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In order to analyze the in vivo role of the SSA class of cytosolic 70-kDa heat shock proteins (hsps) of
Saccharomyces cerevisiae, we isolated a temperature-sensitive mutant of SSA1. The effect of a shift of mutant
cells (ssal” ssa2 ssa3 ssa4) from the permissive temperature of 23°C to the nonpermissive temperature of 37°C
on the processing of several precursor proteins translocated into the endoplasmic reticulum or mitochondria
was assessed. Of three mitochondrial proteins tested, the processing of only one, the 3 subunit of the F,F,
ATPase, was dramatically affected. Of six proteins destined for the endoplasmic reticulum, the translocation
of only prepro-a-factor and proteinase A was inhibited. The processing of prepro-a-factor was inhibited within
2 min of the shift to 37°C, suggesting a direct effect of the hsp70 defect on translocation. More than 50% of
radiolabeled a-factor accumulated in the precursor form, with the remainder rapidly reaching the mature
form. However, the translocation block was complete, as the precursor form could not be chased through the
translocation pathway. Since DnaJ-related proteins are known to interact with hsp70s and strains containing
conditional mutations in a dnaJ-related gene, YDJ1, are defective in translocation of prepro-a-factor, we looked
for a genetic interaction between SSA4 genes and YDJ! in vivo. We found that a deletion mutation of YDJ1 was
synthetically lethal in a ssal® ssa2 ssa3 ssa4 background. In addition, a strain containing a single functional
SSA gene, SSA1, and a deletion of YDJ1 accumulated the precursor form of a-factor. However, no genetic
interaction was observed between a YDJI mutation and mutations in the SSB genes, which encode a second
class of cytosolic hsp70 chaperones. These results are consistent with SSA proteins and Ydjlp acting together

in the translocation process.

Molecular chaperones of the 70-kDa size class, which were
originally identified as heat-inducible proteins (hsp70s), are
abundant, highly conserved, essential proteins (reviewed in
reference 44). hsp70s bind to a variety of unfolded proteins
(reviewed in references 15, 29, 30, and 34). This binding to
hydrophobic stretches of nascent or partially denatured pro-
teins is thought to prevent interactions with other proteins
which would lead to malfolding or aggregation (52). All known
hsp70s have two functionally defined domains. The N-terminal
44-kDa fragment binds adenine nucleotides with high affinity
and has a weak ATPase activity (10, 24); the adjacent 18-kDa
fragment contains the peptide binding domain, which binds to
short stretches of amino acids with a preference for hydropho-
bic residues (3, 25, 26, 65). Current models of hsp70 action
assert that the ATP-bound form of hsp70 binds to substrate
polypeptides with high affinity and yet also rapidly releases
them and thus can be considered the “fast-binding, fast-re-
lease” form. The ADP-bound form is relatively slow in binding
to substrates but is also slow in releasing them and can be
considered the “slow-binding, slow-release” form of hsp70.
Therefore, ATP hydrolysis converts the fast-binding, fast-re-
lease form to the slow-binding, slow-release form, thus stabi-
lizing the interaction, with the exchange of ATP for ADP
stimulating polypeptide release. Through such cycles of bind-
ing and release with substrate polypeptides, hsp70s function in
a variety of cellular processes (46, 49, 56).

In the cytosol of the budding yeast Saccharomyces cerevisiae,
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there are two classes of hsp70s, SSB and SSA proteins (4). SSB
proteins are encoded by two closely related genes, SSBI and
SSB2 (17). The bulk of the SSB proteins is associated with
translating ribosomes, most likely interacting with the nascent
chain since both nascent chains and SSB proteins are released
by puromycin (48). The SSA4 proteins are encoded by the SSA7,
SSA2, SSA3, and SSA4 genes (67). The SSA subfamily is es-
sential; expression of at least one of the four genes at relatively
high levels is required for viability. Ssalp and Ssa2p are con-
stitutively expressed, while Ssa3p and Ssadp are not expressed
under optimal growth conditions but are induced by stress.
Evidence exists for the involvement of SSA4 proteins in a num-
ber of cellular processes. SSA proteins are involved in regulat-
ing transcription of heat shock genes (61). Deletion of the two
constitutively expressed members, SSA! and SSA2, results in
the increased expression of hsp genes, including SSA3 and
SSA4. In addition, the SSA proteins appear to play a role in the
translocation of at least some proteins into the endoplasmic
reticulum (ER) and mitochondria. Addition of SSA7 and SSA42
proteins to in vitro translocation assay mixtures increases the
rate of translocation of proteins into microsomes and mito-
chondria (12, 47). In vivo, a possible role of SSA proteins in
protein translocation was studied by using a strain containing
disruptions of the SSAI, SSA42, and SSA4 genes with SSAI
under the control of the repressible GALI promoter. Repres-
sion of the GAL promoter by the addition of glucose resulted
in a drop in SSA protein levels. After several hours of deple-
tion, defects in the translocation of two proteins destined for
the ER, a-factor («-F) and carboxypeptidase Y (CPY), and of
a protein destined for mitochondria, the 8 subunit of the F,F,
ATPase (F,B), were observed (21).

It is well established that DnaK, an hsp70 of Escherichia coli,
functions with two other hsps, DnaJ and GrpE. Interaction of
Dnal with DnaK stimulates the ATPase activity of DnaK (43).
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TABLE 1. Strains

Designation used in

Strain text Genotype

JNSS Wild type MATao leu2-3,112 his3-11 ura3-52 trpl Al lys2

JN516 a2 a3 a4 MATa leu2-3,112 his3-11 ura3-52 trpl Al lys2 ssa2::LEU2 ssa3::TRPI ssa4::LYS2

JB67 al-45 a2 a3 a4 MATa leu2-3,112 his3-11 ura3-52 trplAl lys2 ssal-45:URA3 ssa2::LEU2 ssa3::TRPI
ssa4::LYS2

WY1 vdjl MATa leu2-3,112 his3-11 ura3-52 trpl Al lys2 ydjl::HIS3

WY3 a2 a3 a4 ydjl MATao leu2-3,112 his3-11 ura3-52 trpI Al lys2 ssa2::LEU2 ssa3::TRPI ssa4::LYS2 ydj1::HIS3

wY4 al-45 a2 a3 a4 ydjl MATo leu2-3,112 his3-11 ura3-52 trpl Al lys2 ssal-45:URA3 ssa2::LEU2 ssa3::TRPI
ydj1::HIS3

5B6 MATa leu2-3,112 his3-11 ura3-52 trpl Al lys2 ssal::HIS3 ssa2::LEU2 ssa4::LYS2

pGALI:SSAI(URA3)

In addition, Dnal is able to interact with substrate proteins on
its own, as it has been found associated with the heat shock
sigma factor o2 and nascent chains attached to ribosomes (27,
42). GrpE binds to the ATPase domain of DnakK, stimulating
the release of bound ADP (5, 43). While no proteins related to
GrpE have been identified in the eucaryotic cytosol, two Dnal-
related proteins have been found in the cytosol of S. cerevisiae,
Ydjlp (Mas5p) (2, 7) and Sislp (45). SISI mutants show de-
fects in protein synthesis (69), while temperature-sensitive
YDJI mutants are defective in the translocation of certain
precursors into the mitochondria and the ER (6).

In order to more critically assess the role of SSA4 proteins in
protein translocation, we isolated and analyzed a temperature-
sensitive allele of SSA/. In addition, as the relevance of the
interaction between Ydjlp and Ssalp observed in vitro has not
been determined in vivo, we investigated the function of this
interaction in S. cerevisiae. The results of this analysis suggest
that SSA4 proteins are important for the translocation of some,
but not all, precursor proteins in vivo and that the functional
interaction of Ydjlp and SSA proteins in vivo is important for
cell viability.

MATERIALS AND METHODS

General methods and materials, strains, and plasmids. Standard techniques
for yeast strain propagation and genetic manipulation were used as described by
Sherman et al. (59). Yeast transformations were performed as described by Ito
et al. (35). Standard techniques for manipulation of DNA were used as described
by Sambrook et al. (53).

A 605-bp YDJI fragment was isolated by PCR during a search for unidentified
dnalJ-related genes and cloned into the vector pUCI18 digested with BamHI and
Sall (41). A 1.4-kb DNA fragment carrying the HIS3 gene was inserted into the
plasmid carrying the YDJI fragment after digestion with EcoRV, deleting the 300
bp of the protein-coding region, from the codons of amino acids 94 to 193. The
disrupted YDJI fragment was liberated from vector sequences by digestion with
BamHI and Sall and used to establish a chromosomal ydj1::HIS3 disruption in
JN55 by homologous recombination. The disruption was verified by Southern
analysis and the typical temperature-sensitive phenotype of a YDJI null mutant
).

Isolation of SSA1 thermosensitive mutants. A plasmid [pYe(CEN3)30 SSA1]
carrying a 4.3-kb PvuII-BamHI fragment containing the entire SSA7 gene with its
own promoter was subjected to mutagenesis with hydroxyl amine (38). 5B6
(Table 1) was transformed with the mutagenized plasmid, and transformants
were selected for their ability to grow at 23°C, but not 37°C, on glucose-based
medium. Segments of the plasmid containing the candidate SSAI” genes were
cloned into the unmutagenized plasmid [pYe(CEN3)30 SSA1] to determine if a
mutation conferring temperature-sensitive growth was in the SSA/ gene. As
described in Results, one SSA7/ gene carrying a mutation within a carboxy-
terminal 600-bp ClaI-Sall fragment was selected for further analysis and named
ssal-45. To replace the chromosomal SSA7 gene with the ssal-45 allele, a 1.2-kb
HindIIl fragment with Sphl linkers, containing the entire URA3 gene, was
cloned into the Sphl site immediately downstream of the termination site of the
SSAI gene of pYe(CEN3)30 ssal-45. A 5.5-kb Pvull-BamHI fragment of
pYe(CEN3)30 containing ssal-45:URA3 DNA was integrated into yeast strain
JN516, giving rise to yeast strain JB67. Integrations were confirmed by Southern
blot analysis.

Cell labeling and immunoprecipitation. Cells were grown overnight in yeast

minimal medium containing 5% glucose and lacking methionine, cysteine, and
other appropriate amino acids for selection purposes. Cells in log phase (optical
density at 600 nm [ODg,] = 0.5 to 1.5) were resuspended in fresh medium at 3
ODy units per ml and incubated for 30 min at the permissive temperature
(25°C) before the labeling protocol was carried out. The cells were labeled with
50 nCi of Translabel (Amersham) per ODyg, unit. For pulse-chase experiments
the chase was initiated by adding either cycloheximide to a final concentration of
0.5 mg/ml or cysteine-methionine to a final concentration of 0.03%. For the
experiment investigating the processing of F,B after de- and re-energizing mi-
tochondria, carbonyl cyanide m-chlorophenylhydrazone (CCCP) was added to a
final concentration of 20 pM at the time of labeling and the chase was initiated
by adding cycloheximide (0.5 mg) and B-mercaptoethanol (0.05%). The labeling
and chase were terminated by adding ice-cold NaN; (20 mM) and shifting the
cells onto ice.

The cells were washed once with phosphate-buffered saline (137 mM NaCl, 3
mM KCl, 1.5 mM KH,PO,, 8 mM Na,HPO,) and resuspended in an equal
volume of 1% sodium dodecyl sulfate (SDS)-0.5 mM phenylmethylsulfonyl flu-
oride. After addition of glass beads (diameter = 0.5 mm) to the fluid meniscus,
the cells were broken with a bead beater twice for a duration of 1 min. The lysate
was boiled for 5 min before 9 volumes of IP buffer (50 mM Tris CI [pH 7.5], 5
mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) lacking SDS was
added. Preimmune serum (0.02%, vol/vol) and 2% (vol/vol) of a protein A-
Sepharose suspension (50%, vol/vol) were added, and the lysate was incubated
for 2 h at 4°C with gentle agitation. The lysate was cleared by centrifugation at
10,000 X g for 5 min at 4°C. Trichloroacetic acid-precipitable counts were
determined, and equal amounts of radioactivity (107 to 10® cpm) were added to
a suitable antiserum and to 20 pl of protein A-Sepharose suspension (50%,
vol/vol) before overnight incubation at 4°C. The protein A-Sepharose-immune
complex was pelleted by a 5-s spin and washed five times with IP buffer. The final
pellet was resuspended in 20 pl of SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer (40) and boiled for 5 min. Following SDS-PAGE, the gels
were treated with Amplify (Amersham), dried, and autoradiographed at —70°C.
SEC62 mutants (SEC2 encodes a protein required for translocation across the
ER membrane [22]), were labeled for use as controls in immunoprecipitation
experiments.

For the protease protection assay, the spheroplasts were broken by vortexing
the spheroplast suspension for 30 s. After centrifugation, the resulting 500 X g
supernatant was incubated with 500 g of proteinase K per ml on ice for 5 and
15 min in the presence and absence of detergent. The reactions were stopped by
adding 0.5 volume of 10 mM phenylmethylsulfonyl fluoride. These samples were
subsequently prepared for immunoprecipitation with antiserum against a-F.

RESULTS

Isolation of temperature-sensitive SS41 mutants. To further
analyze the function of Ssalp, we isolated thermosensitive
yeast mutants carrying mutated SSAI genes. For this purpose,
a yeast strain, 5B6, was constructed in which the hsp70 genes,
SSA1, SSA2, and SSA4, were inactivated by insertion of select-
able markers (Table 1). To sustain the viability of this other-
wise inviable triple mutant, SB6 also contained a centromeric
plasmid with the SSA1 gene under transcriptional control of
the galactose-inducible and glucose-repressible GALI pro-
moter element. To isolate conditional alleles, this strain was
transformed with a centromeric plasmid carrying an SSA7 gene
under control of its endogenous promoter, which had been
mutagenized with hydroxylamine. Transformants were
screened for growth at 23 and 37°C on glucose-containing



4380 BECKER ET AL.

MoL. CELL. BIOL.

A

at-45

al-45
37°C

37°C + 30°C

at-45
30cC
D
3
5
2
z
¢
s
8
2 3
time (h}

medium, conditions under which the wild-type gene, under
control of its GALI promoter, was not expressed.

To eliminate possible recombination between the mutated
episomal ssal” alleles and their disrupted counterparts on the
chromosome, the ssal” alleles were inserted into the chromo-
some, replacing the wild-type SSA7 gene. This replacement
was carried out in a strain, JN516, carrying insertion mutations
of SSA42, SSA3, and SSA4 and henceforth referred to as the a2
a3 a4 strain. Of eight independent integrated ssal” mutants,
three had reasonable growth rates at 23°C and a pronounced
inhibition of growth at 37°C (Fig. 1). Sequence analysis of
these three ssal” mutants revealed that all three mutant genes
carried the same point mutation, changing P-417 to L. This
residue lies within the peptide binding domain. Further anal-
ysis was carried out with the mutation from one of these three
isolates, al-45, inserted into the chromosome of JN516 to give
the strain JB67. JB67, having the genotype ssal-45 ssa2 ssa3
ssa4, is henceforth referred to as the al-45 a2 a3 a4 strain.

The growth of al-45 a2 a3 a4 cells ceased almost immedi-
ately after a shift to the nonpermissive temperature of 37°C
(Fig. 1D). The growth inhibition was cytostatic rather that
cytocidal, as prolonged exposure to 37°C over a period of 3
days did not decrease plating efficiency significantly after the
cells were shifted back to 30°C. Analysis of these mutant cells
at 37°C by light microscopy did not reveal any abnormal mor-
phology or cell cycle-specific arrest.

The temperature-sensitive SS4/ mutant rapidly accumu-
lates a-F precursor. In al a2 a4 cells containing a plasmid with
SSA1 under the control of the GALI promoter element, pre-
cursor proteins of both the ER (a-F and CPY) and mitochon-
dria F,B) accumulated several hours after the addition of glu-
cose, which represses expression from the GALI promoter

FIG. 1. The thermosensitive growth phenotype of al-45 a2 a3 a4 cells sets in
quickly but is not lethal. Strains JN55 (wild type [WT]), IN516 (a2 a3 a4 [AI]),
and JB67 (al-45 a2 a3 a4 [al-45]) were grown on rich medium for 3 days at 30°C
(A) or 37°C (B) or for 3 days at 37°C followed by 6 days at 30°C (C). (D) A and
al-45 cells were grown in rich liquid medium at 25°C; at the time indicated by the
arrow, half of the cultures were shifted to 37°C, and growth was measured as
OD()U(]'

(21). Because of the long period required for depletion of
Ssalp, it is possible that secondary pleiotropic effects caused
the observed accumulation of precursor proteins. To assess
whether SSA4 proteins were directly involved in protein trans-
location, we investigated the processing of the yeast secretory
protein o-F in al-45 a2 a3 a4 mutants. Prepro-a-F (ppa-F)
contains a signal sequence specific for the ER which is cleaved
upon entry into the ER and is then glycosylated to generate
gpa-F. This glycosylation increases its apparent molecular
mass to about 27 kDa (36). In a2 a3 a4 cells which contain a
wild-type SSA1 gene, ppa-F was not detectable in cells labeled
for 5 min at either 23 or 37°C; only a highly glycosylated form
of pa-F was observed, indicating that ppa-F is readily pro-
cessed. After the mutant cells were shifted to 37°C, the un-
processed form of a-F, ppa-F, was detectable by immunopre-
cipitation as soon as 2 min after the shift (Fig. 2). The swift
accumulation of precursor in the mutant without any preincu-
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FIG. 2. al-45 a2 a3 a4 cells rapidly accumulate prepro-a-F at the nonper-
missive temperature. IN516 (a2 a3 a4 [AI]) and JB67 (al-45 a2 a3 a4 [al-45])
cells were grown at 25°C and labeled with [*>S]methionine-cysteine for 5 min at
25°C (lanes 1 and 3) or for 2 min (lane 4), 5 min (lanes 2 and 5) 10 min (lane 6),
or 20 min (lane 7) after a shift to 37°C. Cell extracts were subjected to immu-
noprecipitation with a-F-specific antibodies. As a migration standard, lane 8
contains ppa-F immunoprecipitated from sec62 cells harvested 5 min after trans-
fer to 37°C.

7
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FIG. 3. Stability of prepro-a-F in al-45 a2 a3 a4 cells. (A) al-45 a2 a3 a4 cells
were pulse-labeled with [>*S]methionine-cysteine for 5 min (lane 1) and 15 min
(lane 2) immediately after a shift to 37°C. After the 15-min labeling period,
cycloheximide and unlabeled methionine-cysteine were added, and samples were
removed at the times indicated during the chase (lanes 3 to 6). (B) Cultures of
a2 a3 a4 and al-45 a2 a3 a4 cells growing at 25°C were split. One aliquot of each
culture was pulse-labeled at 25°C for 10 min; the other was shifted to 37°C and
labeled 10 to 20 min later. The cells were pelleted; the resuspended cell pellet (P)
and the supernatant (S) were subjected to immunoprecipitation with a-F-specific
antibodies. maF, mature «-F.

bation at the nonpermissive temperature indicates that the
failure to translocate «-F was a direct consequence of the
malfunction of the altered Ssalp and strongly suggests a direct
involvement of Ssalp in facilitating protein translocation into
the ER.

To determine more directly whether the ppa-F detected in
the mutant strain at 37°C was actually blocked in translocation
or whether translocation was only slowed, we carried out pulse-
chase experiments. al-45 a2 a3 a4 cells were labeled for 15 min
at 37°C immediately after a shift from 23°C (Fig. 3A). Immu-
noprecipitations of extracts from cells harvested at various
times after initiation of a chase showed a constant amount of
labeled ppa-F, indicating that precursor which had not been
rapidly translocated remained incompetent for translocation.

To assess the completeness of this block in translocation of
ppo-F, the amounts of mature o-F as well as ppa-F were
determined. a2 a3 a4 cells and al-45 a2 a3 a4 cells were
pulse-labeled between 10 and 20 min after a shift to 37°C, and
the protein was immunoprecipitated with a combination of
antibodies that reacted with both mature and precursor forms
of a-F (Fig. 3B). In a2 a3 a4 cells, greater than 90% of the
precipitable a-F was in the processed glycosylated or mature
form, reflecting the rapid processing and maturation of a-F.
On the other hand, only 30% of a-F was processed in the
mutant, indicating that the block in translocation was not com-
plete but was substantial. We were unable to perform an anal-
ysis to determine if the block was complete at later times after
the shift to the nonpermissive temperature, because the shut-
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FIG. 4. Accumulated prepro-a-F in al-45 a2 a3 a4 cells is exposed to the
cytosol. al-45 a2 a3 a4 cells labeled with [**S]cysteine-methionine for 10 min
immediately after a shift to 37°C were converted to spheroplasts at the nonper-
missive temperature and lysed by vortexing. The initial lysate was centrifuged at
500 X g, yielding a crude preparation containing all organelles in the superna-
tant. This lysate was then either mock digested (0") or treated with 500 wg of
proteinase K (PK) per ml in the presence or absence of 0.5% Triton X-100 for
0, 5, and 15 minutes. The digest was terminated by adding PMSF and assessed by
immunoprecipitation of a-F, SDS-PAGE, and autoradiography.

down of expression of many genes normally found after a
temperature upshift (that is, a heat shock) results in such a
reduction in synthesis of ppa-F in the mutant strain that quan-
titation is impossible.

Accumulated ppa-F in al-45 a2 a3 a4 cells is protease sen-
sitive and on the cytosolic side of microsomal membranes. To
confirm that the observed accumulation of ppa-F was due to a
translocation defect, rather than merely a defect in the pro-
cessing of the precursor by signal sequence peptidase, we
tested whether accumulated ppa-F present after a shift of
mutant cells to the nonpermissive temperature was on the
cytosolic side of the ER membrane. As noted above, both
gpa-F and ppa-F were detectable by immunoprecipitations
with a-F-specific antibodies if al-45 a2 a3 a4 cells were labeled
for short periods of time. Extracts prepared from al-45 a2 a3
a4 cells labeled 5 min after a shift to 37°C were treated with
proteinase K in the presence and absence of detergent (Fig. 4).
ppa-F was digested by proteinase K in the presence or absence
of detergent, while the glycosylated, ER-localized form of a-F,
gpa-F, was degraded only in the presence of detergent. This
observation strongly suggested that ppa-F was located outside
the ER, since detergent was not required to make it accessible
to added protease as was the case for the glycosylated form.
Thus, it appears that the ssal-45 mutation prevents a-F from
entering the ER at the nonpermissive temperature.

al-45 a2 a3 a4 cells are defective in PrA processing. We also
analyzed the maturation of another protein which is translo-
cated across the ER membrane, proteinase A (PrA). The sig-
nal sequence of prepro-PrA is cleaved upon entrance into the
ER lumen, and the resulting pro-PrA is glycosylated at two
sites to yield a 47-kDa ER form (39). Upon entry into the
vacuole, the propeptide is removed to generate the 42-kDa
mature species. About 5 to 20% of the pro-PrA becomes gly-
cosylated at only one site, generating more rapidly migrating
pro and mature forms (62). a2 a3 a4 and al-45 a2 a3 a4 cells
were pulse-labeled at 25 and 37°C, and extracts were subjected
to immunoprecipitation with PrA-specific antibodies. Nearly
all of the pulse-labeled PrA in a2 a3 a4 cells labeled at both
temperatures and in al-45 a2 a3 a4 cells labeled at 25°C mi-
grated as a 47-kDa protein (Fig. 5A). However, about 40% of
the PrA labeled in the mutant at the nonpermissive tempera-
ture migrated as the prepro form, suggesting a defect in trans-
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FIG. 5. PrA translocation is defective in al-45 a2 a3 a4 cells. a2 a3 a4 (AI)
and al-45 a2 a3 a4 (al-45) cells were grown at 25°C. The cultures were split, and
one aliquot was maintained at 25°C. A second aliquot was shifted to 37°C. (A)
[**S]methionine-cysteine was added 10 min after the shift, and the cells were
harvested 10 min after the addition of label. The 25°C culture was also pulse-
labeled for 10 min. The resulting extracts were subjected to immunoprecipitation
by PrA-specific antibodies. A culture of sec62 cells was pulsed-labeled for 10 min
at 90 min after the shift to 37°C. (B) Tunicamycin (20 pg/ml) was added at the
time of the temperature shift. [>>S]methionine-cysteine was added 15 min after
the shift. An aliquot of cells was harvested 5 min later (0); excess unlabeled
methionine-cysteine was added to the remainder of the culture, and samples
were removed 5 and 15 min later. The aliquot of cells maintained at 25°C was
treated in the same manner. m, mature; pp, prepro; p, pro.

location into the ER. However, the prepro form migrates in a
position similar to that of the mature form with only a single
site of glycosylation. To more definitively test whether process-
ing was defective in the ssa mutant, we treated cells with
tunicamycin prior to the addition of label to prevent glycosy-
lation. After treatment with tunicamycin, all of the detectable
PrA in a2 a3 a4 cells labeled for 5 min at 37°C was in the pro
form, with maturation occurring during the chase period (Fig.
5B). However, about 45% of PrA was in the prepro form in
al-45 a2 a3 a4 cells after a 5-min labeling at the nonpermissive
temperature of 37°C. With time the pro form matured. How-
ever, after 15 min after the beginning of the chase, 30% of the
PrA was still in the prepro form, indicating that the processing
of the prepro form was not slowed but was blocked.
Translocation and maturation of CPY occurs normally in
al-45 a2 a3 a4 cells. We were also interested in analyzing the
maturation of CPY through the ER and into the vacuole, since
a defect in CPY processing had been observed in earlier stud-
ies of SSA!1 protein function (21). CPY is synthesized as a
precursor form (ppCPY) of 61 kDa. Upon transport of ppCPY
into the ER, cleavage of the signal sequence and addition of
core oligosaccharides yields the p1 form, which migrates at 67
kDa. Extension of the oligosaccharides in the Golgi yields a
69-kDa p2 form (60). The p2 form is sorted to the vacuole,
where it undergoes proteolytic cleavage by PrA, the product of
the PEP4 gene. a2 a3 a4 and al-45 a2 a3 a4 cells were labeled
for 10 min at 25 or 37°C beginning 15 min after a shift to that
temperature. The modified p1 and p2 forms of CPY (67 and 69
kDa, respectively) were immunoprecipitated by CPY-specific
antibodies from extracts of both types of cells labeled at either
temperature. Very little material migrating as ppCPY at 61
kDa was observed (Fig. 6, lanes 1, 3, 9, and 11). Immunopre-
cipitation of extracts from cells harvested 20 min after the
beginning of the chase showed that nearly all of the CPY had
been converted to a form that migrated as mature CPY in both
strains at both 25 and 37°C (Fig. 6, lanes 2, 4, 10, and 12).
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Ch
0 20 0 20| 0 20 0 20 k(min)
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b - —pp,m
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FIG. 6. CPY translocation and transport to the vacuole is not affected in the
SSAI mutant. a2 a3 a4 (A1), a2 a3 a4 pep4 (Al pep4), al-45 a2 a3 a4 (al-45), and
al-45 a2 a3 a4 pep4 (al-45 pep4) cells were grown at 25°C. The cultures were
split, and one aliquot was maintained at 25°C. A second aliquot was shifted to
37°C; label was added 30 min after the shift. One half of each culture was
harvested 10 min after the addition of label. Unlabeled cysteine and methionine
were added to the other half, and cells were harvested 20 min later. The aliquot
of cells maintained at 25°C was treated in the same manner. m, mature; p, pro;

pp, prepro.

However, the mature form of CPY migrates at 61 kDa, as
does ppCPY. Therefore, distinction between the unglycosy-
lated precursor and glycosylated mature forms of CPY was
difficult because of their coincident mobility (60). Introduction
of a PEP4 mutation into the a2 a3 a4 and al-45 a2 a3 a4 strains
alleviated this problem because the cleavage to the 69-kDa p2
form is blocked in the absence of PrA (33). Analysis of a2 a3
a4 pep4 and al-45 a2 a3 a4 pep4 strains allowed us to unam-
biguously determine whether the 61-kDa CPY product accu-
mulating in both strains at 25 and 37°C after the chase was the
mature form, rather than the precursor that was synthesized
after the chase had begun. In the a2 a3 a4 pep4 and al-45 a2
a3 a4 pep4 strains, all of the detectable CPY accumulated in
the 69-kDa p2 form after the chase (Fig. 6, lanes 6, 8, 14, and
16). These results indicate that translocation both into the ER
lumen and from the ER to the Golgi is normal in the presence
of the ssal-45 mutation even at the nonpermissive tempera-
ture.

al-45 a2 a3 a4 and ydjl are synthetically lethal. Several
Dnal-like proteins have been identified in S. cerevisiae. It had
been shown that one of the cytosolic DnalJ-like proteins in S.
cerevisiae is needed for efficient translocation of certain pro-
teins into the ER and mitochondria (2, 7). Furthermore, Ydjlp
is needed in vitro to dissociate protein complexes of Ssalp with
denatured proteins (20). We attempted to determine whether
Ssalp interacts with Ydjlp in vivo. One way to obtain evidence
about possible interactions is to combine thermosensitive al-
leles of suspected partners in one strain, a strategy which had
been used successfully to identify interactions, for example,
between genes involved in transport vesicle formation and in
transport in the secretory pathway (37). As the disruption of
YDIJ1 is not lethal but causes the cell to become thermosensi-
tive for growth at 37°C, we tried to determine the phenotype of
an al-45 a2 a3 a4 ydj1 strain. Crossing the different SS4 mu-
tants with the ydjl null mutant in a stepwise fashion, we failed
to obtain the final pentuple mutant containing the four ssa
mutations and the ydjI insertion allele (Table 2). In all cases
either SS42 or SSA4 was needed to ensure germination of
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TABLE 2. SSA and YDJ mutations are synthetically lethal

No. of recovered haploids with genotype®: No. with:
Cross Tow e o a (or A2) I(ora2) Al (or A2) 1 (or a2)
tetrads® or al (ora or al (ora
YDJI1 YDJI1 ydjl ydjl T PO NPD
Al a2 a3 a4 ydjl X al-45 a2 a3 a4 YDJ1 22 (1) 23 (0) 20 (1) 19 (2) 0(23) 17 2 3
al-45 A2 a3 a4 ydjl X al-45 a2 a3 a4 YDJ1 15(2) 13 (0) 16 (1) 14 (3) 0(13) 9 4 2

“ Numbers in parentheses indicate the number of tetrads for which the genotype could not be deduced; these were eliminated.

® Numbers in parentheses indicate the number of haploids not recovered.
¢ T, tetratype; PD, parental ditype; NPD, nonparental ditype.

spores containing the ssal-45 and ydjI alleles. On the other
hand, when an ssb! ssb2 strain was crossed with the ydjl mu-
tant, ssbl ssb2 ydjl strains were easily attainable from the
subsequent sporulation and dissection. These triple mutants
showed no synthetic growth defect; at each temperature tested,
the ssbl ssb2 ydj1 strains grew at the same rate as either the
ssbl ssb2 or ydjl parental strain, depending on which had the
more severe defect at the particular temperature being tested.
This result strongly suggests that the combination of ssal-45
with the ydj1 allele in cells with an ssa2 ssa3 ssa4 background
leads to synthetic lethality, indicative of an interaction of
Ydjlp and Ssalp.

a2 a3 a4 ydjl mutants accumulate ppa-F constitutively.
While al-45 a2 a3 a4 ydjI cells are inviable, a2 a3 a4 ydj1 cells
which have only the wild-type SSA1 gene of the SSA4 subfamily
are viable. To further elucidate the possible interaction be-
tween YDJI and SSA proteins and to determine if this inter-
action is important for translocation, we analyzed the process-
ing of ppa-F in an a2 a3 a4 ydj1 strain. As reported previously,
the translocation of «-F into the ER is impaired neither in a
ydjl deletion mutant nor in a2 a3 a4 mutants even after a shift
to 37°C (6) (Fig. 2). However, a2 a3 a4 ydjl mutants readily
accumulate ppa-F at both 23 and 37°C (Fig. 7). Accumulation
was also observed in al-45 a2 a3 ydjl cells, which have a
functional SSA4 gene, grown at 23°C. However, at 37°C no
accumulation of precursor was observed. The increased ex-
pression of SSA4, a highly inducible heat shock gene, at 37°C
is likely able to compensate for the lack of YDJ1/SSA function

23°C 37°C
o [}
4 o
» &y " o
3 & & ¥ L 0§
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- i
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FIG. 7. Accumulation of prepro-a-F in strains containing mutations in SSA4
genes and YDJI. a2 a3 a4, ydj1, a2 a3 a4 ydj1, and al-45 a2 a3 a4 ydj1 cells were
labeled with [**S]methionine-cysteine for 10 min at 25°C and immediately after
the shift to 37°C. Processing of o-F was analyzed by immunoprecipitation, SDS-
PAGE, and autoradiography.

at the higher temperature (Fig. 7, lane 8). These results
strongly indicate that Ydjlp functionally interacts with Ssalp
and thus enhances its facilitation of the translocation of pro-
teins into the ER.

al-45 a2 a3 a4 mutants are defective in posttranslational
protein translocation of F, 3 into mitochondria. We tested the
effect of the ssal-45 mutation on the processing of three pre-
cursor proteins which are translocated into mitochondria, F,j3,
hsp60, and Ssclp. At 37°C substantial accumulation of F, was
observed (Fig. 8), but hsp60 and Ssclp precursor accumulated
very little, if at all (data not shown). There is disagreement as
to whether protein translocation into mitochondria in vivo is
cotranslational or posttranslational (63). However, unlike pro-
tein translocation into the ER, the import of proteins into
mitochondria is dependent on the membrane potential, which
is needed to initiate protein translocation (55). By reversibly
abolishing the membrane potential of mitochondria, we were
able to uncouple protein synthesis and protein translocation
into mitochondria and assess the affect of the ssal-45 mutation
on the posttranslational protein translocation in vivo. Cells
were pulse-labeled with [*>S]methionine-cysteine in the pres-
ence of CCCP, which abolishes the membrane potential and
prevents precursors from entering the mitochondria, thus lead-
ing to the accumulation of precursor proteins (51). Processing
of accumulated pre-F; was then monitored in a2 a3 a4 and
al-45 a2 a3 a4 cells during the chase period in the presence of
cycloheximide, which was added to abolish further protein
synthesis, and in the presence of the reducing agent B-mercap-
toethanol, which was added to reestablish the membrane po-
tential. Over a chase period of 60 min, the reestablishment of
the membrane potential led to efficient import of accumulated
pre-F,B in a2 a3 a4 cells at 25 and 37°C and in al-45 a2 a3 a4
cells at 25°C. In al-45 a2 a3 a4 cells only 60% of F, accumu-
lated in its precursor form during the labeling in the presence
of CCCP (Fig. 8). Whether this reflects a certain characteristic
of the ssal-45 mutant strain is unclear. However, inal-45 a2 a3
a4 cells at 37°C, the import of about 50% of the labeled
pre-F,B into reenergized mitochondria remained irreversibly
blocked at 37°C (Fig. 8B), indicating a requirement for SSA4
proteins in the posttranslational translocation of F,3.

DISCUSSION

We have utilized a temperature-sensitive mutant to assess
the role of the cytosolic hsp70, Ssalp, in protein translocation.
Earlier results (21) suggested an in vivo role of SSA proteins on
the basis of the accumulation of precursor after depletion of
SSA proteins. This result had been questioned (for example,
see reference 63) because of the possibility that the accumu-
lation was due to indirect effects of the depletion of SSA4
proteins which took several hours to occur. However, the ra-
pidity with which the translocation of o-F was inhibited after
the shift of the al-45 a2 a3 a4 strain to 37°C indicates a direct
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FIG. 8. Accumulation of the F,B precursor in al-45 a2 a3 a4 cells at the
nonpermissive temperature. (A) Analysis of the processing of F; by immuno-
precipitation. a2 a3 a4 (A1) and al-45 a2 a3 a4 (al-45) cells were labeled at 25°C
or immediately after a shift to 37°C for 20 min. Extracts were subjected to
immunoprecipitation with F,B-specific antibodies, SDS-PAGE, and autoradiog-
raphy. As a migration standard, F, was immunoprecipitated from sscI-2 cells
after the shift to the nonpermissive temperature. (B) Pulse-chase and immuno-
precipitation analysis of F; processing after treatment with CCCP and B-mer-
captoethanol. Following incubation at 37°C for 30 min, A7 and al-45 cells were
labeled for 10 min with [**S]methionine-cysteine in the presence of 20 uM CCCP
at 37°C. The cells were chased with B-mercaptoethanol and cycloheximide, and
the culture was either maintained at 37°C or shifted to 25°C for periods of time
indicated. m, mature; p, pro.

role of SSA proteins in the translocation process. Although the
block in the translocation process was swift, it was not com-
plete; 70% of the o-F was completely blocked in translocation,
while the remaining 30% rapidly matured. A second protein,
PrA, was also found to be defective in processing. About 30%
of the precursor remained unprocessed even after a chase,
while 70% appeared to traverse the pathway to the vacuole at
the normal rate.

There are at least two possible explanations for this dichot-
omy: either complete blockage or normal translocation of af-
fected preproteins. First, the ssal-45 mutation could be leaky,
with the mutant SSA protein having sufficient activity for trans-
location of only a portion of the a-F and PrA precursors. If this
explanation is correct, then Ssap must be required immediately
after translation, since preprotein that was not translocated at
the normal rate remained translocation incompetent. Since
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SSA proteins are hsp70-type molecular chaperones, it would be
consistent with current models of hsp70 activity for Ssap to
bind to precursors in the cytosol, preventing aggregation or
folding into translocation-incompetent conformations until
translocation occurs. In fact, in in vitro translation extracts SSA
proteins have been found associated with newly synthesized
ppa-F (13). However, one would predict that once aggregation
occurred, translocation would be impossible.

Alternatively, a-F and PrA could enter the ER via two
different pathways, one which is completely blocked in the
mutant that is dependent on Ssaps and one that is Ssap inde-
pendent. Much translocation occurs cotranslationally by utiliz-
ing the signal recognition particle (SRP)-dependent pathway.
SRP is not essential for growth of S. cerevisiae, although dele-
tion of the gene encoding the signal sequence-binding protein
(SRP54) or the associated small cytosolic RNA, scR1, results in
slow growth and impaired translocation into the ER (23, 31).
Since translocation in these mutants is not completely abol-
ished, translocation must be able to occur by an SRP-indepen-
dent pathway. Support for a second pathway comes from in
vitro studies in which ppa-F was efficiently translocated into
microsomes posttranslationally (32, 66). In addition, Panzer et
al. have reconstituted posttranslational protein transport in S.
cerevisiae with purified components (50). An obvious candidate
for an SRP-independent, posttranslational pathway is an
hsp70-mediated pathway. It is possible that some precursors
partition between the SRP-dependent pathway and the Ssap-
mediated pathway. Perhaps more a-F partitions to the Ssap-
dependent pathway, while more PrA partitions to the SRP-
dependent pathway, as suggested by the percent blockages of
translocation of these proteins.

However, a requirement for functional SSA proteins in
translocation is certainly not universal. No defect in CPY
translocation was detected in the al-45 a2 a3 a4 strain. A mild
defect was seen upon depletion of SSA proteins, but only 8 h or
longer after shutdown of SSA expression. This defect may well
have been an indirect effect of the depletion. In addition, three
other proteins, protein disulfide isomerase, invertase, and
Kar2p, were tested and showed no defect in processing in the
SSA mutant (18). Many more precursors must be tested before
the range of proteins dependent on hsp70 is determined. It is
possible that very few proteins are dependent on the hsp70s for
translocation into the ER. It is intriguing that the precursor we
identified as having a strong dependence on hsp70s for trans-
location, ppa-F, is the only protein shown to be efficiently
translocated posttranslationally in vitro. The rapid cessation of
growth of the ssa-45 mutant after a shift to the nonpermissive
temperature may be due to a failure in translocation of these
unidentified precursors or to some other function of SSA4 pro-
teins completely unrelated to translocation, such as regulation
of expression of the heat shock response (16, 61).

The maturation of CPY in the ssal-45 mutant is also inter-
esting in light of the suggestions of the involvement of clathrin
in movement of proteins from the Golgi to the vacuole and the
ability of hsp70s to uncoat clathrin-coated vesicles. The disas-
sembly of cages constructed of bovine clathrin can be facili-
tated not only by mammalian hsc70 (11) but by other hsp70s as
well. SSA proteins facilitate the uncoating of clathrin vesicles,
while SSB proteins do not (28). It has been suggested from
analysis of a temperature-sensitive allele of CHC1, which en-
codes clathrin heavy chains, that clathrin vesicles play an im-
portant role in ER-to-vacuole translocation of CPY and other
vacuolar proteins (14, 58). After a shift of chcl® cells to the
nonpermissive temperature, CPY was not sorted correctly to
the vacuole; rather, the late Golgi, p2 form was secreted, in-
dicating a defect in Golgi-to-vacuole transport. After extended



VoL. 16, 1996

periods of time, normal translocation resumed, suggesting the
presence of a backup system for the clathrin vesicle system.
Our failure to observe a defect in CPY movement from the
Golgi to the vacuole in the ssal* mutants suggests that the SSA
proteins are not required in S. cerevisiae to uncoat clathrin
vesicles.

The translocation of four proteins, CPY, dipeptidylamin-
opeptidase B, o-F, and Kar2p, has been tested in a strain
carrying a temperature-sensitive YDJI allele (9). As with the
ssal-45 mutant, translocation of o-F was affected, but translo-
cation of the other three precursors was not. The genetic in-
teractions reported here support this notion. The YDJI disrup-
tion mutation is synthetically lethal with the al-45 a2 a3 a4
mutations but not with mutations of the SSB/ and SSB2 genes.
SSA and SSB proteins appear to have distinct functions in the
cytosol (17, 19). SSB proteins are associated with translating
ribosomes. ssb1 ssb2 mutants are hypersensitive to inhibitors of
protein synthesis but show no defect in translocation of pro-
teins across the ER membrane. The differences in the pheno-
types of SS4 and SSB mutants are consistent with the speci-
ficity of the genetic interaction of the SSA class of cytosolic
hsp70s with YDJ1.

A genetic interaction between SSA genes and YDJI was also
observed with regard to protein translocation. An a2 a3 a4 ydj1
strain containing a single SSA4 gene, SSA1, is defective in trans-
location of a-F under conditions in which neither the ydjl
strain nor the a2 a3 a4 strain shows accumulation of ppa-F.
The involvement of both Ydjlp and Ssalp in protein translo-
cation and the operation of redundant pathways of transloca-
tion may be more common than originally envisioned. In E.
coli both DnaK and Dnal are involved in an alternative, but
overlapping, export pathway to the SecB-dependent pathway
(1, 68).

While these genetic interactions suggest that SS4 proteins
and Ydjlp cooperate in a translocation pathway, whether they
act together or in parallel in the translocation process can not
be ascertained at this time. YDJI may be a chaperone in its own
right, as the E. coli Dnal protein has been shown to bind
directly to unfolded proteins (42, 57). However, Ydjlp is able
to stimulate the ATPase activity of Ssalp (20, 70), which is
indicative of a direct interaction of the two proteins. Ydjlp is
farnesylated (8); this modification is necessary for normal func-
tion of Ydjlp in protein translocation (6). It is intriguing to
consider that localization to the membrane caused by this
modification may be important for the translocation process.
Ydjlp may act to target either Ssaps or the Ssap-precursor
complex to a site on the ER membrane. However, in consid-
ering the translocation process, it is necessary to take into
account Kar2p/BiP, the hsp70 on the luminal side of the ER
membrane. Binding of Kar2p seems to provide the direction-
ality of the translocation process (54, 64). If hsp70s are binding
to the precursor on both sides of the membrane, the binding on
the cytosolic side must be relatively less stable in order for a
net movement into the lumen to occur. Ydjlp allows release of
at least some proteins from Ssalp (8). It could be advanta-
geous for SSAI proteins to be more tightly associated with the
precursor while in the cytosol, but the binding must be readily
reversible to allow translocation once the precursor is associ-
ated with the membrane. Ydjlp may serve as such a release
factor.
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