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Hsp70 chaperones can potentially interact with one of several
J domain-containing Hsp40 co-chaperones to regulate distinct
cellular processes. However, features within Hsp70s that deter-
mine Hsp40 specificity are undefined. To investigate this ques-
tion, we introducedmutations into the ER-lumenal Hsp70, BiP/
Kar2p, and found that an R217A substitution in the J domain-
interacting surface of BiP compromised the physical and
functional interaction with Sec63p, an Hsp40 required for ER
translocation. In contrast, interaction with Jem1p, an Hsp40
required for ER-associated degradation, was unaffected. More-
over, yeast expressing R217ABiP exhibited defects in transloca-
tion but not in ER-associated degradation. Finally, the genetic
interactions of the R217A BiP mutant were found to correlate
with those of known translocation mutants. Together, our
results indicate that residues within the Hsp70 J domain-inter-
acting surface help confer Hsp40 specificity, in turn influencing
distinct chaperone-mediated cellular activities.

Most newly synthesized proteins require the assistance of
molecular chaperones to fold into their native conformations.
In addition, chaperones facilitate the assembly of macromolec-
ular structures. To perform these functions, chaperones non-
covalently bind to surface-exposed hydrophobic patches, thus
preventing protein aggregation and, in some cases, providing a
secure folding environment (1, 2). One family of chaperones,
heat shock proteins of 70 kDa (Hsp70s),3 forms a major com-
ponent of the cellular folding and stress responsemachinery (3,
4). Hsp70s are quite abundant and can be found in nearly every

cellular compartment in eukaryotes and in most prokaryotes.
Not surprisingly, they catalyze amultitude of functions, includ-
ing protein folding, transport, and degradation.
Hsp70s contain a conservedN-terminal ATPase domain, fol-

lowed by a less conserved substrate binding domain (SBD) and
a variable C-terminal “lid.” The lid is flexible and helps confine
the substrate within the SBD. The Hsp70 ATP hydrolytic cycle
correlates with substrate binding and release, such that the
ADP-bound state of Hsp70s has a higher affinity for substrates
than the ATP-bound state. Because the ATPase activity of
Hsp70s is weak, Hsp40 co-chaperones are needed to accelerate
ATP hydrolysis and promote maximal chaperone activity
(5–7). Select Hsp40 family members can also deliver substrates
to Hsp70s. The interaction between Hsp70s and Hsp40s is
mediated by theHsp40 J domain, an�70-amino acidmotif that
forms a four-helix bundle. Notably, an invariant HPD motif
between helices 2 and 3 of the J domain plays a critical role in
facilitating Hsp70-Hsp40 interaction.
In recent years, it has become clear that Hsp40s are more

diverse than Hsp70s (8). For example, Escherichia coli encode
three Hsp70s and six Hsp40s, whereas the budding yeast Sac-
charomyces cerevisiae expresses 14 Hsp70s and 22Hsp40s. The
diversity increases in higher eukaryotes, with humans express-
ing 20 Hsp70s and �50 Hsp40s. Moreover, a single Hsp70 can
interact with multiple Hsp40s to drive distinct cellular pro-
cesses. For example, the Hsp70 found within the endoplasmic
reticulum (ER) of yeast, BiP (encoded by theKAR2 gene), inter-
acts with three Hsp40 co-chaperones: Sec63p, which spans the
ER membrane three times and presents its J domain in the ER
lumen; Jem1p, which is ER membrane-associated; and Scj1p,
which is a soluble ER-lumenal protein (9–14). The interaction
between BiP and Sec63p is indispensable for the co- and post-
translational translocation of nascent proteins into the ER (15–
17). In contrast, neither Jem1p nor Scj1p are required for pro-
tein translocation. Instead, these Hsp40s interact with BiP to
maintain the solubility of aberrant proteins (18), which are then
retrotranslocated from the ER and degraded by the cytoplasmic
26 S proteasome via a process termed ER-associated degrada-
tion (ERAD) (19, 20). Unlike Jem1p and Scj1p, mutations in
Sec63p have little effect on ERAD. Therefore, BiP function
appears to be dictated by its interaction with Hsp40 partners.
Nevertheless, it is impossible to predict which of themany pos-
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sible Hsp70-Hsp40 pairs will function coordinately to effect
specific cellular processes.
The features withinHsp70s that determineHsp40 specificity

are also poorly defined. Studies on the bacterial Hsp70, DnaK,
showed that the J domain-interacting surface mapped to a
charged cleft on the underside of the DnaK ATPase domain
(21–23). In particular, an invariant Arg at position 167 was
found to interact with the Asp in the HPD motif of DnaJ, a
bacterial Hsp40. Indeed, when the analogous residue (Arg197)
was mutated in mammalian BiP/GRP78, a reduced interaction
with two ER-lumenalHsp40s, ERdj2/SEC63 (24) and ERdj3 (25,
26), was observed.Whether this mutation equally affects inter-
action with the four other Hsp40 co-chaperones of BiP/GRP78
and whether Arg197 contributes to the ability of BiP/GRP78 to
distinguish between Hsp40s is unclear. In addition, other puta-
tive J domain contacts have been identified in the SBD of DnaK
(22, 27) and BiP/GRP78 (25), although their exact roles in
Hsp70-Hsp40 interaction remain undefined.
To better understand the rules that govern the formation of

functional Hsp70-Hsp40 pairs, we focused on the yeast ER,
wherein the association between BiP and each of its cognate
Hsp40 partners and BiP-mediated function are well defined.
Using genetic, biochemical, and genomic tools, we discovered
that anR217Amutant formof BiP interacts poorlywith Sec63p,
yet Jem1p interaction remains robust. Accordingly, yeast
expressing R217A BiP exhibit translocation but not ERAD
defects as well as genetic interactions that are diagnostic for
defects in translocation. By creating new mutations in the BiP
SBD, we also established the importance of substrate binding
for both protein translocation and ERAD. These data indicate
that additional residueswithin the J domain-interacting surface
of Hsp70s help confer specificity for an Hsp40 partner and link
a unique Hsp70-Hsp40 pair to a distinct chaperone-catalyzed
process.

EXPERIMENTAL PROCEDURES

Plasmids and Yeast Strains—For the heterologous expres-
sion of mutant BiP proteins in E. coli, the KAR2 coding
sequence cloned into plasmid pMR2623 (28) was mutagenized
using the QuikChange site-directed mutagenesis kit (Strat-
agene) with the following primer pairs (underlined letters rep-
resent the altered sequence): (i) R217A, 5� primer (GCTGGT-
TTGAACGTTTGGCAATTGTTAATGAACCAACCGC) and
3� primer (GCGGTTGTTCATTAACAATTGCCAAAACGT-
TCAAACCAGC; (ii) K584X, 5� primer (GGCCAAGGTGAA-
TCTAGAAACTAATTAGAAAACTACGCTCAC) and 3�
primer (GTGAGCGTAGTTTTCTAATTAGTTTCTAGAT-
TCAACCTTGGCC); (iii) S493F, 5� primer (CGAGGTGAAA-
GAGCCATGTTTAAGGACAACAATCTATTAGG) and 3�
primer (CCTAATAGATTGTTGTCCTTAAACATGGCTC-
TTTCACCTCG). The resulting plasmids were transformed
into E. coli RR1 cells for large scale protein purification (28).
To generate yeast strains constitutively expressing either the

wild-type or mutant BiP proteins, the KAR2 coding sequence
was first inserted into the pYES2 vector (2�, URA3, PGAL1/10;
Invitrogen); this strategy was essential to create constructs for
the expression of the mutants. The KAR2 coding sequence was
amplified from plasmid pMR713 (CEN4/ARS, LEU2, PKAR2-

KAR2; a kind gift from M. D. Rose, Princeton University) with
the following primer pair (italicized letters indicate the BamHI
recognition site on the 5� primer and the XhoI recognition site
on the 3� primer): 5� primer, GTAGGATCCCCAGAGTAGTCT-
CAA; 3� primer, TACCTCGAGCTACAATTCGTCGTGTTC.

The resulting PCR product was digested with BamHI and
XhoI and ligated into pYES2 to generate the pGAL1-KAR2plas-
mid construct. The primer pairs described above were then
used in site-directedmutagenesis experiments to introduce the
R217A, K584X, and S493F mutations into pGAL1-KAR2, thus
generating the vectors pGAL1-kar2-R217A, pGAL1-kar2-
K584X, and pGAL1-kar2-S493F, respectively. These constructs
were used to establish thatmutant protein overexpression does
not lead to a dominant negative effect on cell growth (see
“Results”).4 Next, to constitutively express BiP from the PTEF1
promoter present in the p414TEF1 vector (CEN4/ARS, TRP1,
PTEF1) (29), the KAR2 gene cloned into pGAL1-KAR2 was
removed using BamHI and XhoI and ligated into p414TEF1;
p414TEF1 was digested with the restriction enzymes BamHI
and SalI. However, transformation of the ligation mixture into
E. coli failed to yield clones of the desired genotype. Therefore,
the ligation mixture was transformed directly into the yeast
strain MMY8-2 (MAT�, his3-�200, leu2-�1, ura3-52, trp1-
�63, kar2::HIS3, pMR397 (2�, URA3, KAR2)) (30), and trans-
formants were selected on synthetic complete medium lacking
both uracil and tryptophan and containing 2% glucose. Viable
clones were then plated onto selective synthetic complete
medium lacking tryptophan and containing 2% glucose and 1
mg/ml 5-fluoroorotic acid. Clones that survived in the presence
of 5-fluoroorotic acid had the genotype MAT�, his3-�200,
leu2-�1, ura3-52, trp1-�63, kar2::HIS3, pTEF1-KAR2 (CEN4/
ARS, TRP1, PTEF1-KAR2) and were called TEF1-KAR2. The
TEF1-R217A, TEF1-K584X, and TEF1-S493F mutant strains
were created in a similar manner using the pGAL1-kar2-
R217A, pGAL1-kar2-K584X, and pGAL1-kar2-S493F vectors,
respectively, which were described above.
To generate wild-type and mutant kar2 strains amenable to

manipulation in the UPR-based genetic screen (see below),
we first inserted the KAR2 or kar2-R217A coding sequence
upstream of the NATMX6 antibiotic resistance cassette in the
pFA6a-NATMX6 vector (31). Accordingly, the KAR2 gene
containing the 3�-UTR (henceforth referred to as KAR2-UTR)
was amplified with the following primer pair (the underlined
sequence in the 5� primer represents the PvuII recognition site
and in the 3� primer represents the BamHI recognition site): 5�
primer, GTCCCCAAGAGCAGCTGCAAGGGAAA; and 3�
primer, CAATAGTGATGGGATCCGATGAGATGA.
The resulting PCR product was digested with the indicated

restriction enzymes and inserted into the vector pFA6a-
NATMX6 to generate the plasmid construct pKAR2-UTR-
NAT. Site-directed mutagenesis was then used to insert the
R217A mutation into pKAR2-UTR-NAT with the primer pair
described above, creating pkar2-R217A-UTR-NAT. Next, to
carry out targeted gene replacement, the KAR2-UTR-NAT (or
kar2-R217A-UTR-NAT) cassette cloned into pKAR2-UTR-

4 S. S. Vembar and J. L. Brodsky, unpublished data.
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NAT (or pkar2-R217A-UTR-NAT) was amplified with the
primer pair: 5� primer (AAAGATTAACGTGTTACTGTTTT-
ACTTTTTTAAAGTCCCCAAGAGTAGTCTCAAGGGAA-
AAAGCGTATC), and 3� primer (CCATTTCAGTATTAGG-
TTCTCGAGCCTTTCAACTCTCTCTGTTATAATGTGA-
ATTCGAGCTCGTTTAAAC), and the resulting PCR
product was transformed into the BY4743 strain (MATa/�,
his3-�0/his3-�0, leu2-�0/leu2-�0, ura3-�0/ura3-�0, TRP1/
TRP1, LYS2/lys2-�0,MET15/met15-�0, KAR2/KAR2; Invitro-
gen). Transformants were selected on yeast extract-pep-
tone-dextrose medium supplemented with 100 �g/ml
nourseothricin. To identify strains in which one copy of the
chromosomal KAR2 gene was replaced with KAR2-UTR-NAT
(or kar2-R217A-UTR-NAT), PCR amplification was performed
with the following primer pair: 5� primer, GGCTATGTA-
ATTCTAAAGATTAACGT; 3� primer, GTTATCTTAGGG-
TCATACTCATCAATT. Strains in which homologous recom-
bination had taken place at a single KAR2 chromosomal locus
yieldedPCRproducts that contained twobands, corresponding to
endogenousKAR2 (2.1kb) andKAR2-UTR-NAT (orkar2-R217A-
UTR-NAT) (3.9 kb).Next, the confirmeddiploid strainswere sub-
jected to sporulation and tetrad analysis, andhaploid strains of the
genotype MATa, his3-�1, leu2-�0, ura3-�0, met15-�0, KAR2-
UTR-NAT (or kar2-R217A-UTR-NAT) were selected for fur-
ther analysis. The NAT-marked wild-type strain was called
KAR2::NAT and is isogenic to BY4741. The NAT-marked kar2-
R217Amutant strain was called kar2-R217A::NAT.

To generate a strain containing a hypomorphic allele of
KAR2, the KAR2 gene lacking the 3�-UTR (henceforth referred
to as kar2-DamP) was amplified from yeast genomic DNAwith
the following primer pair (the underlined sequence in the 5�
primer represents the PvuII recognition site and in the 3�
primer represents the BamHI recognition site): 5� primer,
GTCCCCAAGAGCAGCTGCAAGGGAAA; 3� primer, CAA-
CCTTGAAGGATCCAGCAGCAAAA. The resulting PCR
product was digested with PvuII and BamHI and inserted
upstream of the NATMX6 antibiotic resistance cassette in
pFA6a-NATMX6 to generate the pkar2-DamP-NAT plasmid.
The strategy described above was then used to create the
kar2-DamP::NAT strain.
Protein Purification and ATP Hydrolysis Assays—Hexahisti-

dine-tagged wild-type andmutant BiP proteins expressed from
pMR2623were purified fromE. coliRR1 cells using a previously
optimized protocol (28). GST-tagged J domains from Sec63p and
Jem1pwere purified from E. coli BL21(DE3) and E. coliTG1 cells,
respectively, according to established protocols (30, 32).
Steady state ATPase assays were performed at 30 °C as pre-

viously described (28, 33). The amount of BiP present in each
reaction and the ratios of the J domain-containing cofactors or
peptide p5 (CLLLSAPRR; a kind gift from L. Gierasch, Univer-
sity ofMassachusetts, Amherst,MA) to BiP are indicated in the
legends for Figs. 1 and 2. The J domain-containing cofactors
and peptidewere preincubatedwith BiP on ice for 10min in the
absence of radiolabeled ATP before initiating the assay upon
the addition of [�-32P]ATP (PerkinElmer Life Sciences).
Purification of the Sec63 Complex—The Sec63 complex con-

taining BiP, Sec63p, Sec71p, and Sec72p was purified from
microsomes derived from TEF1-KAR2 and TEF1-R217A yeast

under non-denaturing conditions using a three-step chromato-
graphic protocol (34). The only modification involved the sub-
stitution of the Superose-6 resin thatwas recommended for size
exclusion chromatography with a 32-ml Sephacryl S-300 col-
umn (AmershamBiosciences) that was run under gravity. After
purification, the components of the complex were detected by
Coomassie Brilliant Blue staining and immunoblotting. Images
of Coomassie Brilliant Blue-stained gels were captured using
Image Station 440CF (EastmanKodakCo.), and the BiP/Sec63p
ratio was quantified using the Kodak 1D software. For immu-
noblotting, the following antibodies were used: anti-BiP (34);
anti-Sec63, which recognizes the J domain of Sec63p (a kind gift
from R. Schekman, University of California, Berkeley, CA);
anti-Sec71p (35); and anti-Sec72p (34). Primary, bound anti-
bodies were decorated with the appropriate horseradish
peroxidase-conjugated secondary antibody, and signals were
detected using the SuperSignal� West Pico Chemiluminescent
Substrate (Thermo Scientific).
Serial Dilutions—The TEF1-KAR2 and TEF1-R217A strains

were grown to logarithmic phase (A600 � 0.6–0.8) in selective
synthetic complete medium containing 2% glucose for �16 h.
The TEF1-K584X and TEF1-S493F strains were slow growing
and required longer incubation periods to reach the logarith-
mic phase of growth. 10-fold serial dilutions of equivalent OD
units of each strain were spotted onto solid medium and cul-
tured at the indicated temperatures for 2 days. Where indi-
cated, the growthmediumwas supplementedwith 8mMdithio-
threitol (DTT).
Pulse Labeling of Cells and Immunoprecipitation—To mea-

sure the stability of BiP in wild-type and mutant TEF1-KAR2
strains, cellswere radioactively labeled and chased as previously
described (36). Briefly, 20 OD units of logarithmic phase cells
were harvested, washed, and resuspended in synthetic com-
plete medium lacking methionine to 10 OD units/ml. After
recovery at 30 °C for 30min, the cells were labeled with 20 �l of
Express 35S labeling mix (PerkinElmer Life Sciences) for 10
min. Next, cycloheximide was added to a final concentration of
200 �g/ml to stop protein translation, and samples were col-
lected at 0, 20, 40, and 60min. At each time point, 4 ODunits of
cells were harvested, 0.1 M sodium azide was added, and cell
extracts were prepared using glass bead lysis in the presence of
protease inhibitors. The radioactivity in each sample was mea-
sured using a scintillation counter (Beckman), and for each
sample, a total volume corresponding to �5 � 106 cpm was
treated with polyclonal anti-BiP antiserum (see above) for �12
h at 4 °C followed by incubation with protein A-Sepharose for
2 h at 23 °C. Immunoprecipitated proteins were resolved by
SDS-PAGE, and the radiolabeled proteins were detected by
autoradiography. Relative amounts of radioactivity, which cor-
responded to relative protein levels, were quantified using
Image Gauge software (FujiFilm).
To analyze prepro-�-factor (pp�F) translocation in vivo, the

TEF1-KAR2 and TEF1-R217A strains were transformed with
plasmid pSM36-�gpp�F-HA, which expresses an HA-tagged
version of pp�F lacking the core consensus glycosylation
sequences (37). Transformants were grown to logarithmic
phase, labeled, and chased as described above, except that sam-
ples were collected at 0 and 10 min. Immunoprecipitation of a
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sample volume corresponding to �10 � 106 cpm was per-
formed with an anti-HA monoclonal antibody (Roche Applied
Science) and analyzed as above.
To evaluate the effects of the KAR2mutations on CPY* deg-

radation, a plasmid encoding an HA-tagged version of CPY*,
pDN431 (38), was transformed into wild-type and mutant
TEF1-KAR2 strains. Transformants were grown to logarithmic
phase, labeled, and chased for the indicated times, and immu-
noprecipitates were analyzed as above.

�-Galactosidase Assays to Measure the Induction of the UPR—
Wild-type and mutant TEF1-KAR2 strains were transformed
with the UPR reporter plasmid, pJC104 (a kind gift from P.
Walter, University of California, San Francisco) (39), which
contains the lacZ gene encoding �-galactosidase downstream
from four copies of the unfolded protein response element. The
readout for UPR induction (i.e.�-galactosidase expression) was
assayed using a standard protocol (40). Prior to harvesting, cells
were grown to logarithmic phase at 30 °C, shifted to 37 °C for
1 h, or treated with 8 mM DTT for 1 h at 30 °C.
In Vitro Translocation and ERAD Assays—To measure the

translocation and ERAD efficiencies of wild-type and mutant
forms of pp�F, respectively, ER-derived microsomes were pre-
pared from the TEF1-KAR2, TEF1-R217A, TEF1-K584X, and
TEF1-S493F strains as described (41). In brief, 2000–3000 OD
units of logarithmic phase cells were harvested, washed, and
subjected to lyticase treatment in order to digest the cell wall.
After digestion, spheroplasts lacking the cell wall were centri-
fuged through 0.8 M sucrose, 1.5% Ficoll 400, 20 mM HEPES-
NaOH, pH 7.4. Next, the spheroplasts were homogenized in 0.1
M sorbitol, 50 mM KOAc, 2 mM EDTA, 20 mM HEPES-NaOH,
pH 7.4, supplemented with protease inhibitors, and micro-
somes were collected as a floating fraction at the top of 1.0 M

sucrose, 50 mM KOAc, 20 mM HEPES-NaOH, pH 7.4, 1 mM

DTT. Finally, themicrosomes were washed and resuspended in
20 mM HEPES-NaOH, pH 6.8, 150 mM KOAc, 5 mM MgOAc,
250 mM sorbitol at a protein concentration of 10–12 mg/ml
(A280 �40/ml). Single-use aliquots were stored at �80 °C.
Next, radiolabeled pp�F and�gpp�Fwere synthesized using

the plasmid templates pDJ100 (42) and pGem2�36–3Q (43),
respectively, with Promega’s TNT� coupled reticulocyte lysate
system. Each plasmid template was mixed on ice with Express
35S labeling mix, ribonuclease inhibitor, SP6 RNA polymerase,
an amino acidmixture lackingmethionine, and rabbit reticulo-
cyte lysate, according to the manufacturer’s instructions. The
reaction was incubated at 30 °C for 90 min, and the resulting
radiolabeled translation product was aliquoted and stored at
�80 °C.
For in vitro translocation assays, microsomes derived from

wild-type or mutant TEF1-KAR2 strains were mixed with
radiolabeled pp�F and an ATP-regenerating system, and the
assay was performed as described previously (41). For in vitro
ERAD assays (43), translocation of�gpp�F was initially carried
out by incubating radiolabeled �gpp�F with microsomes pre-
pared from wild-type or mutant TEF1-KAR2 strains and an
ATP-regenerating system for 1 h at 20 °C. Next, to measure
ERAD efficiency, microsomes containing translocated �gp�F
were harvested, washed, and either mixed with 0.5 mg/ml of
cytosol derived from RSY607 yeast (MAT�, leu2-3, 112, ura3-

52, PEP4::URA3) and an ATP-regenerating system or directly
resuspended in reaction buffer (20 mMHEPES, pH 6.8, 150 mM

KOAc, 250 mM sorbitol, and 5mMMgOAc). The reaction mix-
ture was incubated at 30 °C for 20 min, after which proteins
were trichloroacetic acid-precipitated, resolved by SDS-PAGE,
and analyzed by autoradiography. The data were quantified
using Image Gauge software (FujiFilm).
UPR-based Genetic Analysis—The UPR-based genetic inter-

actions of wild-type and mutant kar2 strains were assessed as
described (45). Briefly, double mutant strains containing a
NATMX6-marked kar2 allele and a single KANMX6-marked
gene deletion that perturbs steady-state UPR levels were gen-
erated using the systematic genetic analysis method (46). Next,
high throughput flow cytometry was used to measure the fluo-
rescence of a GFP reporter of UPR activity and a constitutive
RFP control in each double mutant. The genetic interaction
exhibited by each double mutant was quantified using a
�-score, which represents the difference between the observed
reporter levels in the doublemutant strain and those expected if
there was no genetic interaction. Correlations between the pat-
terns of�-scores of each kar2mutant and the�-scores of every
othermutant in the data set described by Jonikas et al. (45) were
calculated using uncentered Pearson correlation.

RESULTS

The Functional Interaction with a J Domain Is Unaffected by
Mutations in the BiP Substrate Binding Domain—We previ-
ously reported that mutations in the substrate binding pocket
of yeast BiP compromised substrate affinity and ERAD effi-
ciency but did not affect J domain-stimulated ATPase activity
(30). To explore this phenomenon in greater detail, we created
the following mutants (Fig. 1A). First, an S493F mutation was
introduced into the BiP SBD. This mutation is predicted to
disrupt a salt bridge between the SBD and lid and thusmay alter
the “hinge” that entraps substrates (47). Moreover, the loss of
the hingemay affect J domain-mediated allosteric regulation of
Hsp70s. Second, we introduced a translational stop site at posi-
tion 584, which generates the K584X mutant. The resulting
protein lacks part of the SBDand the entire lid. Surface plasmon
resonance studies demonstrated that the K584X mutant binds
to the same range of peptide substrates as wild-type BiP, albeit
with a higher off-rate in the presence of ADP (48). This C-ter-
minal deletion also lacks residue Leu585, which may contribute
to allosteric regulation by Hsp40 partners (22).
To begin, hexahistidine-tagged wild-type and mutant BiP

proteins were purified from E. coli, and steady-state ATPase
activities weremeasured in the presence of increasing amounts
of a peptide substrate previously shown to accelerate ATP
hydrolysis of BiP (30). Over a 3-log range of peptide concentra-
tions, the K584X and S493F BiP mutants were found to be
defective for peptide-stimulated ATPase activity as compared
with the wild-type protein (Fig. 1B). This was anticipated based
on the predicted effects of these mutations on the lid domain.
Interestingly, even in the absence of peptide, the K584X and
S493F mutants exhibited reduced ATP hydrolytic activities
(Fig. 1B). These reduced rates may result from an altered con-
formation of the SBD, which might in turn affect communica-
tion between this domain and the ATPase domain (49).
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Next, we analyzed the steady-state rates of ATP hydrolysis
upon the addition of the J domains from two BiP Hsp40 co-
chaperones, Sec63p and Jem1p (30, 32). As above, the K584X
and S493F mutants showed a decreased rate of endogenous
activity as compared with the wild-type protein; however, their
ATPase activities were proficiently stimulated by either J
domain (Fig. 1C). Together, these data indicate that BiP
mutants can be obtained that are proficient for Hsp40 co-chap-
erone stimulation but are unable to exhibit functional peptide
interaction.
The R217A BiP Mutant Displays J Domain Specificity—To

complement our studies on BiP mutations that specifically
compromise peptide binding, we wished to examine mutations
that exclusively alter J domain interaction. To this end, several
point mutations were introduced into the putative J domain-
interacting surface on BiP. In this report, we will focus on the
R217A mutation (Fig. 2A). Based on published studies (22, 24,
25), the alteration of the conserved Arg residue at position 217
should impinge upon the ability of J domains to interact with
BiP.
First, the steady state ATPase activity of a hexahistidine-

tagged formof R217ABiP purified fromE. coli (1.5� 0.09 nmol
ofATPhydrolyzed/mg/min)was found to be identical to that of
the wild-type protein (1.5 � 0.06 nmol of ATP hydrolyzed/mg/
min). Consistent with these data, mutations in the analogous

residue in mammalian BiP had no
effect on ATP hydrolysis or on ATP
binding (25). Furthermore, the pep-
tide-stimulated ATPase activities of
wild-type andR217ABiPwere iden-
tical (Fig. 2B). This discovery sug-
gested that J domain interaction
might be compromised without
affecting peptide binding. This
result was also intriguing because
earlier workwithDnaK showed that
mutating a conserved Glu that is 3
residues C-terminal to this site dis-
rupts the coupling of ATP hydroly-
sis to substrate binding (50).
Second, to examine whether

R217A BiP functionally interacts
with the J domains from Sec63p and
Jem1p, reactions were assembled
that contained wild-type or R217A
BiP and increasing amounts of the
Sec63p or Jem1p J domains. To our
surprise, R217A BiP exhibited a
decreased extent of ATPase stimu-
lation by the J domain from Sec63p
but was proficiently stimulated to
wild-type levels by the Jem1p J
domain (Fig. 2C). For example, at a
3-fold molar excess of the Sec63p J
domain to BiP, the ATPase activity
of the wild-type chaperone was
enhanced by almost 300%, whereas
the R217A mutant was stimulated

only by �65%. Even at the highest concentrations examined,
there was a significant difference between the ability of Sec63�J�
to stimulate the ATPase activities of wild-type versus R217A
BiP.
To confirm these findings, we also examined the interaction

between wild-type or R217A BiP and tagged forms of the
Sec63p and Jem1p J domains in vitro. These assays were also
performed in the presence of ADP or ATP, in order to ensure
that any observed interactions reflected bona fide chaperone-
co-chaperone associations. We found that there was an
�3-fold difference in the ATP- and ADP-dependent associa-
tion between wild-type BiP and both Sec63�J� and Jem1�J�
(supplemental Fig. S1). In contrast, whereas the R217A BiP and
Jem1�J� interaction was within 9% of wild-type efficiency with
the R217Amutant, there was a 65% decrease in the association
of this mutant protein with Sec63�J�.
Together, these data indicate that a single amino acid on the

surface of an Hsp70 helps distinguish between different J
domains. The data also indicate that Hsp70 alleles can be
obtained that exhibit J domain specificity. However, although
the structures of the Jem1p and Sec63p J domains are predicted
to be similar, we note that their sequences are only �40% iden-
tical, which might provide additional BiP-interacting residues
in the case of Jem1p.

FIGURE 1. The K584X and S493F BiP mutants are defective for peptide-stimulated ATPase activity. A, the
Lys584 and Ser493 residues were mapped onto the crystal structure of the SBD and lid domain of the bacterial
Hsp70 DnaK (68) after aligning the BiP and DnaK protein sequences. Although Lys584 is conserved between BiP
and DnaK, Ser493 is Ala448 in DnaK. B, ATPase assays were performed in the presence of increasing molar ratios
of peptide p5 (CLLLSAPRR) (69). Reactions contained wild-type (WT) (F), K584X (‚), or S493F (ƒ) BiP at a final
concentration of 0.7 �M. Data represent the means of a minimum of three independent experiments � S.E.
C, ATPase assays were performed in the absence (white bars) or presence (gray bars) of the J domains from
Sec63p (left panel) or Jem1p (right panel), as described (30, 32). The wild-type or mutant BiP proteins (2.1 �M)
and the J domains were present in equimolar amounts. Data represent the means of a minimum of three
independent experiments � S.E. (error bars).
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Yeast Expressing BiP Substrate BindingMutantsAre Sensitive
to ER Stress—Our in vitro analyses indicated that K584X and
S493F BiP are defective for substrate binding, whereas R217A
BiP exhibits a defect for Sec63p J domain interaction. To exam-
ine the in vivo consequences of expressing these mutant BiP
proteins, we engineered yeast to produce each protein as the
only copy of BiP in the cell; preliminary work established that
none of the mutants exhibit a dominant negative effect.4
Because mutations in KAR2 that affect its function can activate
the UPR and enhance its transcription (30, 51), the genes
encoding wild-type and mutant BiP were transcribed from
the constitutive TEF1 promoter (29); the level of the wild-
type protein expressed from PTEF1 was identical to that from
the endogenous promoter of BiP at 30 °C.4 The resulting
strains were denoted TEF1-KAR2, TEF1-R217A, TEF1-
K584X, and TEF1-S493F.
We observed that, similar to the wild-type TEF1-KAR2

strain,TEF1-R217A yeast grew robustly at all temperatures and

in the absence or presence ofDTT, a
reducing agent that causes ER stress
(Fig. 3A). In contrast, the TEF1-
K584X and TEF1-S493F strains
showed modest and strong DTT-
sensitive growth defects, respec-
tively (Fig. 3A). To examinewhether
these phenotypes resulted from
protein instability, BiP levels were
examined in theTEF1-KAR2,TEF1-
R217A, TEF1-K584X, and TEF1-
S493F strains by pulse-chase analy-
sis. We found that the K584X
mutant was turned over more rap-
idly than wild-type or R217A BiP
(Fig. 3B), suggesting that the lid
domain confers stability and that
DTT sensitivity of the TEF1-K584X
strain (Fig. 3A) may arise from
reduced protein levels. In con-
trast, S493F BiP appeared to be
hyperstable.
The growth defects of TEF1-

K584X and TEF1-S493F yeast could
also be attributed to a constitutive
induction of the unfolded protein
response (UPR) by the BiP mutants
(30, 51, 52). Because the addition of
DTT leads to an accumulation of
unfolded proteins and, consequently,
UPR induction, thismaycauseamore
severe growth defect. Tomeasure the
UPR, the wild-type and mutant
strains were transformed with a
reporter plasmid, and UPR levels
were assessed in the absence or pres-
ence of DTT or at elevated tempera-
tures. The TEF1-K584X and TEF1-
S493F strains showed a greater than
10-fold higher induction of the UPR

at 30 °C when compared with the TEF1-KAR2 strain, but UPR
levels inTEF1-R217A and wild-type cells were low and quite sim-
ilar to one another under each condition (Fig. 3C). Moreover,
stressors such as elevated temperature and DTT did not further
exaggerate the already high level of UPR induction in the TEF1-
K584X and TEF1-S493F strains. These data demonstrate that the
expression of K584X and S493F BiP results in maximal UPR
induction andprovide an explanation for the growthdefects of the
respectivemutant strains.Thedata also indicate thatTEF1-R217A
yeast donot exhibit a basal ER stress response, although the strains
exhibit a defective BiP-Sec63p interaction. We therefore propose
that this strain can be used to monitor how a deficiency in Hsp40
interaction affects Hsp70-mediated cellular processes. Hence, we
primarily focused next on characterizing the R217Amutant form
of yeast BiP.
Sec63p Complex Formation Is Reduced in R217A BiP-ex-

pressing Yeast—BiP can be isolated in a complex with Sec63p,
Sec71p, and Sec72p from detergent-solubilized ERmembranes

FIGURE 2. R217A BiP exhibits J domain specificity. A, residue R217 was mapped onto the crystal structure of
the ATPase domain of bovine Hsc70 (44) after aligning the protein sequences of BiP and Hsc70. This residue is
conserved. B, the ATPase activity of wild-type (F) and R217A BiP (E) at a final concentration of 0.7 �M was
measured in the presence of increasing molar ratios of peptide p5. C, the ATPase activity of wild-type or R217A
BiP at a final concentration of 0.7 �M was measured in the absence or presence of increasing amounts of the J
domains from Sec63p or Jem1p. Data represent the means of a minimum of three independent experiments �
S.E. (error bars). D, the Sec63p complex, which contains BiP, Sec63p, Sec71p, and Sec72p, was purified from
microsomes derived from TEF1-KAR2 or TEF1-R217A yeast, resolved by SDS-PAGE, and subjected to Coomassie
Brilliant Blue staining or immunoblot analysis. The ratio of BiP to Sec63p from each analysis is indicated below
the corresponding set of panels.
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(34). The stoichiometric interaction between BiP and Sec63p,
which ismediated by the J domain of Sec63p, localizes BiP at the
ER membrane, where it facilitates protein translocation (14,
16). Because we observed a reduced interaction of R217A BiP
with the J domain of Sec63p in vitro (Fig. 2C), we askedwhether
the BiP-Sec63p interaction was maintained in TEF1-R217A
yeast. Accordingly, microsomes were prepared from TEF1-
KAR2 or TEF1-R217A yeast, solubilized in octylglucopyrano-
side, and subjected to three chromatographic steps. Individual
components of the complex were identified using Coomassie
Brilliant Blue staining and by immunoblotting after SDS-
PAGE; the immunoblot analysis confirmed that each compo-
nent resided in the isolated complex (Fig. 2D, Immunoblotting).
As previously reported (34), wild-type BiP and Sec63p were
present in equal amounts in the complex purified from the
TEF1-KAR2 wild-type strain (Fig. 2D, Coomassie Blue). How-
ever, there was an�70% reduction in the amount of R217A BiP
that co-purified with Sec63p when the complex was isolated
from the TEF1-R217A strain. Therefore, the in vitro defect in
R217A BiP-Sec63p interaction was also evident in vivo and in
fact was magnified in vivo, as observed in other studies (28). As
a control, we also examined the interaction between wild-type
or the R217A mutant and an epitope-tagged version of Jem1p.
We discovered that the wild-type and mutant BiP bound with
equal efficiencies to Jem1p when an anti-BiP pull-down was
performed using yeast lysates (supplemental Fig. S2). This
result cements our conclusion that the R217Amutant interacts
proficiently with Jem1p.

Yeast Expressing R217A BiP
Exhibit Translocation but Not
ERAD Defects—Protein transloca-
tion across the ER membrane is the
first commitment step in the secre-
tory pathway. Given that BiP, along
with Sec63p, plays a vital role during
protein translocation (15–17), we
examined translocation efficiency
in the TEF1-KAR2 and TEF1-
R217A strains. Each strain was
transformed with a plasmid encod-
ing an HA-tagged version of a pre-
pro-�-factor mutant that is unable
to acquire N-linked core glycans
(�Gpp�F) (37). The appearance of a
signal sequence-processed form of
the substrate (i.e. p�F) after radiola-
beling and immunoprecipitation is
indicative of translocation. We dis-
covered that the untranslocated
product, denoted pp�F in Fig. 4A,
was present in the TEF1-R217A
strain but absent from wild-type
cells, suggesting that R217A BiP
expression results in translocation
defects (Fig. 4A). The relatively sub-
tle translocation defect in this
experiment most probably arises
from proteasome-mediated degra-

dation of the untranslocated species (see below).4
To demonstrate that the slower migrating protein repre-

sented the signal sequence-containing species, we also per-
formed this analysis in sec11-7 yeast, which carry a mutation in
a signal peptidase subunit (53). The major product in this
mutant was pp�F, which co-migrated with the untranslocated
species observed only in the TEF1-R217A strain (Fig. 4A). To
confirm that TEF1-R217A yeast exhibit a translocation defect,
we examinedwhether a signal sequence-containing formof BiP
(i.e. pre-BiP) was present in TEF1-R217A but not in wild-type
yeast. Consistent with data demonstrating a �Gpp�F translo-
cation defect, a fraction of BiP accumulated in the uncleaved
form in TEF1-R217A cells (Fig. 4A).

To further establish that the R217ABiP allele confers a trans-
location defect, we used an in vitro assay in which the translo-
cation of wild-type pp�F can be monitored in ER-derived
microsomes (34). Upon translocation into the ER, the signal
sequence of pp�F is cleaved, and the protein becomes triply
glycosylated to form 3Gp�F. When microsomes derived from
TEF1-KAR2 wild-type yeast were examined in this assay, a
translocation efficiency of �50% was obtained (Fig. 4B). How-
ever, microsomes containing R217A BiP translocated pp�F
only half as efficiently. Of note, these experiments were per-
formed with saturating levels of microsomes so that the
observed effect does not reflect a limiting microsome con-
centration. Moreover, as a control for this experiment, we
noted that translocation was virtually absent in microsomes
prepared from kar2–159 yeast, as observed previously (41,

FIGURE 3. Characterization of yeast strains expressing wild-type, K584X, S493F, or R217A BiP from the
PTEF1 promoter. A, 10-fold serial dilutions of yeast expressing wild-type or mutant BiP were plated onto selec-
tive medium. The plates were incubated at 26, 30, or 37 °C for 2 days. Where indicated, growth was also tested
in the presence of 8 mM DTT. B, to measure the stability of the wild-type and mutant BiP proteins, pulse-chase
immunoprecipitation assays were performed with the TEF1-KAR2 (F), TEF1-R217A (E), TEF1-K584X (‚), and
TEF1-S493F (ƒ) strains grown at 30 °C. At each time point, data were standardized to the amount of protein at
the start of the chase and represent the means of three or more independent experiments � S.E. C, UPR
induction in the wild-type and indicated mutant strains was analyzed using a �-galactosidase reporter assay.
Cells were incubated either at 30 °C (white bars), shifted to 37 °C for 1 h (gray bars), or treated with 8 mM DTT for
1 h at 30 °C (black bars). Data represent the means of two independent experiments � range of the observed
values. The DTT-stimulated UPR induction in the TEF1-KAR2 strain was 2-fold higher than the control, whereas
in the TEF1-R217A strain it was 4.5-fold higher than the corresponding control.
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54). Together, these data demonstrate that R217A BiP is
unable to support maximal levels of translocation, an effect
that most likely arises from reduced interaction between
R217A BiP and Sec63p.
Because the R217A mutant interacted with Jem1p at wild-

type levels (Fig. 2C), we anticipated that yeast expressing this
mutant would be ERAD-proficient (18). Therefore, the degra-
dation of a model ERAD substrate, CPY* (55), was assessed in
TEF1-KAR2 and TEF1-R217A yeast. We observed that CPY*
was turned over in theTEF1-R217A strain as efficiently as in the
wild-type strain (Fig. 4C). To substantiate these data, we evalu-
ated the degradation of p�F in an in vitro system. p�F is the
translocation product of �Gpp�F, and due to its inability to
acquire N-linked glycans, it becomes an ERAD substrate. In
yeast microsomes, the retrotranslocation and proteasome-me-
diated degradation of p�F occur in a cytosol- and ATP-depen-
dent manner (43, 56). Consistent with our in vivo results, we
observed that microsomes prepared from the TEF1-R217A
strain degraded p�F identically to microsomes derived from
the wild-type strain (Fig. 4D), confirming that R217A BiP
expression does not affect ERAD.
To provide controls for these experiments and to examine

the impact of compromised substrate binding on protein trans-

location and ERAD, the same assays were performed with the
TEF1-K584X and TEF1-S493F mutants described above. We
discovered that, in both cases, translocation and ERAD were
inhibited in vitro and in vivo (Fig. 5). For example, the translo-
cation efficiency of pp�F intomicrosomes harboring the S493F
mutant was �2%, whereas the K584X mutant supported pp�F
translocation at about half the efficiency of wild-type BiP (Fig.
5A). Also, in ERAD assays, there was �3-fold more CPY*
remaining in both mutant strains after a 90-min chase, as com-
pared with wild-type cells (Fig. 5B). These data show that the
expression of substrate binding mutants of BiP affects multiple
functions and emphasize the essential nature of substrate bind-
ing for BiP activity and Hsp70 activity in general.
The Genetic Interaction Profile of R217A BiP Provides Addi-

tional Support for a Translocation-specific Defect—The kar2-
R217A allele is the first BiP mutant identified that is translo-
cation-defective but ERAD-proficient. The absence of UPR
induction in response to R217A BiP expression also suggests
that this mutation has no effect on protein folding in the ER.
In accordance with this hypothesis, we found that the trans-
port of CPY, which is sensitive to kar2 alleles that alter fold-
ing efficiency (57, 58), was unaffected in R217A BiP-express-
ing yeast.4

FIGURE 4. Yeast expressing R217A BiP exhibit a defect in protein translocation. A, the ER translocation of �Gpp�F and pre-BiP was analyzed at the
indicated time points during a pulse-chase immunoprecipitation experiment using TEF1-KAR2 and TEF1-R217A yeast. The signal peptidase-deficient strain,
sec11-7, served as a positive control. B, translocation assays with wild-type pp�F were performed using microsomes derived from TEF1-KAR2 or TEF1-R217A
yeast. As controls, reactions either lacked microsomes (�) or contained microsomes derived from the kar2–159 mutant strain. After 60 min, each reaction was
aliquoted and treated with buffer (A), trypsin (B), or trypsin and Triton X-100 (C). The percentage of translocation efficiency is indicated below each panel and
corresponds to the means from a minimum of four independent experiments. C, the degradation of a soluble ERAD substrate, CPY*, was measured by
pulse-chase analysis in the TEF1-KAR2 (F) and TEF1-R217A (E) strains. At each time point, data were standardized to the amount of protein at the start of the
chase and represent the means of a minimum of three independent experiments � S.E. D, ERAD assays were performed to assess the degradation of p�F using
microsomes from TEF1-KAR2 or TEF1-R217A yeast. Reactions were performed in the absence (white bars) or presence (gray bars) of an ATP regeneration system
and 0.5 mg/ml yeast cytosol. Data were standardized to the amount of protein remaining in the absence of cytosol and ATP regeneration system and represent
the means of a minimum of four independent experiments � S.E. (error bars).
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We next used an unbiased genetic approach to measure the
physiological impact of various BiP mutant alleles. In this
approach, the pattern of genetic interactions of a given mutant
allele provides an in depth measure of its phenotypic impact.
Thus, by comparing the genetic interaction patterns of differ-
ent mutants, one can, in a systematic manner, identify alleles
that function in closely related biological pathways because
these alleles will have similar genetic interaction patterns (46,
59). To perform this analysis, we first created an integrated
version of the kar2-R217A allele and confirmed that there was a
translocation defect (data not shown). Next, we systematically
measured genetic interactions between the wild-type or the
R217A allele and deletions in a set of 350 genes linked to ER
physiology (45). These 350 genes were selected in a screen for
deletions that altered the ER folding environment as evidenced
by perturbations in the UPR resulting from their deletion (45).
We measured the genetic interactions of the R217A BiP allele
by looking for genes whose deletions in combinationwith kar2-
R217Aproduced unusually high or low levels ofUPR activation,
as assessed through the use of a fluorescent UPR reporter assay
(supplemental Fig. S1 and supplemental Table S1) (45). As a
control, we alsomeasuredUPR levels in awild-typeKAR2 back-
ground and in the background of a hypomorphic (DAmP) allele

of BiP inwhich the 3�-UTRhas been
deleted. The DAmP allele results in
a �2-fold decreased expression of
the wild-type BiP protein (59).4

Strikingly, we found that the pat-
tern of genetic interactions of the
kar2-R217A allele was highly corre-
lated with the pattern seen for the
deletion of the two nonessential
components of the Sec63 complex,
sec71� and sec72� (Fig. 6, A and B),
and poorly correlated with the pat-
tern seen for deletion of ERADcom-
ponents. This suggests that the
R217A mutation perturbs ER phys-
iology in a manner very similar to
the perturbation in sec71� and
sec72� yeast and is different from
the perturbation in ERAD mutants.
These data are consistent with a
specific translocation defect in
kar2-R217A. In contrast, the genetic
interactions of the hypomorphic
kar2-DAmP allele showed very poor
correlationswith sec71� and sec72�
(Fig. 6A). These data suggest that
the similarity in the perturbation of
ER homeostasis in kar2-R217A
yeast to sec71� and sec72� yeast is
due to the R217A mutation and not
a general defect in BiP function.
Interestingly, the high correlation

values between the genetic inter-
action patterns of kar2-R217A,
sec71�, and sec72� mutants are

driven by a strong alleviating interaction with ste24�, which is
shared by all three mutants (Fig. 6B). Ste24p belongs to a con-
served family of zinc metalloproteases and proteolyzes CAAX
sequences in C-terminal prenylation acceptor motifs (60).
These results raise the possibility of a previously unappreciated
role for Ste24p in the translocation machinery or in the trans-
location of a subset of secreted proteins.

DISCUSSION

Since their discovery over 30 years ago as components of the
cellular heat shock response machinery (61), we have learned
much about the various essential roles performed by Hsp70s
and their J domain-containing Hsp40 cofactors. Moreover,
given the availability of whole genome sequences, there is a
greater appreciation for the potential number of Hsp70-Hsp40
pairs that can form in different organisms and within distinct
cellular compartments. Because theHsp40s aremore abundant
and diverse than the Hsp70s (8), it is hypothesized that specific
Hsp40s engineer their cognate Hsp70s to carry out unique
functions. In keeping with this hypothesis, a yeast cytosolic
Hsp70, Ssa1p, interacts with the Hsp40 cofactor Ydj1p to cata-
lyze ER translocation and folding, whereas interaction with
Ydj1p andHlj1p, a secondHsp40 cofactor, is required for Ssa1p

FIGURE 5. Yeast expressing K584X and S493F BiP are translocation- and ERAD-defective. A, the translo-
cation of wild-type pp�F was assessed at 30 °C using microsomes derived from TEF1-KAR2, TEF1-K584X, or
TEF1-S493F yeast. After 60 min, each reaction was split and treated either with buffer (A), trypsin (B), or trypsin
and Triton X-100 (C). The percentage of translocation efficiency is indicated below each panel. The graph on the
right compares the percentage of translocation efficiency of the microsomes when the assay was performed at
20 °C (white bars) or 30 °C (gray bars). Data represent the means of a minimum of four independent experi-
ments � S.E. (error bars). B, the degradation of CPY*, a soluble ERAD substrate, was measured at 30 °C in the
TEF1-KAR2 (F), TEF1-K584X (‚), and TEF1-S493F (ƒ) strains by pulse-chase analysis. At each time point, data
were standardized to the amount of protein at the start of the chase and represent the means of a minimum of
three independent experiments � S.E. C, ERAD assays were performed at 30 °C to assess the degradation of
p�F using microsomes from TEF1-KAR2, TEF1-K584X, or TEF1-S493F yeast. Reactions were carried out in the
absence (white bars) or presence (gray bars) of an ATP regeneration system and 0.5 mg/ml yeast cytosol. Data
were standardized to the amount of protein remaining in the absence of cytosol and the ATP regeneration
system and represent the means of a minimum of three independent experiments � S.E.
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to target aberrant membrane proteins for ERAD (33, 62–65).
However, the molecular determinants underlying functional
bias remain undefined. Is Hsp70-Hsp40 coupling dependent
primarily on the J domain of the Hsp40s, or have Hsp70s
evolved mechanisms/unique sequences to distinguish between
multiple Hsp40s?
In this study, we came to the surprising conclusion that a

single amino acid change in the ER-lumenal Hsp70, BiP, alters
Hsp40 specificity and, consequently, BiP-mediated functions in
yeast. The substitution, R217A, iswithin the predicted J domain
binding surface of BiP and somewhat unexpectedly compro-
mised the ability of BiP to interact with Sec63p but not Jem1p.
Because Sec63p is required for protein translocation but is dis-
pensable for ERAD and because Jem1p contributes to ERAD,
we conjectured that this mutant would be translocation-defec-
tive but ERAD-proficient. Indeed, by using a variety of in vivo
and in vitro studies, we obtained evidence to support our
hypothesis. We also discovered that defects in the ability of BiP
to bind substrates resulted in both reduced ERAD and translo-
cation efficiency. This result indicates that substrate recogni-
tion strongly contributes to several BiP functions.
Our isolation of an allele-specific mutation in the gene

encoding BiP, as reported here, complements a previous effort
in the laboratory. Specifically, the current study indicates that a
unique translocation-defective mutant of BiP can be obtained
(i.e. R217A); in contrast, the prior publication (30) noted the
generation of an ERAD-specific BiP mutant (i.e. P515L). To

begin to define the broader impact
of these BiP alleles on ER homeosta-
sis, we employed a recently devel-
oped screen in which UPR induc-
tion levels in double mutant strains
are used to assess genetic interac-
tions between the respective genes
(45). In agreement with our bio-
chemical data, we found that R217A
BiP, but not a hypomorphic allele
resulting fromdecreased expression
of the wild-type BiP protein, exhib-
ited genetic interactions that were
highly correlated with two mutants
in components of the Sec63 com-
plex, sec71� and sec72� (Fig. 6).
More broadly, the analysis of the
genetic interactions of the kar2-
R217A allele argues that the genetic
interaction approach based on
quantitative measures of UPR
induction, which initially focused
on deletions of nonessential alleles,
can be extended to analyze mutant
alleles of essential genes. Therefore,
through future efforts with other
essential genes, it should be possible
to isolate novel genetic interactions
that contribute predominantly to
the ERAD or translocation path-
ways. Given the fact that additional

players in these pathways are still being identified (15, 19, 66),
we believe that this strategy will prove worthwhile.
Overall, our results indicate that J domain selection is medi-

ated at least in part by a single position in yeast BiP. This dis-
covery, in turn, suggests that the diversification and complexity
of J domain selection evolved from a primordial BiP-J protein
pair. Over time, gene duplication and other genome-wide
events, combined with amino acid drift, might have led to the
origin of novel J domain proteins, thus resulting in the develop-
ment of new chaperone-co-chaperone pairs with distinct func-
tions. In effect, the studies described in this report have turned
back the clock such that an Hsp70, BiP, has lost its ability to
choose a partner. In the future, it will be exciting to probe
whether this is a general phenomenon and whether a similar
mechanism of action exists whenHsp70smust choose among a
range of available nucleotide exchange factors (67).

Acknowledgments—We thank S. Nishikawa, R. Schekman, M. D.
Rose, and L. Gierasch for reagents and discussions.

REFERENCES
1. Saibil, H. (2000) Curr. Opin. Struct. Biol. 10, 251–258
2. Bukau, B., Weissman, J., and Horwich, A. (2006) Cell 125, 443–451
3. Mayer, M. P., and Bukau, B. (2005) Cell Mol. Life Sci. 62, 670–684
4. Daugaard, M., Rohde, M., and Jäättelä, M. (2007) FEBS Lett. 581,
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mutants.
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