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We previously characterized the SLSI gene in the yeast Yarrowia lipolytica and showed that it interacts
physically with YIKar2p to promote translocation across the endoplasmic-reticalum membrane (A. Boisramé,
M. Kabani, J. M. Beckerich, E. Hartmann, and C. Gaillardin, J. Biol. Chem. 273:30903-30908, 1998). A Y.
lipolytica Kar2p mutant was isolated that restored interaction with an Slslp mutant, suggesting that the
interaction with Sls1p could be nucleotide and/or conformation dependent. This result was used as a working
hypothesis for more accurate investigations in Saccharomyces cerevisiae. We show by two-hybrid an in vitro
assays that the S. cerevisiae homologue of Slslp interacts with ScKar2p. Using dominant lethal mutants of
ScKar2p, we were able to show that ScSls1p preferentially interacts with the ADP-bound conformation of the
molecular chaperone. Synthetic lethality was observed between AScsisI and translocation-deficient kar2 or
sec63-1 mutants, providing in vivo evidence for a role of ScSlslp in protein translocation. Synthetic lethality
was also observed with ER-associated degradation and folding-deficient kar2 mutants, strongly suggesting that
Slslp functions are not restricted to the translocation process. We show that Slslp stimulates in a dose-
dependent manner the binding of ScKar2p on the lumenal J domain of Sec63p fused to glutathione S-
transferase. Moreover, Slslp is shown to promote the Sec63p-mediated activation of Kar2p’s ATPase activity.
Our data strongly suggest that Slslp could be the first GrpE-like protein described in the endoplasmic

reticulum.

Protein translocation across the endoplasmic reticulum
(ER) membrane is the first step of the secretory pathway in
eukaryotic cells and may occur either cotranslationally or post-
translationally (for reviews, see references 13, 33, and 58). In
the cotranslational pathway, the signal peptide of a nascent
secretory polypeptide is recognized when emerging from the
ribosome by the signal recognition particle (SRP), thereby
causing a translational arrest or pausing. Targeting to the ER
membrane is ensured by an interaction of SRP with its recep-
tor (21, 22), and the ribosome-nascent chain complex is then
transferred to the translocon, a multicomponent complex that
forms an aqueous pore through the ER membrane (66). Three
to four heterotrimers composed of the Sec6la, Sec61B, and
Sec6ly proteins (Sec6lp, Sbhlp, and Ssslp, respectively in
Saccharomyces cerevisiae) oligomerize to form the pore (26). In
mammal cells, the TRAM protein is also present as a core
component of the translocon and is required for the translo-
cation of many but not all secretory polypeptides (23). Trans-
lation proceeds, and the newly synthesized polypeptide is
translocated through the channel formed by the tight junction
between the ribosome and the translocation pore (2).

In S. cerevisiae, an SRP-independent translocation pathway
was described and is essential in this yeast (27, 29, 57). Secre-
tory polypeptides are entirely synthesized in the cytosol and
maintained in a translocation-competent conformation by
members of the 70-kDa class of heat-shock-cognate (Hsc70s)
molecular chaperones (14). Targeting to the ER membrane is
ensured by signal peptide recognition by Sec62p (16), a subunit
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of the heterotetrameric Sec62-Sec63p complex (also contain-
ing Sec71p and Sec72p proteins) that associates with the Sec61
complex to form a seven-component Sec complex (55). Trans-
location of the polypeptide through the channel requires
Kar2p, a lumenal member of the 70-kDa class of heat shock
proteins (Hsp70s) (termed BiP or GRP78 in mammalian cells),
which was recently shown to act as a molecular ratchet, binding
to the translocating peptide and preventing it from moving
backward to the cytosol (43). Kar2p was also shown to be
required in the cotranslational pathway, probably via the same
mechanism (8).

Kar2p is involved in protein translocation, in folding, in
ER-associated degradation (ERAD), and in the maintenance
of the permeability barrier between the ER and the cytosol by
sealing the pore through a direct or indirect interaction with its
lumenal face (20, 25, 43). This functional diversity of Kar2p
relies on the intrinsic properties of this class of molecular
chaperones, as well as on its interaction with regulatory pro-
teins. As for all members of the Hsp70/Hsc70 family, Kar2p is
composed of three domains, a 44-kDa regulatory N-terminal
ATPase domain, a 18-kDa peptide binding pocket, and a 10-
kDa C-terminal domain (11, 47). Binding and release of sub-
strate peptides is regulated by ATP; both are fast in the ATP-
bound form and slow in the ADP-bound form (54, 62). The
weak ATPase activity of the Hsp70 is stimulated by members
of the Dnal family, which share a common 70-amino-acid J
domain. ATP hydrolysis is followed by a conformational
change that stabilizes the interaction of the substrate peptide;
the C-terminal domain is predicted to form a lid over the
peptide-binding pocket (69). Nucleotide exchange, which in-
duces peptide release, is stimulated by GrpE in Escherichia coli
(39) and Mgelp in mitochondria (46), and it does not seem to
be a limiting step in the other eukaryotic cellular compart-
ments, since only the BAG1 protein was identified as an ADP-
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ATP exchanger for the cytosolic mammalian Hsc70 (30). In the
yeast ER, the transmembrane protein Sec63p (17, 60) bears a
lumenal J domain, and both genetic (63) and biochemical (9,
12, 40, 41, 44) data show that this protein binds to Kar2p,
recruiting it to the translocon and activating its ATPase activ-
ity. The thermosensitive sec63-1 mutant that contains a point
mutation in the J domain was shown to be defective in binding
to Kar2p; it accumulates untranslocated preproteins in the
cytosol in a way similar to kar2 mutants. ER microsomes pre-
pared from several kar2 mutants and from a sec63-1 strain are
defective for both post- and cotranslational translocation in
vitro (8, 59). Kar2p and Sec63p are required for peptide re-
lease from the initial recognition complex at the cytosolic face
of the ER and for completion of preprotein passage through
the translocation channel (40).

Our previous studies in the yeast Yarrowia lipolytica revealed
that the cotranslational pathway is essential in this organism.
Inactivation of the genes encoding the 7S RNA component of
SRP is lethal (28), whereas deletion of YISRP54 and YISEC65
results in very slow growth (38, 61), suggesting that SRP, as in
Schizosaccharomyces pombe (7) and in contrast to S. cerevisiae,
plays an essential function in Y. lipolytica. The purification of
ribosome-associated membrane proteins, which are indicative
of cotranslational translocons, showed that more than 75% of
the Sec61 complex was associated with the ribosomes (i.e., the
cotranslational translocon), whereas only 30% was in the ribo-
somal pellet fraction in S. cerevisiae, further demonstrating the
respective importance of cotranslational or posttranslational
translocation in each organism (6). Genetic screens in Y. lipo-
lytica led to the cloning of several new genes (4, 5, 42). Among
these, the SLSI gene was identified as a mutation that led to
synthetic lethality in combination with a thermosensitive 7S
RNA mutation (5). The SLSI gene product was shown to be an
ER resident protein, and its disruption affected growth at high
temperature and translocation of the secreted reporter protein
AEP (alkaline extracellular protease). Immunoprecipitation
and two-hybrid experiments showed that Slslp is located in
proximity with the translocon and interacts with the ATPase
domain of Kar2p (6, 34). This interaction was shown to be
required for efficient translocation of AEP. Indeed, the sis1.5
mutant unable to bind to Kar2p was defective in AEP synthesis
and translocation, suggesting that the function(s) of Sls1p rely
on its ability to bind to Kar2p (6). The finding of a new Hsp70
cofactor further demonstrates that the modulation and speci-
ficity of the chaperone’s activity is ensured by several classes of
proteins.

We demonstrate here by two-hybrid and genetic approaches
that the S. cerevisiae Slslp homologue interacts with Kar2p to
promote protein translocation across the ER membrane. The
S. cerevisiae SLSI gene (ScSLSI) is not essential but genetic
interactions with kar2 and sec63 mutants show an in vivo role
of ScSls1p not only in protein translocation but also in ERAD
and folding. We show that the interaction between ScSls1p and
ScKar2p depends on the conformational state of the chaper-
one protein. In vitro binding assays show that Sls1p stimulates
recruitment of Kar2p by Sec63p and promotes the Sec63p-
mediated ATPase activation, highlighting the physiological im-
portance of nonessential partners in such complex mechanisms
as protein translocation and folding.

MATERIALS AND METHODS

Strains and media. The E. coli strains used were DHS5« [endA1 hsdR17 supE44
thi-1 recAI gyrA relA1 A(lacZYA-argF)U169 deoR (680 dlacAllacZ° M15])], BL21
[F~ ompT hsdS (rg~—, mg ™) gal), and XL1red [andAI gyrA96 thi-1 hsdR17 supE44
relAI lac mutD5 mutS mutT Tnl0 (Tet")] (Stratagene). E. coli strains were grown
in Luria-Bertani LB or 2XYT medium supplemented with ampicillin for plasmid
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TABLE 1. Yeast strains used in this study

Strain Genotype Reference

PJ69-4A MATa trp1-901 leu2-3,112 ura3-52 32
his3-200 gal4A galS8OA GAL2-ADE?2
LYS2::GALI-HIS3 met2::GAL7-lacZ

RSY801 MATa ade2-101 leu2-3,113 ura3-52 62

RSY586 MATa ade2-101 leu2-3,113 ura3-52
kar2-159

RSY578 MATa ade2-101 leu2-3,113 ura3-52
trpl-1 kar2-113

RSY579 MATa ade2-101 leu2-3,113 ura3-52
trpl-1 kar2-203

MS111 MATa ade2-101 leu2-3,112 ura3-52 10
kar2-1

MS193 MATa ade2-101 leu2-3,112 ura3-52
kar2-133

RSY151 MATo leu2-3,112 pep4-3 ura3-52 59
sec63-1

selection (1). Yeast strains used in this study are described in Table 1. Yeasts
were grown on YPD medium or on YNB minimal medium as described earlier
(34).

DNA manipulation techniques. Standard techniques were used (1). Re-
striction enzymes were used according to the manufacturer’s instructions
(Gibco-BRL and Biolabs). Ready-To-Go PCR beads (Pharmacia Biotech) and
Crocodile III thermocycler (Appligene Oncor) were used for PCR analyses.
Sequencing was done as described earlier (34).

Cloning of ScSLS1, ScKAR2, and construction of Scsls1.5. The gene encoding
ScSLSI (YOL031c) was amplified by PCR of genomic DNA. The oligonucleo-
tides used were ScSlsla (5'-CGCGGGATCCCATCTGGAGGCGAAATC-3")
and ScSIs1p (5'-CGCGGATCCTATGAGCCATGGGGTTGC-3"), which al-
lowed cloning in the pBluescript SK(—) vector (Stratagene) via BamHI sites
(underlined). The cloned PCR product was sequenced, and it contained residues
30 to 413 (after the signal sequence cleavage site and before the ER retention
signal RDEL). The Scsis].5 mutant was obtained by in vitro site-directed (37)
deletion of amino acids 365 to 369 (FLNWL) using the Scsls1.5 oligonucleotide
(5'-CGATCAACAAAGGG/GCGCAACAATGTAAAGC-3"). The sequence
encoding ScKAR2 was obtained by PCR of genomic DNA with oligonucleotides
ScKar2a (5'-CGCGGATCCTAGTTAGAGGTGCCGATG-3") and ScKar2p
(5'-CAGGGATCCCATCGTCATCTTCATCTTC-3"). Amplified product was
cloned in pBluescript SK(—) (Stratagene) via BamHI sites (underlined), se-
quenced, and found to contain amino acids 39 to 674.

Two-hybrid assays. Plasmids pAS2AA-YISLSI and pACT2-YIKAR2 were the
same as described previously (6). The sequences encoding ScSLSI and Scsisl.5
cloned in pBluescript SK(—) (see above) were recovered by BamHI digestion,
gel electrophoresis, and purification with the Qiagen gel extraction kit. Recov-
ered inserts were directly cloned in the BamHI site of pGAD-C2 (32) to obtain
an in-frame AD-Gal4-ScSLSI or AD-Gal4-Scsls1.5 fusion. The same method
was used to clone the sequence encoding ScKAR2 in pGBD-C2 (32). The plas-
mids pMR2619, pMR2620, and pMR2618 encoding the G246D, G247D, and
G274D kar2 mutants (45), respectively, were digested by KpnI and AfI1I to obtain
a 400-bp fragment containing the mutations. The wild-type KpnI-AfIII fragment
was removed from the plasmid pGBD-C2-ScKAR2 and replaced by the muta-
tion-containing fragments. Various combinations of these plasmids were intro-
duced in the two-hybrid PJ69-4A strain (32), and expression of the reporter
genes was determined as described by Boisrame et al. (6) and Kabani et al. (34).
B-Galactosidase activity was determined as described elsewhere (36); given val-
ues are an average of two measurements on each of three independent clones.

Disruption of ScSLSI. The ScSLSI gene, with promoter and terminator re-
gions, was amplified by PCR using oligonucleotides ScSIs1P (5'-GCGCGTTAC
ATAAATCGATAG-3") and ScSIsIT (5'-CGTTCAGCATGCATATAACT-3")
and cloned into the Clal and Sphl sites (underlined) of pBluescript SK(—)
vector. The region encoding amino acids 40 to 260 of ScSLSI was deleted by
BglII restriction and replaced by the URA3 marker obtained by digesting pFL61
plasmid (48) with BglII. The resulting plasmid was digested by Clal and Sphl to
generate a disruption fragment that was used to transform the wild-type and
mutant strains (see Results). AScsls] strains were selected on minimal medium
without uracil and checked for the replacement of wild-type gene by the URA3-
disrupted copy by PCR and Southern blotting.

In vivo assessment of translocation by immunodetection. Strains were grown
at 20°C (kar2-113 and sec63-1) or 25°C (kar2-1, kar2-133, and kar2-203) in
yeast-peptone-dextrose (YPD) (with 0.003% adenine) to mid-log exponential
phase. An aliquot with an optical density at 600 nm (ODy) of 3 was taken, and
cultures were shifted for 2 h at a semipermissive temperature (26 or 34°C,
respectively) before another aliquot of 3 ODgqy, was obtained. Samples were
centrifuged, and cell pellets were resuspended in 500 wl of TE (see below) before
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the addition of 50 wl of NaOH (1.85 M) on ice. After a 10-min incubation, 50 .l
of 50% trichloroacetic acid was added, and samples were kept on ice for 1 h and
then centrifuged at 4°C at 15,000 rpm (Sigma 2-MK rotor). Protein pellets were
resuspended in 70 wl of TE: 1 M Tris (2:1) plus 70 ul of twofold-concentrated
sample buffer (100 mM Tris-Cl, pH 6.8; 4 mM EDTA; 4% sodium dodecyl
sulfate [SDS]; 20% glycerol; 0.002% bromophenol blue). The mixture was
heated at 95°C for 10 min. Then, 15 nl of each sample was separated by
SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a nitrocel-
lulose membrane. After incubation in TBS-Tween 20 plus 5% skim milk (Difco),
membranes were incubated with primary antibodies (antibodies to pre-pro-a-
factor [ppaF], carboxypeptidase Y [CPY], Gaslp, and ScKar2p; all gifts from the
Rosine Haguenauer-Tsapis laboratory), washed, and incubated with anti-rabbit
immunoglobulin G (Fc) alkaline phosphatase-conjugated antibodies (Promega).
Detection was done using nitroblue tetrazolium and BCIP (5-bromo-4-chloro-
3-indolylphosphate) reagents from Promega according to the manufacturer’s
instructions.

Purification of wild-type or mutant ScSlslp. Sequences encoding ScSls1p and
ScSIs1.5p were cloned in the BamHI site of pGEX-5X-1 plasmid (Pharmacia
Biotech) and transformed in BL21 E. coli strain. Then, 50 ml of culture was
grown in 2XYT containing 50 pg of ampicillin per ml overnight at 28°C and
diluted in 1 liter of the same medium. After 2 h at 28°C, IPTG (isopropyl-B-p-
thiogalactopyranoside) was added to a final concentration of 0.2 mM, and cells
were grown for an additional 3 h. Cells were harvested and washed once in water
and once in phosphate-buffered saline (PBS; pH 7.4)-2 mM EDTA, and the cell
pellet was then frozen at —20°C. The cell pellet was thawed and resuspended in
~20 ml of sonication buffer (PBS, pH 7.4; 2 mM EDTA; 1 mM B-mercapto-
ethanol; 1 mM phenylmethylsulfonyl fluoride [PMSF]; 1 pg of leupeptin per ml;
1 pg of pepstatin A per ml; 1 mM benzamidine). The cells were sonicated
(Branson sonifier 250) for 30 s three to four times at a high setting, with 2 min
on ice between sonications. Sonicated cells were centrifuged at 12,000 rpm in a
Sorvall SA600 rotor for 10 min, and the supernatant was centrifuged at 30,000
rpm in a Beckman 70 Ti rotor to obtain a clearer lysate. This lysate was loaded
on a 2-ml glutathione-Sepharose 4B column (Pharmacia Biotech) equilibrated in
sonication buffer plus 1% Triton X-100. The column was washed sequentially
with 30 ml of (i) sonication buffer; (ii) sonication buffer plus 500 mM KCI; (iii)
50 mM Tris-Cl (pH 7.5)-10 mM magnesium acetate-200 mM potassium ace-
tate-2 mM ATP, and (iv) PBS glutathione S-transferase (GST)-ScSlslp (or
GST-ScSIs1.5p) was eluted with 10 ml of elution buffer (50 mM Tris-Cl, pH 8.0;
10 mM reduced glutathione; 5% glycerol). Then, 1-ml fractions were collected.
A total of 5 pl of each fraction was spotted onto a nitrocellulose membrane and
stained with amido black (Sigma). Peak fractions were pooled, dialyzed against
10 mM Tris-Cl (pH 8.0)-5% glycerol, and frozen at —80°C. SDS-PAGE followed
by Coomassie brilliant blue staining showed that GST fusion proteins were
purified to near homogeneity. GST alone was purified with the same protocol
from BL21 strain transformed with pGEX-5X-1.

To obtain untagged versions of ScSlslp and ScSls1.5p, Factor Xa (Pharmacia
Biotech) was used to cleave off the GST tag bound to the glutathione-Sepharose
column according to the manufacturer’s instructions. After elution of the pro-
teins, Factor Xa was removed with benzamidine-Sepharose 6B (Pharmacia Bio-
tech). ScSIslp and ScSls1.5p were then dialyzed and frozen as described above.

Purification of wild-type or mutant hexahistidine-tagged ScKar2p. Wild-type
ScKar2p, G246D, G247D, and G274D mutants were purified from BL21 E. coli
strain respectively transformed with pMR2623, pMR2619, pMR2620, and
PMR2618 (45). Plasmids encoding His-tagged T59G and T249G mutants were
from T. A. Rapoport’s laboratory (50). Purification of the His,-tagged proteins
was carried out as described earlier (45) except that the protease inhibitors used
were 1 mM PMSF, 1 pg of leupeptin per ml, 1 pg of pepstatin A per ml, and 1
mM benzamidine (in a 500X stock solution).

Purification of GST-tagged Sec63J. GST-63J (12) was purified from BL21 on
a glutathione-Sepharose 4B column (Pharmacia Biotech). Cells were grown
overnight at 28°C in 2X YT containing 50 pg of ampicillin per ml then diluted in
1 liter of the same medium. After 2 h, 0.2 mM IPTG was added, and the cells
were allowed to grow for an additional 3 h. Cells were harvested, washed once in
PBS (pH 7.4)-2 mM EDTA plus proteases inhibitors (see above), and kept at
—20°C. The cell pellet was thawed on ice and resuspended in ~20 ml of soni-
cation buffer (PBS, pH 7.4; 2 mM EDTA; 2 mM EDTA; protease inhibitors).
The cells were then treated as described above for GST-ScSls1p purification, and
the cell lysate was applied to a 2-ml glutathione-Sepharose 4B column equili-
brated in sonication buffer plus 1% Triton X-100. The column was washed as
described for the GST-ScSlslp preparation except the second wash was done
with sonication buffer plus 1 M KCI-0.1% Triton X-100. GST-63J was eluted
with 10 ml of elution buffer (50 mM Tris-Cl, pH 8.0; 10 mM reduced glutathione;
10% glycerol), and 1-ml fractions were collected. Then, 5 pl of each fraction was
spotted onto a nitrocellulose membrane and stained with amido black (Sigma).
Peak fractions were pooled, dialyzed against dialysis buffer (20 mM HEPES, pH
6.8; 75 mM potassium acetate; 250 mM sorbitol; 5 mM magnesium acetate; 10%
glycerol), and frozen in small aliquots at —80°C. SDS-PAGE, followed by Coo-
massie brilliant blue staining, showed that GST fusion proteins were purified to
near homogeneity.

GST binding assays. The GST pulldown assays were performed essentially as
described by Corsi and Schekman (12). A total of 10 pg of GST-ScSlslp (or
GST-ScSIs1.5p) or 3 g of GST-63] or equivalent amounts of GST was incubated
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with 20 pl of glutathione-Sepharose 4B (50% slurry) in GST-binding buffer (20
mM HEPES, pH 6.8; 100 mM KCl; 5 mM MgCl,; 0.1% NP-40; 2% glycerol; 1
mM dithiothreitol [DTT]; 1 mM EDTA; 1 mM PMSF) and rotated for 1 h at 4°C
in a total volume of 100 wl. Reactions were centrifuged for 2 min at 15,000 rpm
(Sigma 2-MK rotor), supernatant was removed, and the pellet washed three
times with 100 wl of GST-binding buffer. When indicated, 2 pg of ScKar2p (or
dominant lethal mutants), 2 pg of ScSls1p (or ScSIs1.5p), 1 mM nucleotide (ATP
or ADP), and GST-binding buffer were added to the pellet to a final volume of
100 pl. The reactions were rotated for 2 h at 4°C and centrifuged for 2 min at
15,000 rpm (Sigma 2-MK rotor). The supernatant was collected, and the pellet
was washed three times with 100 pl of GST-binding buffer. SDS-PAGE sample
buffer was added to the supernatant and pellet fractions, and they were then
analyzed by SDS-PAGE using 8% polyacrylamide gels, followed by Coomassie
brilliant blue staining. Quantification of proteins on stained gels was performed
by scanning densitometry with NIH Image 1.61 software.

ATPase assays. Kar2p (1 pM) was incubated with 200 puM ATP and 0.1 pnCi
of [a-**P]ATP (3,000 Ci/mmol; ICN) in ATPase buffer (50 mM HEPES, pH 7.4;
50 mM NaCl; 10 mM DTT; 2 mM MgCl,) for 10 min at room temperature in a
total volume of 20 wl. When indicated, GST-63Jp (2 pM), ScSlslp (4 pM),
ScSIs1.5p (4 uM), RCMLA (4 pM; Sigma), and a-lactalbumine («a-Lact; 4 pM;
Sigma) were present. Reactions were stopped on ice, and 1 pl was spotted in
triplicate onto polyethyleneimine cellulose thin-layer chromatography (TLC)
plates (Sigma). Plates were developed in 1 M formic acid and 1 M lithium
chloride (1:1) (64), and conversion of [a->?P]ATP to [a-*P]JADP was deter-
mined with a Phosphorlmager (Molecular Dynamics). For single-turnover
ATPase assays, ScKar2p (5 uM) was incubated with 100 p.Ci of [a->?P]ATP for
10 min at room temperature. The [a-*?P]ScKar2 complex was purified from free
nucleotide on G-50 microspin columns (Amersham Pharmacia Biotech) and kept
on ice. Assays contained [a->?P]ScKar2 (1 pM), cold ATP (100 pM) and, when
indicated, GST-63Jp (1 uM) and either ScSls1p or ScSls1.5p (4 pM) in ATPase
buffer in a total volume of 100 pl. Reactions were incubated at room tempera-
ture, and 20-pl aliquots were obtained at various times and purified from free
nucleotide on G-50 microspin columns. Then, 3 pl from each reaction was
spotted in triplicate on polyethyleneimine TLC plates (Sigma) and developed as
described above. Plates were analyzed and quantified by using a PhosphorImager
with the ImageQuant software (Molecular Dynamics).

RESULTS

Identification of a mutation in Y/Kar2p that restores inter-
action with YISIs1.5p in a two-hybrid assay. We previously
showed that YISIslp interacts with the ATPase domain of
YIKar2p to promote protein translocation across the ER mem-
brane in Y. lipolytica (6, 34). A strain bearing the sls/.5 muta-
tion was affected in the cotranslational translocation of the
reporter protein AEP, and YISIs1.5p lost its ability to interact
with YIKar2p, as shown by two-hybrid and coimmunoprecipi-
tation assays. To further investigate the relationships between
YISlIs1p and YIKar2p, mutations in Y/Kar2p were screened for
their ability to restore interaction with YISIs1.5p in a two-
hybrid assay.

A pool of randomly mutagenized pACT2-YIKAR2 plasmid
(6) was obtained by propagation in the XLlred E. coli strain
(Stratagene) and introduced into the two-hybrid PJ69-4A yeast
strain (32) bearing the plasmid pAS2AA-Yislisi.5. A [His™
Ade™] transformant was selected, and the corresponding
PACT2-Ylkar2* vector was isolated. The Ylkar2* insert was
cloned de novo in pACT2 to confirm the interaction, and
chimeras between the wild-type and mutant Y/KAR?2 strains
were generated to identify the position of the mutation (data
not shown). The latter was located in the ATPase domain of
YIKar2p, and sequencing identified a change of glycine 234 to
arginine (Fig. 1A). As shown in Fig. 1A, this mutation affects
a highly conserved residue in the ATPase domain of Kar2p.
Comparison between the three-dimensional structure of the
ATPase domain of bovine Hsc70 (18) and the putative
YIKar2p ATPase domain three-dimensional structure modeled
by SWISS-MODEL (24, 56) shows that glycine 234 (glycine
202 in bovine Hsc70) is located in the central nucleotide bind-
ing cleft, close to the bound nucleotide (Fig. 1B). Three-di-
mensional modeling of the G234R mutation suggests a posi-
tion of the side chain of G234 pointing into the nucleotide
binding cleft (Fig. 1B). One could speculate that this large side



Y.lipolytica:
S.cerevisiae:
M. auratus

R.norvegicus:
M.misculus :
H.sapiens i
L.esculentum:
K. lactis g
S.pombe 3
P.falciparum:

666 670
- COOH

[a—y

NH2 -

Signal ATPase domain Peptide binding C-terminal ER retention
sequence (44 kDa) domain domain motif
B (18 kDa) (10 kDa)

Bovine Hsc70 Yarrowia lipolytica Kar2p Yarrowia lipolytica G234R

FIG. 1. Mutation of glycine 234 to arginine can affect ATP binding and/or hydrolysis. (A) Multiple alignment showing the conserved position of glycine 234 among
Kar2p related proteins; residue numbers correspond to the Y/Kar2p, and domains were deduced from sequence comparison between Y/Kar2p and bovine Hsc70. (B)
Three-dimensional structure of the ATPase domain of bovine Hsc70 (18) and wild-type and G234R YI/Kar2p (as determined by using SWISS-MODEL [24, 56]).
Subdomain colors are as described previously (18). Bound ATP (with associated magnesium and sodium ions) in bovine Hsc70 are represented; glycine 202 (bovine
Hsc70), glycine 234 (YIKar2p), and arginine 234 (G234R) are depicted in yellow.
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FIG. 2. Disruption of ScSLSI lead to synthetic lethality in a kar2 or sec63-1 context. ScSLSI was disrupted in various kar2 or sec63 contexts. Cells (5 pl) from
mid-log-phase cultures were spotted onto YPD and allowed to grow at the indicated temperatures.

chain may affect ATP binding and/or hydrolysis. In agreement
with this hypothesis, several mutations in various Hsp70 or
Hsc70 were already isolated by others either at the correspond-
ing glycine or at other residues located into the ATP binding
cleft (45, 68). These mutants were shown to be defective in
ATP binding and ATP-dependent conformational change (68)
and to be lethal dominant in S. cerevisiae (45). Therefore, the
interaction of Y/Slslp and Y/Kar2p could be ATP and/or con-
formation dependent. These results were used as a working
hypothesis for further genetic and biochemical experiments in
S. cerevisiae, where a variety of well-characterized mutants are
available.

Disruption of ScSLSI lead to synthetic lethality in combi-
nation with translocation-deficient kar2 and sec63 mutants.
We first wanted to check whether ScSlslp (YOLO031cp) is func-
tional in vivo in S. cerevisiae, playing a similar role in protein
translocation as in Y. lipolytica. Disruption of ScSLSI in vari-
ous wild-type genetic backgrounds had no detectable effect on
the growth rates nor on any of the physiological processes
assessed, i.e., translocation and secretion (data not shown).
We then examined the effect of combining the disruption of
ScSLS1 with several well-characterized thermosensitive muta-
tions in the ScKAR2 and SEC63 genes. Indeed, genetic inter-
actions, either synthetic lethality or extragenic suppression,
have been successfully used to show the involvement of two
genes in the same biological process (5, 35, 42). The kar2-113,
kar2-159, and kar2-203 mutants were shown to be affected to
different extents in protein translocation (8). We also checked

the genetic interactions between AScsls! and the sec63-1 mu-
tant (51), which bears a point mutation in the luminal J domain
of Sec63p and that is affected in the translocation process (59).
ScSLS1 was disrupted in each of these mutants, and the growth
of the resulting double mutants was assessed at various tem-
peratures. As shown in Fig. 2B, the growth of the kar2-113
AScsisI and sec63-1 AScsls1 double mutant strains was greatly
reduced at 18 and 30°C, respectively, compared to the wild
type and the single mutants (Fig. 2A). A subtle synthetic lethal
phenotype was detected and demonstrates a physiological role
of Slslp in S. cerevisiae. To further characterize the double
mutants, we assessed the translocation of several reporter pro-
teins with well-known processing pathways: CPY, Gaslp, and
ppaF (52). As shown in Fig. 3, when the wild-type or AsisI
strains were cultivated at a permissive temperature or shifted
for 2 h at a semipermissive temperature, no accumulation of
the cytoplasmic form of each reporter protein was detectable
(lanes 1 to 4). When the same experiment was performed with
kar2-113 or sec63-1 single mutants, little or no cytoplasmic
forms of CPY, ppaF, or Gaslp were detectable at a permissive
temperature, but when shifted at 26°C these precursor forms
slightly accumulated in the cytosol (lanes 5, 6, 9, and 10; black
arrowheads). In the double mutants lacking ScSLSI, greater
amounts of precursors accumulated in the cytosol even when
the cells were cultured at 20°C (compare the black arrowheads
in lanes 7 and 8 to lanes 5 and 6 and in lanes 11 and 12 to lanes
9 and 10, respectively). The observed accumulation of the P1
(ER) and P2 (Golgi) forms of CPY in the sec63-1 and sec63-1
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FIG. 3. Disruption of ScSLSI enhances the translocation defect of the kar2-
113 and sec63-1 mutants. The indicated strains were checked for their ability to
translocate several reporter proteins (ppoF, Gaslp, and CPY). Strains were
grown at 20°C to mid-log phase and then shifted to 26°C for 2 h. Equivalent
amounts of total extracts were prepared from samples taken at each stage and
then resolved by SDS-PAGE. Proteins were transferred to nitrocellulose mem-
branes and blotted with antibodies against the reporter proteins. The different
detectable forms resulting from processing through the secretory pathway are
indicated. Accumulation of the cytoplasmic precursors of each protein (black
arrowhead) is indicative of a translocation defect.

Asis] strains probably results from a lack of a maturating en-
zyme, whose translocation is also blocked in these mutants.

Interestingly, when ScSLSI is disrupted in the kar2-159 and
kar2-203 mutants, no synthetic lethal effect was observed (Fig.
2C), nor did accumulation of the reporter protein cytoplasmic
precursors occur (data not shown). This allele specificity could
be explained by the fact that neither Kar2-159p nor Kar2-203p
can bind to ATP-agarose, whereas Kar2-113p displays normal
ATP binding and hydrolysis rates (8). Indeed, if Slslp’s func-
tion is tightly linked to the nucleotide binding and/or hydrolysis
rates of Kar2p (see below), mutants defective in one or both of
these two properties would be predicted to be insensible to the
presence or absence of Sls1p.

These results show in vivo that ScSls1p is involved in protein
translocation and that its function is directly linked to Kar2p
and Sec63p, two well-characterized ER components that were
shown to be required for co- and posttranslational transloca-
tion (8).

Disruption of ScSLSI leads to synthetic lethality in ERAD-
specific mutants. ScSLSI was also disrupted in the kar2-1 and
kar2-133 mutants that are not affected in the translocation
process but that display defects in protein folding and ERAD
(10). As shown in Fig. 2D, the kar2-1 AsisI and kar2-133 Asls1
mutants grew much less than the corresponding single mutants
at a semipermissive temperature (34°C). This result suggested
an involvement of ScSlslp in another essential process in the
ER: protein quality control and degradation. A recent report
from the P. Walter and J. S. Weissman laboratories demon-
strated that disruption of the PERIO0 gene (identical to
ScSLSI) lead to a subtle ERAD defect. In the per/00 mutant,
CPY*, a constitutively misfolded soluble secretory protein rap-
idly degraded in a wild-type strain, was stabilized in a similar
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way to that in ERAD-deficient alleles of KAR2 (67). To deter-
mine whether, in the absence of ScSlslp, a defect in protein
translocation could be observed in the kar2-1 and kar2-133
mutants, Western blots were performed on the single and
double mutants at 25°C (permissive temperature) and after a
2-h shift at 34°C (semipermissive temperature). No cytoplas-
mic precursor could be detected (data not shown), confirming
that ScKar2p action in protein translocation and ERAD differs
(10).

ScSlIs1p and ScKar2p interact in a two-hybrid assay. Then
we checked the ability of ScSlslp to interact with ScKar2p in a
two-hybrid assay. The sequences encoding ScSlslp and ScKar2p
were cloned in pGAD-C2 and pGBD-C2, respectively (32).
The plasmids were then introduced into the PJ69-4A strain
and tested for activation of reporter genes. As shown in Fig. 4,
controls could not grow on YNB lacking leucine, tryptophan,
and adenine plus aminotriazole (5 mM) or on YNB lacking
leucine, tryptophan, and adenine alone (sectors 1 and 2),
whereas a strain bearing both plasmids (sector 4) could grow
on these media, indicating that, as in Y. lipolytica, ScSls1p and
ScKar2p interact physically. We then constructed the Scsis1.5
mutant by in vitro mutagenesis (see Materials and Methods),
cloned the mutated sequence in pGAD-C2, and checked for
reporter gene activation in the presence of pGBD-C2 or
pGBD-C2-ScKAR?2. Neither combination allowed growth on
YNB lacking leucine, tryptophan, and adenine plus aminotria-
zole (5 mM) or on YNB lacking leucine, tryptophan, and
adenine alone (sectors 3 and 5 in Fig. 4), indicating that
ScSls1.5p, like the related Y. lipolytica mutant, is unable to bind
to ScKar2p in a two-hybrid assay.

Dominant lethal mutations in ScKar2p restore interaction
with ScSls1.5p and increase binding to ScSlslp. We then
wanted to test our hypothesis that mutants that fail to undergo
ATP-dependent conformational change would be able to re-
store the interaction with ScSlIs1.5p in the two-hybrid assay, as
is the case for the YIG234R mutant. The sequences encoding

FIG. 4. ScSlslp and ScKar2p interact in a two-hybrid assay. PJ69-4A strain
was cotransformed with the following plasmid combinations: 1, pGAD-C2 and
pGBD-C2-ScKAR?2; 2, pPGAD-C2-ScSLS1 and pGBD-C2; 3, pGAD-C2-Scsis1.5
and pGBD-C2; 4, pPGAD-C2-ScSLSI and pGBD-C2-ScKAR2; and 5, pGAD-C2-
Scsis1.5 and pGBD-C2-ScKAR2. Samples were then plated on minimal medium
lacking leucine and tryptophan (A); minimal medium lacking leucine, trypto-
phan, and adenine (B); or minimal medium lacking leucine, tryptophan, and
histidine but with 5 mM 3-aminotriazole (C).
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FIG. 5. Dominant lethal mutations in ScKar2p restore interaction with
ScSlIs1.5p in a two-hybrid assay. PJ69-4A strain was cotransformed with the
indicated combinations of plasmids, and the B-galactosidase activity was assessed
as described earlier (34). Reported values are an average of two measurements
on three independent clones.

G246D, G247D, and G274D mutations (45) were cloned in
pGBD-C2 and introduced in PJ69-4A with either pGAD-C2,
pGAD-C2-ScSLS1, or pGAD-C2-Scsis1.5. All fusion proteins
(wild type or mutants) were expressed in equal amounts, as
checked by Western blot analysis (data not shown). We then
measured the B-galactosidase activity for each combinations,
and the results are depicted in Fig. 5. As expected, the B-ga-
lactosidase activities in a strain coexpressing AD-ScSIs1.5p and
DBD-ScKar2p were very low and were similar to those for
controls, whereas a strain coexpressing AD-ScSlIslp and DBD-
ScKar2p displays higher B-galactosidase activity. When (AD)
ScSls1.5p is coexpressed with any (DBD) ScKar2p mutants, the
B-galactosidase activity increased significantly (Fig. 5), indicat-
ing that the ScKar2p mutations indeed can restore interaction
with ScSIs1.5p. Interestingly, B-galactosidase activity increased
further (Fig. 5) when ScSlslp was coexpressed with the ScKar2p
lethal dominant mutants, indicating a better affinity of the
mutants for ScSlslp than of the wild type for ScKar2p. The
dominant lethal mutants display very low levels of ATP binding
and are blocked in an ADP-bound-like conformation (45),
corresponding to low on and off rates of peptide binding (50).
Slslp may then interact with Kar2p-ADP, either bound to its
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Dnal partner (i.e., Sec63p) (12), to a substrate peptide (62), or
to both.

In vitro binding assays. Since the results obtained with the
two-hybrid approach could be in part due to the nonphysiologi-
cal environment in the nucleus or to the non-native conforma-
tion of the hybrid proteins, we decided to confirm these inter-
actions in vitro with purified tagged proteins. ScSlslp and
ScSlIs1.5p were fused to GST and then purified to near homo-
geneity from the BL21 E. coli strain by affinity chromatography
as described in Materials and Methods. Hisg-tagged versions of
ScKar2p (wild type), G246D, G247D, and G274D were puri-
fied to near homogeneity from BL21 according to the method
of McClellan et al. (45). We then examined ScKar2p proteins
binding to GST-ScSIs1p in pulldown assays (12). Purified wild-
type and mutant forms of ScKar2p were incubated at 4°C
for 2 h with GST-ScSlslp or GST-ScSIs1.5p complexed with
the glutathione matrix in the presence of 1 mM ATP or 1 mM
ADP. As shown in Fig. 6, ScKar2p associates with GST-
ScSlslp in the presence of 1 mM ADP but only barely in the
presence of 1 mM ATP, while binding to ScSIs1.5p is negligible
(Table 2). We determined that ScKar2p does not bind to GST
alone as reported previously (12). The possibility that ScKar2p
is recognizing a population of misfolded GST fusion proteins is
unlikely since no binding occurred with GST-ScSls1.5p, which
should contain amounts of misfolded proteins similar to GST-
ScSlslp. These results confirm the previously reported two-
hybrid assays and show that the interaction between the two
proteins is nucleotide dependent. The dominant lethal mutants
associate with ScSlslp in the presence of either nucleotide
(Fig. 6), with all the proteins being retained in the pellet
fraction (Table 2). Interaction with ScSls1.5p was restored,
although fewer proteins were bound than with GST-ScSIs1p
(Table 2). These results are in total agreement with the B-ga-
lactosidase activities in the two-hybrid assays; G246D gives the
highest B-galactosidase activity and binds more efficiently with
GST-ScSIs1.5p than G247D or G274D, which display a lower
B-galactosidase activity in the two-hybrid assay (Fig. 5).

To more precisely understand the nucleotide and conforma-
tion dependence of the interaction between Slslp and Kar2p,
GST binding experiments were performed with the T59G and
T249G Kar2p mutants (44). T59G is unable to undergo the
conformational change following ATP binding, remaining in
an ADP-bound conformation, whereas T249G binds ATP and
undergoes the conformational change but fails to hydrolyze the

Kar2p (WT) G246D G247D G274D
ATP ADP ATP ADP ATP ADP ATP ADP
P S P S

P S P S P S P S P S P S
Kar2p »
GST-ScSIs1lp » |

Kar2p »
GST-ScSIs1.5p »

FIG. 6. GST binding assays. GST-ScSls1p, GST-ScSls1.5p, ScKar2p, G246D, G247D, and G274D were purified as described in Materials and Methods. GST-
ScSIs1p (or GST-ScSIs1.5p) (10 pg) was prebound to glutathione-Sepharose, and ScKar2p (or dominant lethal mutants) (2 pg) and either ATP or ADP (1 mM) was
added. After rotation at 4°C for 2 h, proteins associated with the pellet or remaining in the supernatant were resolved by SDS-PAGE (25% total) and visualized by
Coomassie blue staining. Signals corresponding to GST-ScSlslp or ScKar2p are indicated.
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TABLE 2. Quantification of the ScKar2p (wild-type and mutant) fractions bound to GST-ScSlslp or GST-ScSIs1.5p in pulldown assays
expressed as a percentage of total input”

% Total input

Fraction Kar2p G246D G247D G274D T59G T249G
ATP ADP ATP ADP ATP ADP ATP ADP ATP ADP ATP ADP
GST-SIslp 26 74 90 100 90 94 100 100 29 78 41 52
GST-SIs1.5p 0 8 65 55 37 34 35 26 30 29 0 0

“ GST binding assays were as in Fig. 6. Proteins bound to the glutathione pellet or remaining in the supernatant were quantified by scanning densitometry with NIH

Image 1.61 software (values are an average of three independent experiments).

bound nucleotide (68). TS9G binds GST-ScSIs1p in a way sim-
ilar to that of the wild type, but significant binding was ob-
served with GST-ScSlIs1.5p in a nucleotide-independent man-
ner (Table 2), as is the case for the dominant lethal mutants.
The T249G mutant binds GST-ScSIslp in nearly similar
amounts in ATP or ADP but fails to bind to GST-ScSIs1.5p
(Table 2). This indicates that ATP hydrolysis per se is not
required for the interaction of Slslp and Kar2p, but the con-
formation of the chaperone seems to be critical and may reg-
ulate the binding and release of ScSls1p. It was not possible to
perform the same in vitro experiments with Y. lipolytica pro-
teins due to the high toxicity of Y/Kar2p in E. coli, thus pre-
venting its easy purification (personal observations).

ScSlslp promotes binding of ScKar2p to Sec63p. We next
tested the effect of ScSlslp on the binding of Kar2p to Sec63p
in GST pulldown assays (12). Untagged ScSlslp was purified
after GST cleavage with Factor Xa (see Materials and Meth-
ods), along with a GST fusion protein containing the Dnal
domain of Sec63p, GST-63Jp (12). Increasing amounts of
ScSIslp were added to binding reactions conducted in the
presence of 1 mM ATP, since it was previously shown that
Sec63p binding to Kar2p is strictly dependent on the presence
of hydrolyzable ATP (12, 49). As shown in Fig. 7, ScSlslp
stimulated ScKar2p binding to GST-63Jp up to two times, and
maximum stimulation was achieved at a 6:1 (ScSls1p/ScKar2p)
molecular ratio. When using ScSIs1.5p in the same reactions,
very low stimulation was achieved (Fig. 7), showing that the
observed effect is specific and depends on a functional inter-
action between the two proteins. Interestingly, a significant
proportion of ScSlslp was found in the pellet fraction in our
binding assays (Fig. 7); quantitation by scanning densitometry
predicted one to more than two molecules of ScSlslp bound
per ScKar2p. Accounting for these data, native gel electro-
phoresis of purified ScSls1p suggested that this protein can be
found as dimers or even as higher-order oligomers (unpub-
lished results). ScSls1.5p displayed the same pattern as the wild
type on the native gel, suggesting that the mutation does not
cause major structural alterations of the protein. Since we
could not observe any interaction between ScSlslp and the J
domain of Sec63p by two-hybrid or in vitro binding assays (data
not shown), ScSlIs1p should be retained through its interaction
with ScKar2p. Indeed, very small amounts of ScSls1.5p were
bound to the pellet fraction (Fig. 7), supporting the idea that
the stimulation of GST-63Jp binding is tightly linked to a
functional interaction with ScKar2p. This result can be a likely
explanation for the stimulatory effect of Sls1p on protein trans-
location, more molecules of Kar2p being available in proximity
with the translocon. However, since GST-63Jp is ultimately
bound in the peptide binding pocket in the final Kar2-ADP-
GST-63Jp complex (19, 49), we cannot exclude the possibility
that ScSlslp could stimulate or stabilize the interaction of
ScKar2p with substrate peptides and, more particularly, trans-

locating peptides (see Discussion). To exclude the possibility
that ScSIslp is recognized as a misfolded peptide in the final
complex, similar binding reactions were conducted in the pres-
ence or absence of either ScSIs1p, a-Lact (10 g), or its perma-
nently misfolded form RCMLA (10 pg). Neither a-Lact nor
RCMLA had any effect on the binding of ScKar2p and GST-
63Jp, and neither one altered the stimulatory effect of ScSlslp
(data not shown). Then, the increase of ScKar2p binding to
GST-63Jp in the presence of ScSlslp seems to be specific,
although the observed ternary complex might be only transient
in vivo.

ScSlslp stimulates the GST-63]J activation of the ATPase
activity of Kar2p. To test the effect of ScSlslp on the nucleo-
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FIG. 7. ScSIslp stimulates binding of ScKar2p to GST-63Jp. GST-63Jp (3
ng) was prebound to glutathione-Sepharose; increasing amounts of untagged
ScSIs1p (or ScSls1.5p) were added, along with ScKar2p (2 pg) and ATP (1 mM).
Pulldown assays were done as in Fig. 6 except that all of the pellet fraction was
loaded onto the gel. The amounts of pellet-associated ScKar2p in the presence
of ScSls1p () or ScSls1.5p (m) and the amounts of pellet-associated ScSls1p (A)
or ScSls1.5p (@) were quantified as shown in Table 2 (average of three indepen-
dent experiments).
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FIG. 8. ScSlslp promotes the ATPase activity of ScKar2p along with GST-
63Jp. ScKar2p (1 pM) was incubated with cold ATP (200 pM) and [a->*P]ATP
(0.1 wCi, 3,000 Ci/mmol). Where indicated, the following proteins were present
in the assay: GST-63Jp (2 uM), ScSlslp (4 uM), ScSls1.5p (4 pM), a-Lact (4
pM), and RCMLA (4 pM). After 10 min of incubation at room temperature, 1
wl of each reaction mixture was spotted in triplicate onto polyethyleneimine TLC
plates, and the conversion of [a-*?P]JATP (black arrowhead) to [a-*?P]ADP
(white arrowhead) was analyzed by using a PhosphorImager (Molecular Dynam-
ics).

tide binding and hydrolysis properties of ScKar2p, the ATPase
activity was monitored under various conditions. ScKar2p (1
uwM) was incubated in the presence of [a->*P]ATP for 10 min
at room temperature, in the presence or absence of GST-63Jp
(2 pM) and/or ScSlslp or ScSls1.5p (4 pM). The conversion of
[«-*?P]ATP to [a-**P]ADP was assessed by TLC as described
previously (39), and the results are depicted in Fig. 8. ScKar2p
alone has a very weak ATPase activity and therefore very small
amounts of ATP were converted to ADP after the 10-min
assays (Fig. 8, lane 1) and after 1 h (data not shown). When
GST-63Jp is present, the ATPase activity of ScKar2p increases
and a greater amount of ADP is detectable (Fig. 8, lane 2).
After 1 h of incubation, nearly all the ATP is hydrolyzed (data
not shown). While ScSlslp alone had no significant effect on
the ATPase activity of ScKar2p (lane 3), the presence of both
ScSls1p and GST-63] significantly increased the ATP hydroly-
sis (compare lane 7 to lane 2). ScSls1.5p had no effect alone
(lane 3), but when GST-63Jp was present in the assay more
ADP was detected (lane 8). However, the GST-63Jp mediated
activation of the ATPase activity of ScKar2p was higher with
ScSlslp than with ScSls1.5p (compare lanes 7 and 8, respec-
tively). This suggests that a functional interaction between
ScSIslp and ScKar2p is required for the stimulation of the
ATPase activity by GST-63Jp. ScSls1.5p probably retained
transient interaction ability with ScKar2p, allowing some
ATPase activation.

In order to ensure that the observed effect was specific to
ScSlslp, the same experiments were carried out with «-Lact
and RCMLA. In our experimental conditions, neither a-Lact
nor RCMLA significantly stimulated the ATPase activity of
ScKar2p, either alone (lanes 5 and 6) or with GST-63Jp (lanes
9 and 10), ScSls1p (lanes 11 and 12), or ScSls1.5p (lanes 13 and
14). We also checked that any of the proteins used in these
assays (except ScKar2p) had an intrinsic ATPase activity (data
not shown). Therefore, ScSlslp and GST-63Jp conjointly acti-
vate the ATPase activity of ScKar2p, thereby enhancing the
turnover of the molecular chaperone.

FUNCTION OF SIslp IN YEAST ER 6931

Influence of ScSls1p on the nucleotide binding properties of
ScKar2p. We have showed that the ATPase activity of ScKar2p
is greatly induced by ScSlslp, but only when GST-63Jp was
also present in the assay. A likely explanation would be that
ScSls1p functions as a GrpE like protein and promotes nucle-
otide exchange. We then analyzed the effect of ScSlslp on the
nucleotide binding and hydrolysis of ScKar2p in single-turn-
over ATPase assays. ScKar2p was preincubated for 10 min with
[«-**P]ATP and rapidly purified from free nucleotide by gel
filtration. The [a->*P]ScKar2p complex (1 wM) was then incu-
bated at room temperature with cold ATP either alone or with
GST-63Jp (1 pM), ScSlslp (4 wM), or both. At various times,
aliquots were obtained and further purified from free nucleo-
tide by rapid gel filtration. Bound nucleotide was determined
by TLC, and the results are depicted in Fig. 9A. As expected,
ScKar2p alone was mainly in the ATP-bound form, a result
consistent with its weak ATPase activity (Fig. 9A, lanes K).
When GST-63Jp was present in the assay, almost all of the
bound ATP was converted to ADP within 1 min, a finding
consistent with previous observations (Fig. 9A, lanes KJ). In-
terestingly, when ScSlslp was added, much less bound ATP
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FIG. 9. Single-turnover ATPase assays. (A) A [a-*?P]ScKar2 complex was
formed after incubation of ScKar2p with 100 uCi of [a-**PJATP for 10 min at
room temperature and removal of free nucleotide by rapid gel filtration on
microspin G-50 columns. [a->?P]ScKar2 (1 pM) was further incubated with or
without GST-63Jp (1 wM) and/or ScSlslp (4 uM) in the presence of cold ATP
(100 pM). Aliquots were obtained at 1, 2, 5, and 10 min and then separated from
free nucleotide by gel filtration on microspin G-50 columns. Then, 3 wl from each
reaction was spotted in triplicate onto polyethyleneimine TLC plates, and the
conversion of [a->’PJATP (black arrowhead) to [a-*’P]JADP (white arrowhead)
was analyzed using a PhosphorImager (Molecular Dynamics). K, J, and S rep-
resent ScKar2p, GST-63]p, and ScSls1p, respectively. Quantification of ATP (B)
and ADP (C) was performed with the ImageQuant software, and results were
averaged from three independent experiments. Values were plotted as a function
of time (K, diamonds; KS, triangles; KJ, squares; KJS, circles).
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was detected (Fig. 9A, lanes KS), suggesting either that it has
been hydrolyzed or that it has been exchanged for cold ATP.
Quantification by PhosphorImager analysis confirmed these
observations and showed that, in the presence of ScSlslp, the
amounts of bound ATP (Fig. 9B) and ADP (Fig. 9C) signifi-
cantly decreased compared to the wild type. When both GST-
63Jp and ScSls1p were added to the [«-"*P]ScKar2p complex,
no significant difference could be observed compared to GST-
63Jp and [a->*P]ScKar2p alone (Fig. 9A, lanes KJS [Fig. 9B
and C for quantification]). This is probably due to a very fast
activation of the ATPase activity of ScKar2p by GST-63Jp in
these conditions, with the ADP being rapidly released after
hydrolysis. Taken together, these results show that the nucle-
otide binding properties of ScKar2p are influenced by ScSls1p.

DISCUSSION

Our experiments describe the involvement of the SLSI gene,
previously characterized in the yeast Y. lipolytica, in the protein
translocation process in S. cerevisiae. Disruption of the ScSLS1
gene in the model yeast had no detectable effect on viability, in
contrast to the Y. lipolytica AYlsls] mutant that is strongly
impaired in growth at high temperature and in translocation of
the reporter protein AEP (5). However, a synthetic lethal
effect was observed when ScSLSI was disrupted in the kar2-113
and sec63-1 mutants (Fig. 2), with enhanced defects in trans-
location of several reporter proteins (Fig. 3), indicating an
involvement of ScSlslp in the translocation process. Disrup-
tion of ScSLSI in a kar2-159 or a kar2-203 context did not
result in a synthetic lethal phenotype (Fig. 2). Kar2-159p and
Kar2-203p do not bind to ATP-agarose (8) but can still bind to
ScSlIslp (unpublished results), suggesting that this interaction
is not functional; therefore, whether ScSlslp is present or not
does not enhance the growth defect of the original mutant. A
synthetic lethal phenotype was also observed with the kar2-1
and kar2-133 mutants (Fig. 2) that displayed defects in folding
and ERAD, whereas protein translocation was not affected
(10). This suggests that ScSls1p function is not restricted to the
protein translocation process. Slslp is more probably a partner
of Kar2p in many if not all of the functions that the chaperone
fulfills in the ER. Efforts to find other partners for YISlslp by
two-hybrid experiments were unsuccessful (34). In support to
our findings, Travers et al. (67) have recently reported the
identification of Per100p, which is identical to ScSlslp, in a
wide range screen for unfolded protein response (UPR) target
genes. They showed that Per100p is upregulated by the UPR,
which is consistent with the observed increase of YISIs1p levels
in cells that were treated with tunicamycin or heat shocked
(unpublished results). Furthermore, these authors demonstrat-
ed a direct involvement of ScSlslp and Per100p in ERAD,
since a constitutively misfolded form of CPY was stabilized in
the perl00 mutant in a way similar to that in ERAD-affected
kar2 mutants.

A direct interaction between the ScKar2p and ScSlslp was
shown by two-hybrid (Fig. 4) and in vitro binding assays (Fig.
6). The G234R mutant was isolated based on its ability to
restore interaction with the YISIs1.5p mutant (6). Three-di-
mensional modeling predicted an inhibitory effect of this mu-
tation on ATP binding (Fig. 1). Similar mutants were obtained
in hamster BiP (68) and ScKar2p (45) and were shown to affect
ATP binding and the conformational change following ATP
hydrolysis. These mutants were shown to be blocked in an
ADP-bound-like conformation that mediates stable interac-
tion with substrate peptides. An attractive hypothesis was that
Sls1p binding to Kar2p is ATP and/or conformation dependent
and that the G234R is blocked in the preferential conforma-
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tion for interaction with Slslp. This hypothesis was supported
by two-hybrid assays with three dominant lethal ScKar2p mu-
tants (G246D, G247D, and G274D) (45). These mutants re-
stored the interaction with ScSls1.5p and displayed higher
B-galactosidase activity when assayed with ScSlslp than did
wild-type ScKar2p (Fig. 5). The two-hybrid data were validated
by in vitro binding assays (Fig. 6) and, taken together, con-
firmed that the conformation of Kar2p strongly affects binding
to Slslp, with preferential binding occurring when Kar2p is in
the ADP-bound conformation (i.e., with the peptide-binding
pocket occupied and closed by the C terminus lid [69]). Assays
with TS9G and T249G, two ScKar2p mutants affected in the
conformational change following ATP binding, and in ATP
hydrolysis, respectively (68) (Table 2), suggested that ATP
hydrolysis is not necessary for the Slslp binding but rather that
the conformational change induced by ATP hydrolysis could
regulate binding and release of Sls1p.

ScKar2p interacts with the lumenal J domain of Sec63p, and
this interaction allows activation of Kar2p for peptide binding
(8,9, 12, 49). Pulldown experiments with purified GST-63Jp
and ScKar2p confirmed the previously described (12, 45) ATP-
dependent interaction between the chaperone and its Dnal
partner. The same reactions were conducted in the presence of
increasing amounts of purified ScSls1p in the presence of ATP.
A dose-dependent stimulation of ScKar2p binding to GST-
63Jp was observed (Fig. 7), and a significant amount of ScSls1p
remained bound to the glutathione pellet. Since ScSlslp does
not interact with GST-63Jp (data not shown), the ScSIs1p must
remain bound to ScKar2p. This is not surprising since ScKar2p
is in the ADP-bound conformation (i.e., the preferential con-
formation for binding with ScSlslp) in the final complex with
GST-63Jp (12, 49). The observed stimulation of ScKar2p bind-
ing to GST-63Jp by ScSlslp could be the result of a stabiliza-
tion of the [ScKar2p-ADP]-GST-63Jp complex by ScSlslp. It
was shown that the interaction between Sec63p and ScKar2p
depends on the presence of both the ATPase domain and the
peptide-binding pocket (50) and that GST-63Jp, in the absence
of another peptide, is ultimately bound to ScKar2p as a sub-
strate peptide (19, 49). ScKar2p binds transiently with the J
domain of Sec63p and is then rapidly transferred to a peptide
substrate (either a translocating peptide or the J domain itself)
(49). Based on our binding experiments, different hypotheses
can be proposed. In one, ScSlslp could stabilize the transient
interaction between ScKar2p and GST-63Jp to enhance the
number of available activated ScKar2p’s at the translocon. This
interaction can prevent the transfer of GST-63Jp to the pep-
tide-binding pocket in the absence of substrate peptide. A
second hypothesis is that ScSlslp stabilizes the interaction of
ScKar2p and GST-63Jp in a Hip-like manner (31). GST-63Jp
would be recognized as a substrate peptide (bound to the
peptide binding pocket of ScKar2p), and this enhanced asso-
ciation could promote the ratcheting function of ScKar2p.

Another attractive possibility is that ScSlslp acts as a nucle-
otide exchanger in a BAG1 manner (30). More ScKar2p-ATP
complexes will then be available for binding with Sec63p, al-
lowing a faster recycling of ScKar2p at the translocon. In sup-
port of this hypothesis, we showed that ScSlslp promotes the
ATPase activity of ScKar2p when GST-63Jp is present (Fig. 8).
This stimulatory effect was specific since neither a-Lact nor
RCMLA had the same effect. Moreover, single-turnover assays
showed that ScSlslp affects nucleotide binding to ScKar2p,
since the a-*?*P-labeled nucleotide bound to ScKar2p seemed
to be rapidly exchanged for a “cold” nucleotide (Fig. 9). This
hypothesis does not exclude the possibility that ScSlslp will
then stabilize the Sec63p-activated ScKar2p complex.

In summary, our results demonstrate the involvement of a
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newly identified ER protein in the translocation process by its
direct effect on the function of an Hsp70 family member. This
protein was not identified in previous studies, probably be-
cause of its nonessential function in S. cerevisiae. This high-
lights the importance of studies carried on non-model organ-
isms such as Y. lipolytica. Sls1p homologues were identified in
human and mouse EST libraries and in the recently sequenced
Drosophila melanogaster genome, showing that the role of
Slslp in higher eukaryotes and, more particularly, in humans
could be more critical than it is in S. cerevisiae or even Y.
lipolytica. Moreover, such proteins, which are nonessential in
reconstituted in vitro systems, could be required for fine phys-
iological regulation of complex mechanisms such as protein
secretion, folding, or degradation, and defects in these proteins
could be involved in several diseases. We still have to define in
more detail the role of Slslp in ERAD and/or folding with the
genetic identification and analysis of specific mutants. Bio-
chemical experiments are in progress to identify the precise
role of Slslp and to analyze more accurately its molecular
relationships with Kar2p and Sec63p (or another Dnal part-
ner, such as Scjlp [3, 65] or Jemlp [53]).

Moreover, previous findings in Y. lipolytica (5) showed that
overexpression of YISIslp retained secretory proteins in the
ER, delaying their transit through the secretory pathway. Sim-
ilar effects were observed when hamster BiP was overexpressed
in mammalian cells (15). Whether this effect is due to a chap-
erone-like function of Slslp itself or relies on its association
with Kar2p will have to be studied. This work supports previ-
ous findings that various classes of cofactors act to modulate
the Hsp70s activity and to ensure their functional specificity.
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