraction of free
Ssel. A mean Kq of 61 nM + 4 nM (s.d.) was obtained from experiments with five different
bHscA70C concentrations. The Ky of Ssel for yeast Ssal was determined similarly and was
found to be slightly weaker at 490 nM + 38 nM (s.d.), (data not shown), similar to that obtained
by Raviol and coworkers (~ 150 nM). In addition, SselsbHsc70AC complex purified from
mixed monomeric proteins by ultrafiltration exhibited 1:1 stoichiometry as assessed by SDS-
PAGE and densitometry (see Figure S1). This stoichiometry is likely to extend to the native
yeast Hsp70 chaperones Ssa and Ssb, based on previous findings (20, 21).

We and others have demonstrated that mutant Ssel that fails to bind ATP is incapable of
associating with Ssa or Ssb in vivo (16,20,21). Consistent with this finding, we found that ATP
addition is required to obtain quantitative association of Ssel with bHsc70AC in vitro. To
determine if this requirement reflects ATP binding to Ssel or to bHsc70AC, we used a
bHsc70AC variant protein containing a G229S mutation that greatly weakens its ATP binding
(unpublished observations). In the absence of added ATP, only 20-25% of the Ssel becomes
complexed with bHsc70AC G229S, as shown in Figure 1C (lane 1). Addition of 0.6 pM ATP
drives an increasing amount of Ssel into the complex (lane 2), and addition of 1.2 (lane 3), 2.4
(lane 4), or 4.8 (lane 5) uM ATP quantitatively drives all of the Ssel into the complex. Since
the G229S bHsc70AC mutant does not bind ATP at these concentrations, we conclude that the
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effect of ATP on formation of the complex reflects binding to Ssel. The Ssel concentration
in this experiment is 1 uM and the observation that as little as 0.6 uM ATP supports complex
formation indicates submicromolar affinity of Ssel for ATP. We conclude that the interaction
of Ssel with ATP in the complex is of high affinity and that the nucleotide binding pocket of
Ssel must be occupied to allow heterodimerization with Hsp70 molecules.

To investigate the nucleotide dependency in more detail, we compared the efficacy of ATP,
ADP, and the ground and transition state analogs ADPBeFx, ADPVi, and ADPAIFX in
stimulating complex formation as assessed by native gel electrophoresis (Figure 1D). With no
added nucleotide only 20% of the Ssel becomes complexed (lane 1). Addition of 1 mM ATP
caused all of the Ssel to enter the complex (lane 2). ADP increased complex formation relative
to no nucleotide but to a lesser extent than ATP (lane 6). This indicates that complex formation
is more effectively supported by ATP than ADP. The effects of the ATP ground and transition
state analogs are consistent with this conclusion. ADPBeFx best mimics the normal ATP
(ground state) complex and supports complex formation as well as ATP (lane 3) (25). ADPVi
is the best mimic of the transition state for phosphate ester bond cleavage and is ineffective in
stimulating complex formation (lane 4), while ADPAIFX, which is a poorer mimic of the
transition state, is more effective than ADPVi but less effective than either ATP or ADPBeFx
at supporting complex formation (lane 5) (24, 25). This indicates not only that nucleotide is
required to form the SselsbHsc70AC complex, but that the stability of this complex is
modulated by the chemical state of the nucleotide.

To assess the persistence of the ATP interaction with the chaperone complex, we used
[a—32P]-ATP and autoradiography to detect ATP binding to Ssel, bHsc70AC, and the
bHsc70ACeSsel complex in native gels, as shown in Figure 2. Amounts of Ssel ranging from
0.3 to 10 uM were mixed with limiting labeled ATP (0.03 uM) alone or in the presence of
excess bHsc70AC (20 uM). Neither free Ssel (Figure 2A) nor bHsc70AC (Figure 2B) was
seen to effectively retain radioactive ATP during electrophoresis, but the bHsc70ACeSsel
complex showed persistent association with ATP with a calculated Ky for ATP of 0.48 uM
(Figure 2B). We next determined whether the ATP associated with the SselebHsc70AC
complex was stable or hydrolyzed over time. A two-fold excess of Ssel (8 uM) was incubated
with 4 uM bHsc70AC and sub-stoichiometric ATP (1 uM) and samples collected over time.
In this reaction, nearly all the ATP should be bound to Ssel within the heterodimeric complex,
and as seen in Figure 2C, was hydrolyzed extremely slowly as assessed by thin layer
chromatography. In contrast, the same conditions lacking Ssel resulted in demonstrable
hydrolysis by bHsc70AC. Taken together with previous genetic data, these findings suggest
that Ssel must bind ATP to effectively associate with Hsp70 molecules, and imply that these
are highly stable complexes whose dissociation may be controlled by a nucleotide switch.

ATP and Hsp70 binding independently stabilize Ssel

Ssel has been previously shown to produce proteolytic digestion fragments characteristic of
other members of the Hsp70 superfamily (29). Moreover, ATP, but not ADP, binding reduces
protease accessibility as shown by the accumulation of protease-resistant protein fragments,
suggesting a conformational change upon nucleotide association (29). Given the high affinity
of the Ssel«Hsp70 interaction, we reasoned that heterodimer formation might likewise stabilize
one or both chaperones. To test this idea, a series of protease protection experiments using
purified Ssel and bHsc70AC were carried out. As shown in Figure 3A, very low levels of
exogenously added proteinase K (0.5 ug/ml) were sufficient to degrade Ssel. Addition of 1
mM ATP decreased but did not block protease accessibility to Ssel (Figure 3B). In contrast,
the addition of bHsc70AC dramatically reduced proteolysis of Ssel (Figure 3C). This
protection absolutely required ATP for formation of the protein complex, as Ssel was
completely degraded in its absence and bHsc70AC cleaved to produce a band characteristic of
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the independently folded nucleotide binding domain (NBD) and additional lower molecular
weight fragments (Figure 3D). The protease-resistant Ssel produced by the addition of ATP
or ATP and bHsc70AC migrated faster than non-treated Ssel. Based on mass spectrometric
analysis, this molecule corresponds to Ssel lacking approximately 25 amino acids (2-3 kD)
from the highly charged carboxyl terminus, previously demonstrated to be dispensable for
function (data not shown, (16)). We further tested the ability of the nucleotide analogs to afford
protease protection to Ssel, and found a strong correlation with their ability to support complex
formation. ATP, ADPBeFx and ADPAIFx all conferred protection, while ADP and ADPVi
were only slightly more effective than no added nucleotide (Figure S2).

Determination of domains mediating SselsSsa/Ssb interaction

To better understand the biochemical mechanism of SseleHsp70 heterodimer function, we
sought to determine the domains required for the interaction. We, and others, have previously
observed that for unknown reasons, Sse2 inefficiently interacts with Ssb compared to Ssel
(data not shown, (19)). We sought to exploit this differential association to elucidate the domain
(s) responsible for dictating binding specificity. We constructed and expressed in yeast FLAG-
tagged chimeric proteins consisting of swapped Ssel and Sse2 NBDs and PBDs and determined
through coimmunoprecipitation analysis which chimera displayed reduced ability to bind Ssb.
Interestingly, all chimeric constructs were functional as assessed by the ability to complement
the slow growth of sselA cells (Figure 4A). Although we cannot exclude the possibility that
compensatory changes in gene expression account for the ability of the chimeras to function
in vivo, Dragovic et al. have demonstrated that Sse2 possesses nucleotide exchange activity
equivalent to Ssel in vitro (21). As expected, both Ssa and Ssb co-purified with Ssel (Figure
4B, E1-E1) while only Ssa efficiently copurified with Sse2 (Figure 4B, E2-E2) as indicated by
Coomassie staining of the co-immunoprecipitation reactions. The chimera composed of an
Ssel NBD and an Sse2 PBD (E1-E2) associated with both Ssa and Ssb to levels
indistinguishable from E1-E1. However, the chimera consisting of the Sse2 NBD and the PBD
of Ssel was unable to efficiently interact with Ssh. Antiserum directed against an epitope from
the extreme C-terminus of Ssel was used to confirm the identity of the chimeras (a-Ssel;
(13)). These results, coupled with previous observations that the PBD of Ssel expressed alone
is unable to interact with Ssa and Ssb, indicate that the NBD is responsible for differential
binding of Ssel and Sse2 with Ssb (20).

We showed previously that the Ssel NBD was unstable in the absence of the PBD (16). This
precluded us from determining if the Ssel NBD was sufficient to interact with Ssa and Ssb.
However, because Sse2 behaves differently than Ssel with regard to the ability to interact with
Ssh, we reasoned that the Sse2 NBD may not necessarily share this instability characteristic.
We therefore expressed FLAG-tagged Sse2 NBD in cells lacking SSE1, followed by FLAG
immunoprecipitation and Coomassie staining of the precipitated complexes. As previously
documented, FLAG-Ssel NBD could be immunoprecipitated and detected in cells expressing
the Ssel PBD in trans (Figure 4C, lane 3) but not from cells lacking the PBD (lane 2). In
addition, Ssa and Ssb likewise co-immunoprecipitated with the Ssel NBD and PBD.
Surprisingly, the Sse2 NBD was stably produced and immunoprecipitated in the absence of
either Sse PBD (lane 4). In addition, Ssa was efficiently copurified indicating that the Sse2
NBD is both necessary and sufficient for the interaction with Ssa. Stability of the Sse2 NBD
was also moderately enhanced in the presence of the Ssel PBD (lane 5), further evidence that
the Sse PBD plays a stabilizing role for the NBD.

Ssel interacts directly with the Hsp70 NBD to accelerate ATPase activity

We next wished to determine which domain of Hsp70 serves as the primary docking site for
Ssel. Because Ssel activates Ssal ATPase activity in vitro, we hypothesized that the NBD
would be the most likely point of interaction (18,20). Purified bHsc70 NBD provided a level
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of protease protection for Ssel indistinguishable from bHsc70AC, which in addition to the
NBD contains the PBD but not the carboxyl terminal tail region (compare Figure 3E to 3C).
To verify that this protection resulted from direct protein-protein interaction, we assessed the
ability of the bHsc70 NBD to complex with Ssel via native polyacrylamide gel electrophoresis.
As shown in Figure 5A, addition of purified NBD failed to shift Ssel in the absence of added
nucleotide. Addition of ATP resulted in nearly 100% complex formation with available Ssel,
in a manner very similar to the heterodimerization observed with bHsc70AC. A sub-
stoichiometric band distinct from the SselsNBD complex was observed in the absence of ATP
that persisted in the presence of nucleotide.

To determine if Ssel could stimulate ATPase activity via nucleotide exchange for bHsc70AC
and the NBD, as it does with Ssal, we carried out multiple turnover ATPase assays (20). In a
single turnover ATPase assay in which [Hsp70]>[ATP], Ssel does not stimulate the ATPase
rate of Ssal (18). We similarly found that Ssel will not stimulate the single-turnover ATPase
rates of bHsc70AC or the NBD (data not shown). However, in multiple turnover assays in
which [ATP]>[Hsp70], Ssel will stimulate steady-state ATPase rates because it accelerates
the otherwise slow exchange of ADP for ATP (18,21). We found that purified bHsc70 NBD
exhibited low ATPase activity in a multiple turnover assay, but that this rate was stimulated
40-fold by Ssel (Figure 5B). Ssel likewise stimulated the ATPase rate of bHsc70AC to a
similar level, though in this case the ATPase rate of this enzyme in the absence of Ssel is
constitutively higher due to auto-activation caused by binding of its C-terminal tail in the
peptide binding site of the PBD (23). Ssel alone exhibited negligible ATPase activity. These
data indicate that Ssel can stimulate nucleotide release from bHsc70AC and the NBD alone,
just as it does with a full length Hsc70. Taken together, these data indicate that the NBDs of
bHsc70, and by extension endogenous yeast Ssa, constitute the main binding interface
mediating functional dimerization with Hsp110 proteins.

Sselis a general Hsp70 nucleotide exchange factor

Interactions

Ssel has been shown to stimulate the steady state ATPase activity of Ssa synergistically with
Ydjl in vitro (18,20). Likewise, purified mammalian Hsp110 is a potent NEF for mammalian
Hsp70 (21). Given the high affinity binding and ATPase stimulation of Ssel with the
mammalian Hsp70 variant bHsc70AC, we reasoned that the nucleotide exchange activity
would likewise be conserved. To extend the relevance of this comparison beyond our truncated
bovine Hsc70 variant, we obtained purified human Hsp70. As shown in Figure 6A, purified
FLAG-Ssel interacted with full-length human Hsp70 (hHsp70) in apparent 1:1 stoichiometry
as judged by immunoprecipitation in the presence of excess hHsp70. Hsp70-[a-32P]ATP
complexes were prepared and tested for nucleotide exchange activity. Addition of Ssel led to
loss of approximately 35% of pre-bound nucleotide after seven minutes of incubation compared
to nearly 100% ATP remaining bound in the negative control (Figure 6B). These data suggest
that Ssel utilizes a binding interface conserved in both yeast and mammalian Hsp70 proteins,
and that this interaction results in destabilization of the Hsp70 nucleotide binding pocket and
subsequent exchange.

between SSE1 and SSA-modulating genes

Based on our biochemical data, we predicted that SSE1 may show synthetic interactions with
genes encoding other modulators of Ssa activity. In support of this idea, deletion of SSE1 from
yeast cells harboring the temperature sensitive ydj1-151allele was previously shown to result
in enhanced temperature sensitivity (13). YDJ1 and FES1 encode the primary Ssa ATPase-
stimulating and nucleotide exchange factors. Deletion of these genes or SSE1 results in a severe
slow growth phenotype in many yeast strain backgrounds (3,30). However we observed more
moderate growth effects in the BY4741 strain used to create the yeast deletion library.
Interestingly, in this background both fes1A and ydj1A mutants display more severe growth
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phenotypes than the SSE1 deletion. This may be in part due to the presence of SSE2, which
provides minimal in vivo SSE protein function sufficient to allow survival relative to the
sselA sse2A combination, which is lethal (16-18). We therefore generated double mutant
strains to test for synergistic phenotypes, including synthetic lethality. We transformed
fes1A and ydj1A strains with a URA3-marked plasmid overexpressing SSE2, previously
demonstrated to suppress phenotypes observed in sse1A cells (17). We then deleted SSE1 from
these cells and tested for survival on growth medium containing 5-fluoroorotic acid (5-FOA),
which selects against Ura™ cells. Cells may grow under these conditions only upon loss of the
URA3-marked plasmid. We found that while ssel1A, fes1A and ydj1A cells all tolerated loss of
SSEZ2, sselA ydj1A double mutants were unable to do so (Figure 7A). In contrast, no synthetic
effects were observed between SSE1 and FES1, or between FES1 and YDJ1. In addition, no
synthetic effects were observed when cells were subjected to heat shock (37°C), suggesting
that the presence of SSE2 is sufficient to confer viability under both normal and stress
conditions. Goeckeler et. al, showed previously that SSE1 overexpression suppresses the
temperature sensitivity of the ydj1-151 mutant. We reasoned that FES1 might likewise (13)
suppress ydj1-151 if both proteins are functioning as Ssa nucleotide exchange factors. We
found that overexpression of FES1 did indeed lead to partial suppression of ydj1-151
temperature sensitivity, albeit not as robustly as SSE1 (Figure 7B). Taken together, these results
strongly support the hypothesis that Ssa, Ssel and Ydj1 form a functional unit in the cytoplasm
with Ydj1 stimulating Ssa ATPase activity, followed by Ssel enhancing nucleotide exchange,
thereby accelerating the chaperone cycle. Furthermore, Fesl and Ssel are likely both
complementary, but non-redundant Ssa exchange factors, as Fes1 can functionally replace Ssel
and Sse2 only when substantially overexpressed ((18) and Figure S3). Lastly, the two Sse
proteins may play a more dominant role than Fesl in the cell, as judged by greater in vitro
exchange activities, protein refolding enhancement and genetic interactions (18,21).

DISCUSSION

In this report, we have biochemically characterized the requirements for function of the yeast
Hsp110 Ssel as a nucleotide exchange factor for the Hsp70 chaperone. In addition to the yeast
Hsp70s, Ssa and Ssh, Ssel was demonstrated to form high affinity complexes with mammalian
Hsc70 (bHsc70AC) and Hsp70 (hHsp70). Complex formation required ATP binding by Ssel
with no discernable requirement for nucleotide binding by Hsp70. Interestingly, the interaction
appears to be mediated by the respective NBDs with no discernable role played by the PBDs.
Genetic evidence supports an in vivo role for Ssel in a functional complex with Ssa and Ydj1,
as an sselA ydj1A strain was found to be inviable.

Our current model for SseleHsp70 function is depicted in Figure 8 and is based on data from
this and previous studies (16,18-21). Ssel must bind ATP to achieve high affinity (Kg ~

1078 M) binding to Hsp70, followed by activation of Hsp70 ATPase activity by Ydj1 resulting
in nucleotide hydrolysis and subsequent tight binding of substrate. Ssel then strips the
nucleotide from Hsp70 locking it in a high affinity substrate binding conformation. In order to
regenerate the ATP-bound form of Hsp70, we predict that the complex likely dissociates when
the ATP bound to Ssel is hydrolyzed or stripped by an unknown factor. Ssel and mammalian
Hsp110 have been demonstrated to possess weak ATPase activity (21,29). ATP would
subsequently reassociate with Hsp70, leading to release of substrate and completion of the
chaperone cycle. This model clarifies a scheme recently put forward by Bukau and co-workers
suggesting that ATP dissociates the Hsp110<Hsp70 heterodimer, with the status of the
nucleotide binding pocket of Ssel unknown (18). In that report, ATP was found to reduce Ssel
association with Ssal as determined by co-immunoprecipitation and surface plasmon
resonance binding experiments. Several lines of evidence support our contention that ATP
binding by Ssel is required to support complex formation and nucleotide exchange activity.
First, we have demonstrated that ATP is absolutely required for Ssel*Hsp70 (bHsc70AC)
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heterodimer formation in vitro as assessed by native PAGE and furthermore that ADP or
transition state analogs are less effective. Second, addition of exogenous ATP was required for
bHsc70AC or the bHsc70 NBD to confer protease resistance to Ssel. Third, the Ssel G233D
mutant that is incapable of binding ATP fails to associate with Ssa and Ssb in vivo and fails to
promote nucleotide exchange in vitro (20,21).

The roles of NEFs in Hsp70-mediated protein folding reactions are enigmatic. Dragovic and
coworkers demonstrated that Ssel dramatically increases both the rate and yield of the model
substrate firefly luciferase in vitro and in vivo (21). In contrast, Raviol et al., found that Ssel
was not required for refolding of firefly luciferase, but was for bacterial luciferase in vivo. Fesl
was shown to be required for folding of both types of luciferase in vivo by the Bukau laboratory,
while other reports found no stimulation in vitro (18,21,31). Furthermore, the human NEF
HspBP1 inhibits refolding of firefly luciferase in vitro, as do the mouse Hsp110 homologs
Hsp105a and Hsp105R (10,31). In addition, we show that that Ssel inhibits the folding of
chemically denatured B-galactosidase when paired with hHsp70 and Ydj1 (Figure S4). The
causes of these different results are not clear. One possibility is that subtle differences in
experimental conditions, for instance nucleotide concentration or denaturation method, may
confound the folding reactions. Differential substrate-dependent folding pathways may also
contribute. Firefly luciferase is a multidomain monomeric protein, whereas bacterial luciferase
and B-galactosidase are multimeric enzymes. Carefully controlled analyses of the roles Hsp70
NEFs play in folding reactions with both model and native substrates will be required to
separate potentially artifactual differences from authentic mechanistic ones. While the benefits
of a profolding role are obvious, a case may be made for the utility of a folding-inhibitory role
for Hsp110 proteins. For example, one of the few known cellular roles of Ssel in yeast is in
post-translational translocation of prepro-oF into the endoplasmic reticulum, a task that would
require Hsp70 to remain bound to unfolded substrate until it is delivered to the translocation
machinery (20). Intriguingly, the previously observed cytotoxicity caused by SSE1
overexpression could likewise be explained by the cellular Ssa pool being locked in nucleotide
free, substrate bound complexes (16). This scenario is made plausible by the fact that the normal
cellular ratio of Ssa:Ssel is approximately 9:1, suggesting that the overwhelming majority of
Ssa chaperones are not complexed with Ssel (32). Given the strong binding affinity between
Sse and Ssa proteins, tenfold SSE1 overexpression would likely result in quantitative
association.

Major questions remain regarding Ssel function in vivo. What are the cellular targets of the
SseleHsp70 heterodimers? Are SseleHsp70 heterodimers and free Hsp70 differentially
utilized in folding or translocation reactions? To date, Hsp70 chaperones in yeast are known
to be involved in post-translational translocation events across organellar bounding membranes
(Ssa), Hsp90 signal transduction activities (Ssa) and protein translation (Ssa and Ssb) (19,33,
34). In addition, we, and others, have documented a requirement for Sse in regulation of protein
kinase A signaling (15,17). A complete understanding of the Hsp110 chaperone family will
require applying the biochemical information obtained from in vitro studies using purified
proteins to in vivo experiments with bona fide cellular substrates. For example, genetic and
functional studies implicate Ssel in Hsp90-mediated protein kinase maturation and
transcription factor repression and activation (33,34). The now-comprehensive identification
of Ssel as an Ssa nucleotide exchange factor should allow dissection of this important cellular
role at the mechanistic level. Genome-wide functional screens for Ssel-dependent phenotypes
should likewise yield insight into the breadth of processes requiring the SselsHsp70 complex.
In support of this concept, we have recently identified a role for Ssel in signaling through the
cell integrity MAP kinase signaling pathway (data not shown). Lastly, given the close
functional relationship we have demonstrated between the Sse proteins and Fesl, and the
potential contributions of another NEF, the Bag domain-containing SnlZ1, it will be of

Biochemistry. Author manuscript; available in PMC 2009 May 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shaner et al.

Page 10

significant interest to dissect the division of labor between these factors with regard to
modulation of cellular Hsp70 chaperone activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ATP binding by Ssel is required to form a high affinity heterodimer with Hsp70

A, Complex stoichiometry is 1:1. Native PAGE of 1 uM SSE1 incubated with O (lane 1), 0.5
(lane 2), 1 (lane 3), 2 (lane 4), 4 (lane 5), or 8 (lane 6) uM bHsc70AC in the presence of 1 mM
ATP. The band marked with an asterisk is of unknown identity but only appears upon complex
formation. B, Ssel binds with high affinity to bHsc70AC. Native PAGE of 0.25 uM SSE1
incubated with 0 (lane 1), 0.063 (lane 2), 0.125 (lane 3), 0.25 (lane 4), 0.5 (lane 5), or 1 (lane
6) uM bHsc70AC in the presence of 1 mM ATP. C, Complex formation is ATP dependent.
Native PAGE of 1 uM SSE1 with 2 uM bHsc70AC G229S and either 0 (lane 1), 0.6 (lane 2),
1.2 (lane 4), 2.4 (lane 5), or 4.8 (lane 6) uM ATP. D, The chemical state of the nucleotide
modulates complex formation. Native PAGE of 1 uM SSE1 with 4 uM bHsc70AC in the
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presence of no nucleotide (lane 1), or 1 mM ATP (lane 2), ADPBeFx (lane 3), ADPVi (lane
4), ADPAIFx (lane 5), or ADP (lane 6).
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Figure 2. The Ssel*bHsc70AC heterodimer exhibits persistent association with ATP but hydrolyzes
it slowly or not al all

A, Sselalone does not retain ATP during electrophoresis. SSE1 at concentrations varying from
0.3 to 10 uM was incubated with 0.03 uM 032P-ATP in binding buffer and resolved by native
PAGE. B, The Ssel:bHsc70AC complex shows persistent association with ATP during
electrophoresis. Ssel was mixed with radioactive ATP was in A, but with the addition of excess
(20 mM) bHsc70AC. The excess, free bHsc70AC does not retain ATP during electrophoresis,
but the complex of the two proteins retains the ATP during electrophoresis. C, ATP in the
complex is hydrolyzed slowly or not at all. 1 uM ATP was mixed with 4 uM bHsc70DC in
either the absence (“No Ssel”) or presence (“8 pM Ssel”) of Ssel and hydrolysis of ATP was
followed by TLC over time.
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Figure 3. Ssel and bHsp70AC form a protease-resistant complex

The indicated purified proteins were incubated at a concentration of 10 pM with a series of
increasing concentrations of exogenously added proteinase K (grey triangle) ranging from 0
to 16 pug/ml for 30 min and digestion reactions terminated by the addition of PMSF to 1 mM.
Digestion products were resolved on a 8-25% SDS-PAGE gel and Coomassie-stained. A, Ssel
alone, B, Ssel with 1 mM ATP, C, Ssel and bHsc70AC with 1 MMM ATP, D, Ssel and
bHsc70AC with no ATP, E, Ssel and the bHsc70 NBD with 1 mM ATP.
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Figure 4. The Sse NBD dictates binding specificity and is necessary and sufficient for interaction
with Ssa

A, Serial dilutions of sselA cells expressing the indicated Sse1-Sse2 chimeras or empty vector
were spotted onto plates and incubated at 30°C for 2 days. B, FLAG-tagged versions of the
indicated Ssel-Sse2 chimeras (described in Experimental Procedures) were expressed in
sselA yeast and immunoprecipitated from protein extracts. Protein complexes were resolved
by SDS-PAGE and analyzed by Coomassie staining or anti-Ssel immunoblotting. C, sselA
cells expressing FLAG-Ssel (lane 1), FLAG-Ssel NBD (lanes 2 and 3), FLAG-Sse2 NBD
(lanes 4 and 5) or Ssel PBD (lanes 3 and 5) were subjected to FLAG immunoprecipitation.
Protein complexes were resolved by SDS-PAGE and stained with Coomassie.
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Figure 5. Ssel directly binds the Hsp70 NBD to accelerate ATPase activity

A, The indicated proteins at a concentration of 10 uM were combined in the presence or absence
of 1 mM ATP and resolved using native PAGE as described in Experimental Procedures. NBD:
bHsc70 nucleotide binding domain. B, Steady state ATPase rates for the bHsc70 NBD (NBD)
or the bHsc70AC proteins (70AC) were determined in the absence or presence of equimolar
Ssel as described in Experimental Procedures.
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Figure 6. Ssel binds and carries out nucleotide exchange on human Hsp70

A, 20 pg FLAGSsel (lanes 1 and 3) was added to 30 pg Ssal (lanes 1 and 2) or human Hsp70
(lanes 3 and 4) and subjected to FLAG immunoprecipitation followed by resolution on SDS-
PAGE and Coomassie staining. B, Ssel was added to [a-32P-ATP]-hHsp70 complexes and
aliquots were removed at 1, 4, and 7 minutes, passed through a size exclusion column, and
resolved by thin layer chromatography (TLC) to monitor exchange activity.
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Figure 7. Genetic interactions between SSE1 and the SSA1 modulators YDJ1 and FES1

A, The indicated yeast strains were transformed with plasmids expressing either SSE2
(pYep24SSE2) or FES1 (p416GPD-FES1) and serial dilutions were plated on non-selective
minimal medium or 5-FOA plates to select for loss of the covering plasmid. B, ydj1-151 yeast
were transformed with plasmids overexpressing SSE1 (p416GPD-SSE1), FES1 (p416GPD-
FES1) or with empty vector (vec, p416GPD) and serial dilutions were spotted onto plates and

incubated at 30° or 35°C as indicated.
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Figure 8. Model of Ssel-Hsp70 heterodimer function

Based on data from this and previous studies we propose the following model: ATP bound-
Ssel initially forms a stable heterodimer with Hsp70. An Hsp40 (Ydjl in yeast) stimulates
hydrolysis of the ATP bound to Hsp70 leading to conformational change resulting in high
affinity substrate binding. ADP is then released from Hsp70 by the nucleotide exchange activity
of Ssel, causing Hsp70 to remain tightly associated with substrate until the nucleotide binding
pocket is recharged with ATP, leading to a switch back to low affinity substrate binding.
Subsequently, we predict that the weak ATPase activity of Ssel results in dissociation of the
complex. The role of the Ssel PBD is unclear, but may involve association with the ATPase
domain.
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Plasmid or strain Description/genotype Reference
p416GPD-SSE1 GPD-driven SSE1 (16)
P416GPD-FES1 GPD-driven FES1 this study
p413GPD-FES1 GPD-driven FES1 this study
p416GPD-FLAG-SSE2 NBD N-terminal FLAG tagged SSE2 ATPase domain (1-394) this study
p416GPD-FLAG-SSE1 NBD N-terminal FLAG tagged SSE1 ATPase domain (1-394) (16)
p414TEF-SSE1 PBD SSE1 C-terminal domain (residues 394-693) (16)

p416 TEF-FLAG-SSE1 N-terminal FLAG tagged SSE1 (16)
p416GPD-FLAG-E1A-E1P SSE1, N-terminal FLAG tag this study
p416GPD-FLAG-E1A-E2P Chimera: SSE1 ATPase, SSE2 PBD, N-terminal FLAG tag this study
p416GPD-FLAG-E2A-E2P SSE2, N-terminal FLAG tag this study
p416GPD-FLAG-E2A-E1P Chimera: SSE2 ATPase, SSE1 PBD, N-terminal FLAG tag this study
p416GPD-FLAG-SSE2 N-terminal FLAG tagged SSE2 this study
p413GPD-SSE1 SSE1 ORF under GPD promoter control this study
p413GPD-SSE2 SSE2 ORF under GPD promoter control this study
pYep24SSE1 SSE1 full-length gene in pYEp24 vector backbone (14)
pYep24SSE2 SSE2 full-length gene in pYEp24 vector backbone (14)
W303 MATa ura3-52 trpl leu2-3,112 his3-11,15 ade2-1 can1-100 (35)
W303 sselA sselA::kanMX (34)
W303 ssel/2A sselA::kanMX sse2A::LEU2 @17
W303 ydj1-151 ydj1-2::HIS3 LEU2::ydj1-151 (36)
BY4741 MATa his3A leu2A metl5A ura3A OpenBiosystems
BY4741 sselA sselA::LEU2 this study
BY4741 feslA fes1A::HIS3 this study
BY4741 ydj1A ydj1A::kanMX OpenBiosystems
BY4741 ydj1A sselA ydj1A::kanMX sselA::LEU2 this study
BY4741 ydj1A fes1A ydj1A::kanMX fes1A::HIS3 this study
BY4741 sselA feslA sselA:LEU2 feslA::HIS3 this study
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