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The Drosophila melanogaster HSC3 and HSC4 genes encode Hsc70 proteins homologous to
the mammalian endoplasmic reticulum (ER) protein BiP and the cytoplasmic clathrin
uncoating ATPase, respectively. These proteins possess ATP binding/hydrolysis activi-
ties that mediate their ability to aid in protein folding by coordinating the sequential
binding and release of misfolded proteins. To investigate the roles of HSC3 (Hsc3p) and
HSC4 (Hsc4p) proteins during development, GAL4-targeted gene expression was used to
analyze the effects of producing dominant negatively acting Hsc3p (D231S, K97S) and
Hsc4p (D206S, K71S) proteins, containing single amino acid substitutions in their ATP-
binding domains, in specific tissues of Drosophila throughout development. We show that
the production of each mutant protein results in lethality over a range of developmental
stages, depending on the levels of protein produced and which tissues are targeted. We
demonstrate that the functions of both Hsc3p and Hsc4p are required for proper tissue
establishment and maintenance. Production of mutant Hsc4p, but not Hsc3p, results in
induction of the stress-inducible Hsp70 at normal temperatures. Evidence is presented
that lethality is caused by tissue-specific defects that result from a global accumulation of
misfolded protein caused by lack of functional Hsc70. We show that both mutant Hsc3ps
are defective in ATP-induced substrate release, although Hsc3p(D231S) does undergo an
ATP-induced conformational change. We believe that the amino acid substitutions in
Hsc3p interfere with the structural coupling of ATP binding to substrate release, and this
defect is the basis for the mutant proteins’ dominant negative effects in vivo.

INTRODUCTION

The Hsp70 protein family belongs to a class of molec-
ular chaperones that are involved in a variety of es-
sential cellular processes including de novo protein
folding, oligomeric protein assembly, protein translo-
cation across intracellular membranes, and protein
degradation (Gething and Sambrook, 1992; Hartl,
1996). Hsp70 proteins bind and release unfolded
polypeptides to prevent off-pathway folding reactions.

Hsp70 proteins have been shown to be structurally
subdivided into an N-terminal ATPase domain and a

C-terminal substrate-binding domain. The ATP bind-
ing/hydrolysis activity of Hsp70 allows it to cycle
between conformations that have either high or low
affinity for protein substrates (Hendrick and Hartl,
1993; Hartl, 1996). For example, studies have demon-
strated that ATP binding promotes the release of
bound substrate from Hsp70 (Palleros et al., 1993;
Schmid et al., 1994) and peptide binding by Hsp70
stimulates its ATPase activity (Flynn et al., 1989; Sadis
and Hightower, 1992), indicating the structural cou-
pling between the ATPase- and peptide-binding do-
mains. A variety of Hsp70 cofactors also help regulate
the Hsp70 reaction cycle (Hartl, 1996).

The HSP70 family of Drosophila contains two heat-
inducible members (HSP68 and HSP70) as well as five
constitutively expressed members (HSC1–HSC5) (Ru-
bin et al., 1993). The HSC4 protein (Hsc4p) is the most
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abundantly produced of the multiple cytoplasmic
Hsc70 members, and the HSC3 protein (Hsc3p) is the
sole endoplasmic reticulum (ER) Hsc70 family mem-
ber. Hsc3p and Hsc4p are homologous to the mam-
malian ER protein BiP and the cytoplasmic clathrin-
uncoating ATPase, respectively. We wished to
determine whether Hsc3p and Hsc4p were essential
for Drosophila viability or whether functionally related
Hsc70 or Hsp70 proteins could compensate for their
loss. It had been shown that yeast requires at least one
cytoplasmic Hsp70 belonging to the Ssap family
(Werner-Washburne et al., 1987) as well as the single
ER Hsp70, Kar2p (Normington et al., 1989), for viabil-
ity. Additionally, it was not known whether either
cytoplasmic Hsc70 or ER Hsc70 would be required in
all tissues and stages of development in a multicellular
organism such as Drosophila.

Because there were no known null mutations for
either of these genes at the time this work began, we
created dominant negatively acting Hsc3p and Hsc4p
that interfered with wild-type Hsc3p and Hsc4p activ-
ity, respectively. The structural information obtained
from the x-ray crystallographic analysis of the ATPase
domain of bovine Hsc70 (Flaherty et al., 1990) was
used to select highly conserved residues that were
thought to be essential for chaperone activity, and
these residues were substituted in Drosophila Hsc3p
and Hsc4p. Previous work by Rubin (1993) demon-
strated that specific amino acid substitutions in the
ATPase domain of both cytoplasmic Hsc4p and ER
Hsc3p produced dominant negatively acting proteins
in vitro and in vivo, respectively. The amino acid
substitutions (D10S, K71S, E175S, D206S) in Hsc4p
resulted in loss of function in an in vitro clathrin-
uncoating assay, and mutant Hsc4p (D206S) was
shown to dominantly inhibit uncoating by wild-type
Hsc4p in this assay. The corresponding amino acid
substitutions in Hsc3p (D35S, K97S, E201S, D231S)
were produced in Drosophila using a heat-inducible
HSP70 promoter in a wild-type background. Whereas
Hsc3p (D35S) had little effect on viability, Hsc3p
(E201S, K97S, and D231S) caused a dominant loss of
viability, with K97S and D231S displaying the stron-
gest effects.

Other workers have also demonstrated mutations
that map to the ATP-binding domain of the Escherichia
coli, Hsp70, DnaK, or eukaryotic ER Hsc70, produced
dominant negatively acting proteins in vivo. In a ge-
netic screen conducted to isolate dnak mutations that
affected regulation of the E. coli heat shock response
(Wild et al., 1992), the dominant negative class of dnak
mutations all mapped to the ATP-binding site. Fur-
thermore, production of a dominant negative hamster
BiP ATPase mutant (T37G) in mammalian cells re-
sulted in vesiculation of the ER membranes (Hender-
shot et al., 1995). A biochemical characterization of
various ATP-binding site mutations in hamster BiP

(Wei et al., 1995), bovine Hsc70 (Wilbanks et al., 1994),
and E. coli DnaK (Buchberger et al., 1994; Kamath-Loeb
et al., 1995) revealed that certain amino acid substitu-
tions specifically interfered with either ATP binding,
ATP hydrolysis, or an ATP-induced conformational
change in the protein.

In this study, we use GAL4-targeted gene expres-
sion (Brand and Perrimon, 1993) to analyze the effects
of producing dominant negatively acting cytoplasmic
Hsc4p (D206S, K71S) and ER Hsc3p (D231S, K97S) in
specific tissues of Drosophila throughout their devel-
opment. We show that the activity of both the ER and
cytoplasmic Hsc70 is required throughout Drosophila
development for both formation and maintenance of
the specific tissues examined. Additionally, we
present evidence suggesting that the lethality in flies is
caused by tissue-specific defects that resulted from a
global accumulation of misfolded protein resulting
from lack of functional Hsc70. Finally, evidence is
presented that the amino acid substitutions D231S and
K97S in Hsc3p interfere with the structural coupling of
ATP binding to substrate release, and this defect is the
basis for the mutant HSC3 proteins’ dominant nega-
tive effects in vivo.

MATERIALS AND METHODS

Mutagenesis, Cloning, and DNA-sequencing
Procedures

pUAST Constructs. The HSC3-coding region carrying the wild-type
sequence or mutations D231S or K97S were shuttled as a 2.1-kilo-
base (kb) EcoRI fragment from the pHS-Casper vector (Rubin, 1993)
to the UAS P-element vector (pUAST) (Brand and Perrimon, 1993).
The resulting constructs were called 3/WT/UAS, 3/231/UAS, and
3/97/UAS. The HSC4-coding region carrying the wild-type se-
quence in pUC18 was excised as a 2.2-kb EcoRI fragment and
inserted into the pUAST vector to create 4/WT/UAS. To create
4/206/UAS, a BamHI/XhoI fragment carrying the mutation D206S
from plasmid pT7HSC4-(D206S) (Rubin, 1993) was cloned into the
HSC4-coding region in place of the corresponding wild-type DNA.
The complete mutant HSC4-coding region was cloned into the
pUAST vector as a 2.2-kb EcoRI fragment. To create 4/71/UAS, the
HSC4 wild-type coding region was inserted into the pALTER
phagemid vector. Single-stranded mutagenesis procedures (altered
site mutagenesis system, Promega, Madison, WI) were used to
create the K71S mutation, and the complete mutant HSC4-coding
region was cloned as a 2.2-kb EcoRI fragment into the pUAST
vector. DNA sequencing (Sequenase Version 2.0 Kit, United States
Biochemical, Cleveland, OH) of the regions surrounding each mu-
tation in all final pUAST constructs was performed to confirm the
presence of each mutation.

Bacterial Expression Vector pET-15b Constructs. Construction of
pET-15b constructs, carrying the mutant HSC3 (D231S, K97S)-cod-
ing regions, were initiated by performing PCR reactions using P-
element vector constructs 3/231/UAS and 3/97/UAS as templates.
Primers were selected so that the coding region was begun at the
start site of the mature protein, directly after the leader sequence
cleavage site. The PCR-generated 2.0-kb NdeI/BamHI mutant HSC3
(D231S, K97S) fragments were cloned into pET-15b, downstream of
the T7 RNA polymerase promoter, prokaryotic ribosomal binding
site, and N-terminal 6X-histidine tag. The resulting pET vector
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constructs were called 3/97/pET and 3/231/pET. DNA sequencing
of the regions surrounding each mutation in all final pET vector
constructs was performed to confirm the presence of each mutation.

Creation of P-Element-transformed Fly Lines
Containing Mutant or Wild-Type HSC3
and HSC4 Genes
P-element germ-line transformations with the pUAST constructs
were performed as described by Robertson et al. (1988) to create fly
lines containing wild-type or mutant HSC3 and HSC4 genes under
the control of the UAS promoter. To determine on which chromo-
some the P-element inserted, lines heterozygous for the TM3 or TM6
balancers were mated to w126 flies and segregation of the w1 marker
was scored: if segregation of w1 was neither with a third chromo-
some balancer or a sex chromosome, it was inferred to segregate
with the second chromosome. Balancer chromosomes were subse-
quently crossed away by successive matings to w126.

Ab Staining of Embryos
Embryos were dechorionated in 50% Clorox and fixed 5 min in a 1:1
mix of heptane/4% paraformaldhyde in PBS, and the vitelline mem-
branes were removed by shaking in heptane/methanol. Eggs were
immediately washed with two 5-min changes of 1 ml of PT (PBS,
0.1% Tween 20). The embryos were incubated overnight at 4°C in a
1:500 dilution of rabbit anti-b-galactosidase Ab (Cappel, West Ches-
ter, PA) or a 1:1000 dilution of rabbit anti-HRP Ab (Cappel). After
two 30-min washes in 1 ml PT, embryos were incubated overnight
at 4°C in a 1:500 dilution of biotinylated anti-rabbit secondary Ab
(Vector Laboratories, Burlingame, CA). The next morning, embryos
were incubated for 1 h in avidin and biotinylated HRP (Vectastain
Elite ABC kit, Vector Laboratories). Peroxidase was detected using
diaminobenzidine (0.3 mg/ml in PT) as a substrate. Embryos were
dehydrated in ethanol and cleared and mounted in xylene (Sigma
Chemical, St. Louis, MO) and viewed with a Zeiss Axioplane mi-
croscope (Carl Zeiss, Thornwood, NY). Photographs were taken
with Kodak Technical Pan film at ASA 100 (Eastman Kodak, Roch-
ester, NY).

Protein Sample Preparation, Western Blots, and
One-dimensional (1D) and Two-dimensional
(2D)-PAGE
Protein samples from heat-shocked flies were prepared for 2D-
PAGE analysis by placing flies in a preheated 37°C standard media
vial containing a moistened paper towel. Flies were heat shocked for
2.5 h at 37°C. Three heat-shocked adult female flies were placed in
50 ml of sonication buffer (10 mM Tris, pH 7.4, 5 mM MgCl2, 50
mg/ml Rnase A, 10 mg/ml chymostatin, 1 mM PMSF, and 10 mg/ml
leupeptin). The samples were homogenized, and then sonicated for
1 min at 4°C (Ultra Systems Sonicator). Dnase I was added to 20
mg/ml and samples were incubated for 15 min. Solid urea (46 mg)
was added to each sample followed by 77 ml of lysis buffer (9.5 M
urea, 2% NP-40, 1.6% ampholines, pH 5–7, 0.4% ampholines, pH
3–10, 5% mercaptoethanol). Samples were microfuged to pellet any
insoluble material before the equivalent of one fly was loaded per
gel. Larval protein samples were prepared for 2D-PAGE as de-
scribed above. The samples were analyzed by 2D-PAGE as de-
scribed previously (O’Farell, 1975). Isoelectric focusing was per-
formed using a pH gradient between 5 and 7. Second-dimension
SDS-PAGE analysis was performed as described by Laemmli (1970)
using 10% polyacrylamide gels. Western blot analysis was per-
formed as described previously (Palter et al., 1986).

Antibodies
Antibodies employed are as follows: rat mAb to Hsc3p (clone
5/80.5, kindly provided by Belinda Bullard), rat mAb 7.FB, specific

for heat-inducible hsp70 and rat mAb 7.10, specific for the C termi-
nus of Hsc70 (both antibodies kindly provided by Susan Lindquist).
The rabbit polyclonal Ab specific for Hsc4p was produced as fol-
lows: the HSC4-specific peptide CLDEDNLKTKISDSDRTT was
synthesized and coupled to a carrier protein (keyhole lympet he-
mocyanin) (synthesized by Quality Controlled Biochemicals, Hop-
kinton, MA) for use as an immunogen in rabbits. The resulting
polyclonal Hsc4p antibodies were purified using an HSC4 peptide
affinity column as described (Sulfolink coupling gel, Pierce Chemi-
cal, West Chester, PA).

Purification of Wild-Type and Mutant Hsc3p
BL21(D3) bacterial strains containing either 3/WT/pET, 3/97/pET,
or 3/231/pET were grown at 37°C in 1 l of LB containing 50 mg/ml
carbenicillin to an OD600 of 0.7 before being induced by 1 mM
isopropyl-b-d-thiogalactopyranoside. After growing an additional
2 h, induced cells were pelleted at 4000 rpm and resuspended in 50
ml cold Buffer A (0.2 M NaCl, 5 mM MgCl2, 20 mM Tris, pH 7.0, 1
mM DTT, 10 mg/ml chymostatin and leupeptin, 1 mM PMSF). Cells
were lysed by the addition of 1 mg/ml lysozyme, incubated on ice
for 1 h, and then sonicated for three 30-s bursts at 4°C at setting 4
(Ultra Systems Sonicator) to shear bacterial DNA. The protein ex-
tract was centrifuged for 1 h at 100,000 3 g to remove insoluble
material before half the extract was loaded onto a 2-ml ATP-agarose
affinity column (ATP-agarose; Sigma Chemical) preequilibrated
with Buffer A. After loading, the column was run as described by
Mehta (1993). Fractions containing ATP-eluted Hsc3p were pooled
together, and proteins were precipitated using 70% saturated
(NH4)2SO2 to remove free ATP. Proteins were resuspended in 10 ml
Buffer B (5 mM imidizol, 0.5 M NaCl, 20 mM Tris, pH 7.9), dialyzed
against three changes of Buffer B, and then loaded onto a 0.5-ml
Ni-NTA column (Qiagen, Chatsworth, CA) preequilibrated with
Buffer B. After loading, the column was run as described by the
manufacturer (Qiagen). Hsc3ps were eluted from Ni-NTA with
Buffer B containing 400 mM imidizole, and then dialyzed against
three changes of Buffer C (40 mM Tris-HCl, pH 7.6, 10 mM Mg
(Oac)2, 20 mM NaCl, 20 mM KCl, 0.3 mM EDTA, 2 mM DTT).

Trypsin Digestion of Wild-Type or Mutant Hsc3p
Proteolytic cleavage of Hsc3p was carried out essentially as de-
scribed previously (Buchberger et al., 1994) by preincubating 10 mg
of Hsc3p in Buffer C (total volume of 20 ml) for 30 min at 30°C in the
presence of either 2 mM ATP, ADP, or no nucleotide. After starting
the proteolytic digestion of Hsc3p by the addition of 0.15 mg trypsin,
aliquots were taken at 15- and 45-min time points and added
directly to 33 SDS sample buffer (Laemmli, 1970). Samples were
boiled immediately to stop the reaction and analyzed by 1D SDS-
PAGE using 12% polyacrylamide gels. The proteolytic digestion
fragments were detected using either Coomassie blue stain or Silver
Stain Plus (Bio-Rad Laboratories, Hercules, CA).

Protein Labeling and Immune Complex Precipitation
Ten salivary glands from third instar larvae were detached in Ring-
er’s solution and immediately placed into a droplet of 30 ml Robb’s
medium minus methionine containing 35S-labeled l-methionine
(1.25 mCi/ml) in a small Petri dish. The glands were incubated at
25°C for 1 h in a humid chamber before being transferred to an
Eppendorf tube containing 1 ml Buffer D (0.5% NP-40, 50 mM Tris,
pH 8.0, 8 mM EDTA, or 10 U apyrase, 10 mg/ml leupeptin and
chymostatin, 1 mM PMSF). Glands were washed in 1 ml Buffer D,
centrifuged 30 s, and resuspended in 50 ml Buffer D. Protein extracts
were prepared by lysing glands by sonicating at setting 4 (Ultra
Systems Sonicator) for 1 min on ice. Radioactive incorporation was
determined by trichoroacetic acid precipitation on glass fiber filters.

Coimmunoprecipitations were performed essentially as described
previously (Hendershot et al., 1995). All steps were performed at
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4°C. For each coimmunoprecipitation sample, 650,000 cpm of la-
beled clarified protein lysate was adjusted to 100 ml with Buffer D.
Rat mAb to Hsc3p (50 ml) was added to each sample (or no primary
Ab for a background control), and the samples were incubated at
4°C for 1 h on a rotator. A 1:500 dilution of secondary rabbit anti-rat
Ab (Cappel) was added to each sample (including the background
control) and slowly rotated for an additional 30 min. Protein A-
Sepharose beads (100 ml, 10% beads in Buffer D) were added to each
sample. After rotating at 4°C for 1 h, the beads were washed with
three 1-ml changes of Buffer D and then two additional changes of
1 ml ATPase buffer (20 mM HEPES, pH 7.0, 75 mM KCl, 2 mM
MgCl2). The immune-complexed beads were resuspended in 1 ml
ATPase buffer and divided equally into two tubes. ATPase buffer
(0.5 ml), with or without 2 mM ATP, was added and samples were
slowly rotated for 30 min at room temperature. The beads were
washed with three 1-ml changes of Buffer D, and then resuspended
in 15 ml 13 SDS-sample buffer. Protein bands were eluted from the
beads by heating to 85°C for 10 min and the proteins were analyzed
by SDS-PAGE using 10% polyacrylamide gels. Proteins were visu-
alized by fluorography using EN3HANCE (Dupont, Boston, MA)
and were quantitated by scanning densitometry using a Personal
Densitometer Scanner (model 3554) and Image Quantitator 3.3 pro-
gram (Molecular Dynamics, Sunnyvale, CA)

RESULTS

The Establishment of Independent Fly Lines
Expressing Different Levels of Mutant
Hsc3p and Hsc4p
It was not known whether the production of mutant
Hsc3p and Hsc4p in specific tissues of Drosophila in
a wild-type background would cause observable
phenotypes. To increase the likelihood of producing
mutant phenotypes, we wanted to select flies that
produced a sufficiently high ratio of mutant to wild-
type protein in specific tissues. When the GAL4-
targeted gene expression system is used as a method
of gene induction, there are three factors that influ-
ence the amount of protein produced in a specific
tissue: 1) the level of the GAL4 transcription factor
induced in a given specific tissue, 2) the stage in
development when GAL4-mediated expression be-
gins and 3) the variable levels of HSC3 or HSC4 gene
expression in different transformed fly lines, which
depends on the integration site of the UAS-driven
P-element–transposed gene. Therefore, multiple in-
dependent fly lines were created for each mutant
and wild-type HSC3 and HSC4 construct. It is in-
ferred that when different GAL4 lines are used to
induce gene expression in a certain tissue, the abso-
lute level of mutant protein produced (and therefore
the exact ratio of mutant to wild-type protein)
would change with each GAL4 line used. However,
the relative level of mutant protein produced be-
tween each independently transformed fly line
(high, medium, or low; Table 1) would remain the
same regardless of the GAL4 lines used.

In order to accurately assess the levels of mutant
protein produced by each fly strain, it was important
that the mutant proteins be expressed in a wide range
of cell types so that they could be easily detected in

total fly protein extracts. Therefore, enhancer trap line
337 (Manseau et al., 1997), a strain that ubiquitously
expresses high levels of the GAL4 transcription factor,
was chosen to quantitate the relative levels of mutant
and wild-type Hsc3p and Hsc4p. When flies from
GAL4 line 337 were mated to flies from lines contain-
ing either wild-type HSC3 or HSC4 gene constructs, no
adverse effects were observed in the resulting prog-
eny. However, when flies from GAL4 line 337 were
mated to flies from each of the mutant fly lines, all of
the resulting progeny died during either the first- or
second-instar larval stage. Therefore, this analysis was
performed on staged early first-instar larvae from each
independently transformed fly line.

The amino acid substitutions in mutant Hsc3p and
Hsc4p alter their pIs, changing their electrophoretic
mobility, and thus enable them to be distinguished
from wild-type proteins on 2D gels. Hsc3p is normally
present in two distinct forms: the unmodified protein
and the more acidic ADP-ribosylated modified protein
(Rubin et al., 1993). The relative levels of mutant to
wild-type protein for each fly line were determined by
2D-PAGE/Western blot analysis (Figure 1, A and B;
note that the mutant Hsc3p does not run as a modified
form). A minimum of four independent fly lines for
each construct were used. For fly strains producing
mutant Hsc3p (D231S, K97S), the level of accumulated
mutant protein ranged from ;30 to 85% of the wild-
type Hsc3p. For fly strains producing mutant Hsc4p
(D206S, K71S), the level of accumulated mutant pro-

Table 1. Levels of expression in independently derived HSC3 and
HSC4 fly lines

Transgenic fly linea Levels of expressionb

4/WT/A 1
4/WT/B 11
4/206/D 1
4/206/E 11
4/71/I 1
4/71/G 11
3/WT/A 1
3/WT/B 11
3/231/A 1
3/231/D 111
3/97/B 1
3/97/D 111

a 4/WT, HSC4 wild-type gene; 4/206, HSC4 with D206 substitution;
4/71, HSC4 with K71S substitution; 3/WT, HSC3 wild-type gene;
3/231, HSC3 with D231 substitution; 3/97, HSC3 with K97 substi-
tution. Amino acid substitutions in HSC4(D206S, K71S) correspond
to those substitutions in HSC3(D231S, K97S).
b Fly strains producing the highest and lowest levels of accumulated
mutant or wild-type proteins where 111 is ;75–85% the level of
wild-type proteins, 11 is ;35–55% the level of wild-type protein,
and 1 is ;20–30% the level of wild-type protein.
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tein ranged from ;20 to 55% of the level of wild-type
Hsc4p (Table 1; Figure 1, A and B).

Expression of Varying Levels of Mutant HSC3 and
HSC4 Produce a Range of Dominant Negative Effects
The level of mutant HSC3 and HSC4 gene expression
varied between different transformants (Table 1).
These variable levels of gene expression allowed us to
assay the phenotypic effects of producing increasing
levels of mutant protein in specific tissues of the flies.
We wished to determine whether there would be a
threshold level of mutant protein necessary to pro-
duce an observable mutant phenotype and if so,
whether this mutant phenotype would be observed

only at a particular stage of development. Also, would
different levels of mutant protein produce different
phenotypes?

To answer these questions, each of the highest and
lowest expressing independent fly lines containing
either wild-type or mutant HSC3 (D231S, K97S) and
HSC4 (D206S, K71S) were mated to the muscle/meso-
derm GAL4 line 24-B (Brand and Perrimon, 1993), and
the resulting phenotypes were observed. The GAL4
line 24-B was chosen for use in this study because of
its relatively high level of tissue-specific GAL4-medi-
ated expression and its production of GAL4 early in
embryonic development (beginning ;3.5 h after fer-
tilization).

We found that fly lines expressing different levels
of wild-type Hsc3p and Hsc4p in the mesoderm/
muscles exhibited a normal phenotype. However,
fly lines expressing different levels of mutant Hsc3p
and Hsc4p in the mesoderm/muscles died at differ-
ent stages of development, ranging from embryo-
genesis to late pupation (Table 2). For each con-
struct, flies producing higher levels of mutant
protein exhibited lower viability and died earlier in
development. Specifically, we observed that higher
levels of protein accumulation for each mutant
HSC3 and HSC4 construct correlated with flies dy-
ing earlier in development (Tables 1 and 2; 3/231/D
(111).3/231/A(1); 3/97/D(111).3/97/B(1);
4/206/E(11).4/206/D(1); 4/71/G(11).4/71/
I(1)). The expression of mutant HSC4 (D206S) in the
mesoderm/muscles produced the strongest domi-
nant negative phenotype. This effect was observed
even when protein levels of HSC4 (D206S) were
equivalent to or less than protein levels of mutant
HSC3 (D206S, K97S). Flies expressing HSC4 (D206S)
died as early as late embryogenesis (Tables 1 and 2;
4/206/E(11).3/231/D(111) and 3/97/D(111)).

To determine whether additional wild-type Hsc3p
would rescue flies producing mutant Hsc3p (D231S)
in a mesoderm/muscle pattern, fly strains were pro-
duced that were both homozygous for mutant HSC3
(D231S) (line 3/231/A; Table 1) and carried an extra
P-element–transposed copy of the wild-type HSC3
gene on a third chromosome balancer (TM61) in ad-
dition to the endogenous wild-type HSC3 gene on the
X chromosome. Such flies were crossed to the meso-
derm/muscle GAL4 line, and the viability of the prog-
eny was scored. In this genetic background, without
additional wild-type Hsc3p, 1–2% of the flies eclosed
whereas when an extra copy of the wild-type HSC3
transgene was present in flies expressing mutant
Hsc3p, viability was 16% (our unpublished results).
These results demonstrated that the observed lethality
was caused by the presence of mutant Hsc3p(D231S)
since it could be alleviated by increasing the level of
wild-type Hsc3p.

Figure 1. Level of mutant Hsc3p and Hsc4p produced in indepen-
dent transformed fly lines. Flies homozygous for the GAL4 337
(ubiquitous) transgene were crossed to flies homozygous for either
wild-type or mutant HSC3 or HSC4. 2D-PAGE/Western blot anal-
ysis using antibodies specific for either Hsc3p or Hsc4p was per-
formed on equivalent amounts of total protein isolated from 60
staged, first-instar larvae progeny from each of the above crosses.
Panel A represents HSC3 expression; panel B represents HSC4 ex-
pression. Small arrow points to mutant protein; large arrow points
to wild-type protein; arrowhead points to modified wild-type
Hsc3p. The acidic portion of the gel is to the right and the basic
portion is to the left.
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Larvae Expressing Mutant HSC4, but Not HSC3,
Undergo a Stress Response Indicated by the
Presence of the Heat-inducible Hsp70 Protein
In response to cellular accumulation of misfolded pro-
teins, Drosophila undergo a stress response that is char-
acterized by the presence of the heat-inducible Hsp70
and Hsp68 proteins (Craig and Gross, 1991). If pro-
duction of mutant Hsp70 resulted in an accumulation
of misfolded proteins, one might expect to observe
induction of the heat-inducible Hsp70 and Hsp68.
Therefore, we wished to determine whether produc-
tion of mutant cytoplasmic Hsc4p or mutant ER Hsc3p
would cause a stress response at normal temperatures.
Western blot analysis using an Ab specific to the heat-
inducible Hsp70 was performed on equivalent
amounts of total protein isolated from 120 staged first-
instar larvae expressing either wild-type or mutant
HSC3 or HSC4 in the mesoderm/muscles (GAL4 line
24-B) or a ubiquitous (GAL4 line 337) cell type pattern
(Figure 2). Although expression of either the highest
levels of mutant HSC4 (D206S, K97S) (lines 4/206/E,
4/71/G) and mutant HSC3 (D231S, K97S) (lines
3/231/D, 3/97/D) resulted in loss of viability for both
GAL4 lines tested, the stress-inducible Hsp70 protein
was only induced in response to production of mutant
Hsc4p. Protein samples were analyzed from stages
before developmental arrest, and, therefore, heat-in-
ducible Hsp70 was not induced as a consequence of
cell death.

Specific Expression of Mutant HSC4 in Mesoderm/
Muscle Causes Muscle Malformation
We observed that when the highest levels of mutant
Hsc3p (line 3/231D) and Hsc4p (line 4/206/E) were

produced in the mesoderm/muscle cells of embryos,
the phenotype of the unhatched eggs and dying larvae
resembled those of known muscle mutants as de-
scribed by Fyrberg et al. (1994). Prelarvae that died
were unable to puncture the egg membrane and hatch,
and those larvae that did hatch were unable to crawl.
Therefore, we wished to determine whether mutant
Hsc3p and Hsc4p induced malformation of the mus-
cles in Drosophila embryos, causing the observed mus-
cle mutant phenotypes.

To readily visualize the muscle pattern in whole-
mount embryos, we used a myosin heavy chain pro-
moter-b-galactosidase (MHC-b-gal) transgene that
confers lacZ expression in the developing muscles. A
fly line was created containing both GAL4 24-B (me-
soderm/muscle) and MHC-b-gal transgenes. These
flies were mated to flies producing the highest levels
of either wild-type Hsc4p (line 4/WT/B), mutant
Hsc3p (line 3/231D), or mutant Hsc4p (line 4/206/E)
to induce mutant protein production in the meso-
derm/muscles. Wild-type and mutant embryos were
stained with anti-b-galactosidase antibodies to exam-
ine their muscle pattern. A minimum of 100 mutant or
wild-type embryos at 13–14.5 h of development were
examined in detail, as this is when the mature muscle
pattern has fully formed (Drysdale et al., 1993). Mutant
embryos from each of the crosses were allowed to
develop and were shown to die at the previously
observed times in development (Table 2). In addition,
the mutant’s cuticle and denticle belts, which reflect
the pattern of the underlying epidermis, were found to
be identical in mutant and wild-type embryos. Be-
cause the muscles insert into the epidermis (Drysdale
et al., 1993), any muscle defects observed could not be

Table 2. Expression of variable levels of mutant HSC3 and HSC4 produce a range of dominant negative effects

Fly line
Total
eggs

No. of eggs
that hatch

% of eggs that die
as embryosa Outcome of surviving embryosb

4/WT/A 349 303 13% Eclose as adult flies
4/WT/B 324 290 10.5% Eclose as adult flies
4/206/D 298 155 48% First-instar larvae
4/206/E 327 104 68% First-instar larvae
4/71/I 295 265 11% Late pupae
4/71/G 306 270 12% Second-instar larvae
3/WT/A 329 276 16% Eclose as adult flies
3/WT/B 332 302 10% Eclose as adult flies
3/231/A 325 287 12% 85% die as late pupae; 15% eclose as adult flies
3/231/D 286 237 17% Second-instar larvae
3/97/B 340 305 11% Late pupae
3/97/D 312 286 8% Second-instar larvae

a Flies, homozygous for either mutant or wild-type HSC3 or HSC4 were mated to flies homozygous for the mesoderm/muscle GAL4 line
24-B. The progeny embryos were allowed to develop for 32 h at 25°C before the hatched egg casings were counted to determine the
percentage of eggs that hatched. We found that ;10–15% of eggs normally die as embryos using the standard fly line w126. Developing larvae
were observed either on apple juice agar plates or transferred to standard media vials to determine when in development the flies died.
b Developmental times (in hours) of Drosophila at 25°C: 22 h, first instar larvae hatches from egg; 70 h, second larval molt; 120 h, pupation;
220 h, eclosion (emergence of adult flies).

F. Elefant and K.B. Palter

Molecular Biology of the Cell2106



caused by irregularities in the epidermal pattern and
therefore could be attributed to the muscles them-
selves.

We found that embryos that produce high levels of
either wild-type Hsc4p or mutant Hsc3p (D231S) in
the mesoderm/muscle cells formed a characteristic
wild-type muscle pattern, as described by Drysdale et
al. (1993) (Figure 3A). However, embryos producing
high levels of mutant Hsc4p in the mesoderm/muscle
cells displayed a range of severe muscle pattern de-
fects. First, the overall intensity of lacZ expression in
mutant HSC4 embryos was significantly weaker than
in wild-type embryos, most likely due to loss of mus-
cle cells expressing lacZ (note: to visualize the weakly
stained muscles, embryos are overstained and photo-
graphs are overexposed; Figure 3, B and C). Further-
more, the mutant HSC4 embryos also exhibited gaps
in the muscle pattern (Drysdale et al., 1993), indicating

the loss of muscle fibers, again suggesting muscle-
specific cell death. Finally, the mutant embryos dis-
played an irregular muscle pattern when compared
with that of the wild-type embryos.

Interestingly, the production of mutant Hsc4p in the
mesoderm/muscle tissue caused a more severe dom-
inant negative effect than that of mutant Hsc3p. For
example, although production of either mutant Hsc3p
or Hsc4p in the mesoderm/muscle tissues of flies both
produced a dominant lethal phenotype, only mutant
Hsc4p production caused death as early as embryo-

Figure 2. Larvae producing mutant Hsc4p undergo a stress re-
sponse at normal temperatures, indicated by the presence of the
heat-inducible Hsp70. Flies homozygous for either transgenes
GAL4 24-B (mesoderm/muscle) or 337 (ubiquitous) were crossed to
flies homozygous for either HSC4/WT, HSC3/WT, HSC3 (D231S,
K97S), or HSC4 (D206S, K71S). Western blot analysis using Ab 7.FB
(specific to heat-inducible Hsp70) was performed on equivalent
amounts of total protein isolated from 60 staged, first-instar larvae
progeny from each of the above crosses. Panel A shows GAL4 line
24-B mesoderm/muscle expression: lane 1, line 3/WT/B; lane 2,
3/97/D; lane 3, 3/231/D; lane 4, 4/71/G; lane 5, 4/206/E; lane 6,
4/206/D; lane 7, 4/WT/B; lane 8, w126 (negative control); lane 9,
w126 (flies heat shocked for 1.5 h at 37°C; positive control). Panel B
shows GAL4 line 337 ubiquitous expression: lane 1, line 3/231/D;
lane 2, 3/97/D; lane 3, 4/WT/B; lane 4, 4/71/G; lane 5, 4/206/E;
lane 6, w126 (flies heat shocked for 1.5 h at 37°C; positive control).
Thick arrow denotes Hsp70 protein.

Figure 3. The production of mutant Hsc4p in a mesoderm/mus-
cle-specific pattern causes muscle malformation in developing Dro-
sophila embryos. Flies carrying both the MHC-b-gal and GAL24-B
(mesoderm/muscle) transgenes were crossed to flies homozygous
for either HSC4/WT (line 4/WT/B), HSC3 (D231S) (line 3/231/D),
or HSC4 (D206S) (line 4/206/E) and the progeny embryos were
stained with anti-b-galactosidase antibodies. Embryos are shown at
;14.5 h of development (stage 16). Embryos are aligned with their
anterior end to the left and their ventral side down. (A) HSC4/WT
expression. HSC3 (D231S) embryos exhibit a wild-type muscle pat-
tern and are therefore not shown. (B and C) Mutant HSC4 (D206S)
expression. Mutant embryos (B) exhibited significantly weaker
b-galactosidase staining when compared with wild-type embryos
under identical conditions. To visualize the weakly stained muscles,
it was necessary to overexpose the photographs and overstain the
mutant embryos, thus increasing background staining. The embryo
in panel B is presented in a focal plane to show its malformed
segmentally repeated muscle fibers. All mutant embryos (B and C)
exhibit gaps in their muscle patterns as well as malformation of the
muscle fiber pattern when compared (see arrows).
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genesis (Table 2) and malformation of the muscles in
the developing embryo. Because flies producing mu-
tant Hsc3p formed a normal muscle pattern during
embryogenesis and yet showed evidence of paralysis
later in development, the ER Hsc3p is likely required
to maintain muscle function throughout development.

Specific Expression of Mutant HSC3 and HSC4 in
the Nervous System Causes Defects in Developing
Larvae
Directly after hatching, wild-type larvae normally bur-
row into the media of a standard food vial before
crawling up the vial walls, ;5 d later, as third-instar
larvae. However, we observed that larvae producing
the highest levels of mutant Hsc3p or Hsc4p in the
CNS, peripheral nervous system (PNS), and brain (us-
ing GAL4 lines 266Y, 156Y; Manseau et al., 1997)
crawled up the walls of the media vials almost imme-
diately after hatching, where they died 2–3 d later.

To further study this defect, a behavioral assay was
performed in which embryos producing either wild-
type Hsc4p (line 4/WT/B), Hsc3p (D231S) (line
3/231/D), or Hsc4p(D206S)(line 4/206/E) in the PNS,
CNS, and brain were allowed to hatch on an apple
juice agar plate. A yeast paste food source was added
to the middle of the plate, and the first-instar larvae
were scored after a time interval to determine whether
they could locate the food. We found that the majority
of newly hatched first instar wild-type and mutant
HSC3 (D231S) larvae were able to sense, locate, and
burrow into the yeast paste food source within ;20
min. The majority of the mutant HSC4 (D206S) larvae
were unable to locate the food source and subse-
quently died scattered randomly on the agar plate
(Table 3). To determine whether the mutant HSC3
(D231S) (line 3/231/D) larvae would exhibit this ab-
normal behavior later in development, staged 2-d-old
mutant and wild-type larvae were transferred from a
standard media vial to the edges of an apple juice agar
plate, and the behavioral assay was repeated. We

found that whereas the wild-type larvae could locate
the food source, the mutant HSC3(D231S) larvae could
not and died scattered on the plate (Table 4). Mutant
HSC3 and HSC4 larvae that accidentally did encounter
the food source were unable to burrow into it and also
died. The crawling of the mutant HSC3 and HSC4
larvae was significantly slower than that of the wild-
type larvae, which may also have contributed to their
inability to locate and burrow into the food source.

To detect any abnormalities in the neuronal pattern
of the mutant HSC3 or HSC4 embryos, antibodies
specific for HRP that bind to neuronal membranes in
Drosophila (Jan and Jan, 1982) were used as a specific
neuronal marker. However, both mutant HSC3 and
HSC4 embryos exhibited no obvious defects in their
neuronal Ab-staining pattern (our unpublished data).
As larvae producing either mutant Hsc3p or Hsc4p in
the PNS, CNS, and brain exhibited behavioral defects
as well as larval lethality, it is unlikely that these
proteins have no function in the nervous system.
Therefore, these results suggest that because GAL4-
mediated expression in the nervous system came on
relatively late during embryonic development for all
the nervous system GAL4 lines tested (stage 13/14), a
normal embryonic neuronal pattern was established.
However, later expression of mutant HSC3 and HSC4
caused the nervous system to function abnormally
during larval development.

Amino Acid Substitutions D231S and K97S in Hsc3p
Do Not Directly Interfere with ATP Binding
We next wished to investigate the mechanism by
which mutant Hsc3p or Hsc4p interfered with wild-
type protein function that, in turn, resulted in a dom-
inant negative phenotype. To obtain sufficient purified
wild-type and mutant protein to perform a structural
analysis, the proteins were expressed in E. coli using
Histidine-tagged vectors. A structural analysis of the
mutant proteins was performed using Hsc3p since
wild-type Hsc3p was previously shown to be correctly
folded when expressed in E. coli whereas Hsc4p was
not (Mehta, 1993). Both wild-type and mutant Hsc3p

Table 3. Newly hatched larvae producing mutant Hsc4p in the
CNS, PNS, and brain exhibit a behavioral abnormality

Fly line
Total larvae

tested
No. of larvae in yeast

after 20 min
% larvae that

find yeast

4/WT/B 144 120 83
4/206/E 120 20 16
3/231/D 133 118 88

Embryos expressing either wild-type Hsc4p, mutant Hsc4p (D206S),
or mutant Hsc3p (D231S) in the CNS, PNS, and brain (GAL4 line
156Y) were allowed to hatch on an apple juice agar plate. A yeast
paste food source was added to the middle of the plate 5 h after
hatching, and the first-instar larvae were scored after a 20-min time
interval to determine whether they could locate the food.

Table 4. Two-day-old larvae producing mutant Hsc3p in the CNS,
PNS, and brain exhibit a behavioral abnormality

Fly line
Total larvae

tested
No. of larvae in yeast

after 20 min
% larvae that

find yeast

4/WT/B 74 63 85
3/231/D 68 12 18

Two-day-old larvae producing either wild-type Hsc4p or mutant
Hsc3p (D231S) in the CNS, PNS, and brain were transferred from
standard media vials to an apple juice agar plate, and the behavioral
assay (see Table 3) was repeated.

F. Elefant and K.B. Palter

Molecular Biology of the Cell2108



(D231S, K97S) were engineered so that a 6X-His tag
was inserted in place of the ER leader sequence, al-
lowing the proteins to be synthesized in E. coli as
cleaved, mature ER Hsc3p. The wild-type and mutant
Hsc3p (D231S, K97S) were first fractionated on an ATP
agarose affinity column so that the proteins could be
purified free of nonfunctional, misfolded proteins. Re-
tention on the ATP-agarose was also used to deter-
mine if the HSC3 mutations (D231S, K97S) interfered
with ATP binding. Both wild-type and mutant Hsc3p
(D231S, K97S) were found to bind ATP-agarose affin-
ity columns, indicating that the amino acid substitu-
tions did not directly interfere with ATP binding (Fig-
ure 4).

The ATP eluted wild-type and mutant (D231S,
K97S) Hsc3p fractions were next purified free of both
the ATP binding bacterial Hsp70, DnaK, and most
Hsc3p degradation products by using an Ni-NTA aga-
rose affinity column. Unfortunately, Hsc3p (K97S) was
not retained on the nickel column, because of loss of
residues at the N terminus that contained the 6X-
histidine tag. Thus, the partially truncated Hsc3p
(K97S) was not used in further studies.

Wild-Type and Mutant Hsc3p (D231S) Exhibit
Different Conformational States When Bound by
ATP or ADP
It is thought that when Hsc70 binds ATP, a conforma-
tional change is relayed from the ATP-binding domain
to the peptide-binding domain such that bound sub-
strate is released in an altered form (Hartl, 1996). This
model is supported by experiments demonstrating
that the ATP, ADP, and no nucleotide forms of DnaK
can be distinguished by limited trypsin digestion. The
different conformations of DnaK produced different
sized proteolytic fragments (Liberek et al., 1991; Buch-
berger et al., 1995; Kamath-Loeb et al., 1995). A similar
analysis was performed using the purified Drosophila
wild-type Hsc3p to determine whether this eukaryotic
Hsc70 also displayed different conformations in the
presence of ATP, ADP, or no nucleotide. Additionally,
limited trypsin digestion was performed on mutant
Hsc3p(D231S) to determine whether this mutation in-
terfered with an ATP-induced conformational change
in the protein.

Limited proteolysis of both wild-type and mutant
Hsc3p (D231S) revealed that the proteins underwent
similar ATP-induced conformational changes (Figure
5). In the presence of ATP and trypsin, both mutant
and wild-type Hsc3p were converted into an array of
proteolytic fragments, including a prominent triplet
consisting of 62-, 61-, and 60-kDa fragments and an
intense 45-kDa fragment. However, in the presence of
ADP or no nucleotide and trypsin, the 62- and 60-kDa
fragments virtually disappeared and the intense 45-
kDa fragment was found in significantly smaller
amounts. These results demonstrated that both the
Drosophila wild-type and mutant Hsc3p (D231S) un-
derwent similar conformational changes upon bind-
ing ATP. A mixture of the purified wild-type and
mutant Hsc3p (D231) was analyzed by 2D-PAGE, con-
firming the presence of the D231S mutation. Addition-
ally, the ADP, ATP, and no nucleotide proteolytic
digestion patterns of mutant Hsc3p (D231S) were all
similar to that of wild-type Hsc3p, indicating that the
D231S substitution did not drastically alter the struc-
ture of the protein.

Mapping of ATP-affected Tryptic Cleavage
Fragments
The mutant Hsc3p (D231S) was shown to undergo
ATP-induced conformational changes similar to that
of wild-type Hsc3p. Therefore, we wished to deter-
mine whether the ATP-induced conformational
changes that were detected occurred in the N-terminal
ATP-binding domain, the C-terminal substrate-bind-
ing domain, or both. Immunoblot analysis was used to
map tryptic cleavage fragments containing C- or N-
terminal epitopes. We used two C terminus-specific
antibodies (Abs) that recognized either an epitope lo-

Figure 4. ATP binding of Hsc3p with amino acid substitutions.
Wild-type and mutant Hsc3p (D231S, K97S) were applied to an ATP
agarose affinity column and washed with low- and high-salt washes
before Hsc3p was eluted from the column with 5 mM ATP. Each
fraction was analyzed by 1D-PAGE/Coomassie blue staining using
10% polyacrylamide gels. The arrow denotes the start of the ATP-
eluted fractions. ST is the starting material and FT is the column
flowthrough. The major band eluted is the size expected for full-
length Hsc3p, whereas lower-molecular-weight bands are Hsc3p
degradation products.
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cated at the end of the C terminus (mAb 5/80.5) or a
region near or possibly included within the proposed
C-terminal substrate-binding region (within 153
amino acids immediately following the ATPase do-
main in DnaK) (mAb 7.10). Unfortunately, the only
available N-terminal Ab (Ab 358) did not recognize
Hsc3p and therefore could not be used in this exper-
iment.

We found that the 60- to 62-kDa triplet proteolytic
digestion fragments observed with ATP, which be-
come a doublet in the presence of ADP or no nucleo-
tide, were recognized by the C-terminal mAb 7.10 but
not mAb 5/80.5 (Figure 6). This result indicated that
either these ATP-affected tryptic cleavage fragments
reside in or near the C-terminal substrate-binding do-
main or that they span both the N-terminal ATPase
and C-terminal substrate- binding domains. The 45-
kDa fragment, which increases in abundance in the
presence of ATP, was not recognized by either C-
terminal Ab used (Figure 6). This result suggests that
this major ATP-induced structural change was re-
stricted to the N-terminal ATP-binding domain.

The Amino Acid Substitutions D231S and K97S in
Hsc3p Interfere with ATP-induced Substrate Release
We wished to determine whether the amino acid sub-
stitutions D231S and K97S interfered with the struc-
tural coupling of nucleotide binding to substrate
release. Therefore, Hsc3p coimmunoprecipitation ex-
periments were carried out with labeled mutant and

wild-type fly extracts to determine whether mutant
Hsc3p (D231S, K97S) would remain bound to sub-
strate in the presence of ATP, as ATP has been shown
to promote substrate release (Palleros et al., 1993).

Coimmunoprecipitation experiments were per-
formed using labeled protein extracts from salivary
glands producing exogenous mutant or wild-type

Figure 5. Wild-type and mutant Hsc3p exhibit distinct ATP and ADP conformational states. Wild-type and mutant (D231S) Hsc3p were
incubated with trypsin in the presence of either ATP, ADP, or no nucleotide (2ATP lane). At the indicated time points, aliquots were
removed from the digest and subjected to 1D-PAGE using 12% polyacrylamide gels, followed by Coomassie blue staining. Molecular mass
standards (in kDa) are indicated. The arrows are as follows: white arrow, triplet proteolytic fragments (60–62 kDa) present with ATP and
absent with ADP or no nucleotide for both wild-type and mutant Hsc3p; black arrow, the 45-kDa proteolytic fragment present in large
amounts with ATP and in small amounts with ADP or no nucleotide for both wild-type and mutant Hsc3p; and thin black arrow, the
difference in the proteolytic digestion pattern (40–45 kDa) between wild-type and mutant Hsc3p (D231S), probably caused by the mutation
slightly altering the mutant protein structure and therefore its susceptibility to trypsin.

Figure 6. Identification of ATP-affected tryptic fragments. Wild-
type Hsc3p was incubated with trypsin in the presence of either
ATP or ADP. Aliquots were removed from each digest after 45 min
and separated by 1D-PAGE using 12% polyacrylamide gels. Tryptic
fragments were analyzed by either silver stain or Western blot
analysis using C-terminal Abs 5/80.5 and 7.10. White arrow denotes
triplet proteolytic fragments present with ATP and absent with
ADP or no nucleotide. Black arrow denotes 45-kDa fragment
present in large amounts with ATP and in small amounts with ADP
or no nucleotide.

F. Elefant and K.B. Palter

Molecular Biology of the Cell2110



Hsc3p from a salivary gland-specific GAL4 line. This
line produces mutant Hsc3p (D231S, K97S) at ;25%
the level of wild-type Hsc3p found in the salivary
glands (our unpublished data). The coimmunoprecipi-
tation experiments could not be performed on flies
producing mutant Hsc4p (D206S, K71S), as the result-
ing malformed salivary glands were extremely small
or absent.

Stable Hsc3p–substrate immune complexes from
mutant and wild-type salivary gland extracts were
incubated with or without ATP. The resulting copre-

cipitated proteins were compared in the 1ATP and
2ATP lanes, and three representative proteins for
each were quantitated by scanning densitometry (Fig-
ure 7, A and B). We observed that upon addition of
ATP, 5–18% of coimmunoprecipitated Hsc3p sub-
strate (depending upon the substrate quantitated) re-
mained bound to Hsc3p–substrate immune complexes
from wild-type Hsc3p extracts. However, upon addi-
tion of ATP, 40–60% of coimmunoprecipitated Hsc3p
substrate remained bound to Hsc3p–substrate im-
mune complexes from mutant Hsc3p (D231S, K97S)

Figure 7. The detection of ATP-induced substrate release from wild-type or mutant (D231S, K97S) Hsc3p–substrate complexes. (A)
[35S]methionine-labeled salivary gland protein extracts from larvae producing either wild-type Hsc3p or mutant Hsc3p (D231S, K97S) in a
wild-type background were coimmunoprecipitated with mAb 5/80.5 (specific for Hsc3p) in the presence of EDTA, which inhibits substrate
release. The resulting mutant or wild-type Hsc3p–substrate immune complexes were divided equally, incubated with buffer containing 2 mM
ATP or no ATP, and analyzed by 1D-SDS/PAGE using 10% polyacrylamide gels and fluorography. The three arrows represent 130-, 80-, and
58-kDa protein bands that were selected for quantitation by scanning densitometry (shown in panel B). (B) Three coimmunoprecipitated
substrate proteins randomly selected for and denoted by arrows in panel A were quantitated by scanning densitometry. The amount of bound
protein without ATP represented 100% binding. The amount of protein remaining after the ATP treatment was calculated as a percent of the
ATP (2) bands.
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extracts. The observation that significantly more sub-
strate remained in an ATP-stable immune complex
from mutant D231S and K97S Hsc3p extracts that
contain both wild-type and mutant protein indicates
that the mutant proteins failed to release substrate in
the presence of ATP. These results indicate that Asp
231 and Lys 97 play a role in ATP-induced substrate
release.

DISCUSSION

Both Hsc3p and Hsc4p Function Are Required for
Tissue Establishment and Maintenance
We began this study to determine whether both cyto-
plasmic Hsc4p and ER Hsc3p function was required in
specific tissues and stages of development in Drosoph-
ila. HSC4 is expressed at a level 30–70 times greater
than HSC1 and HSC2, which also encode cytoplasmic
Hsc70 proteins (Craig et al., 1983). In addition, we did
not know whether expression of mutant Hsc4p would
elicit the expression of the heat-inducible HSP68 and
HSP70 genes encoding proteins that like Hsc4p, can be
both cytoplasmic and nuclear. Potentially, any of these
cytoplasmic Hsc70 could compensate for loss of Hsc4p
function. Hsc3p is the sole ER Hsc70 and therefore
could not be compensated by other Hsc70s. Since null
mutations for either gene were not available, we used
mutant Hsc3p (D231S, K97S) and Hsc4p (D206S,
K71S), which had previously been shown to be dom-
inant negatively acting proteins (Rubin, 1993), to in-
terfere with the activity of the wild-type Hsc70.

Several lines of evidence in the present investigation
indicate that both Hsc4p and Hsc3p are essential pro-
teins that are required throughout Drosophila develop-
ment for both tissue establishment and maintenance.
We show that when GAL4 targeted gene expression is
used to produce dominant negatively acting Hsc4p
and Hsc3p in either a mesoderm/muscle, ubiquitous,
or nervous system pattern of cells, lethality is ob-
served over a range of developmental stages (Table 2)
depending on the level of production of the mutant
protein (Tables 1 and 2; Figure 1, A and B) and the
specific tissue and time in development that the GAL4
line activated mutant protein production. We demon-
strate that lethality is caused by tissue-specific defects
that result from mutant Hsc70 production. For exam-
ple, embryos expressing high levels of mutant Hsc4p
in muscles displayed a range of muscle pattern defects
similar to those previously described (Figure 3) (Drys-
dale et al., 1993; Fyrberg et al., 1994), whereas embryos
expressing mutant Hsc3p, while having a normal
muscle pattern, died later in development and dis-
played evidence of paralysis. We observe that for the
same GAL4 lines and comparable levels of mutant
protein expression, the phenotypes produced by mu-
tant Hsc4p are always more severe than those pro-

duced by mutant Hsc3p (Table 2). Additionally, we
show that when either mutant Hsc3p or Hsc4p is
produced in the PNS, CNS, or brain, the larvae exhib-
ited behavioral defects before dying as first- or sec-
ond-instar larvae (Tables 3 and 4). Such larvae were
defective in their ability to locate a food source, and
their crawling and burrowing ability were impaired.
These particular GAL4 lines all activate mutant pro-
tein expression relatively late during embryonic de-
velopment, allowing a normal neuronal pattern to be
established during embryogenesis. However, the ner-
vous system subsequently ceased to function, indicat-
ing that Hsc3p and Hsc4p function is required both to
establish correct tissue patterns (muscles) and also to
maintain proper tissue function (muscles and nervous
system). Mutant expression in other tissues (such as a
ubiquitous pattern and salivary glands) always re-
sulted in eventual tissue destruction. Preliminary ex-
periments, using acridine orange staining, did not in-
dicate that cell death induced by mutant Hsc70
resulted from apoptosis as opposed to necrosis (our
unpublished results). In conclusion, we believe that
both Hsc3p and Hsc4p function is required for general
cell viability throughout development.

Other cytoplasmic Hsc70s were not able to compen-
sate for the loss of Hsc4p function. Either the other
Hsc70s were not present at sufficient levels to compen-
sate for Hsc4p loss, or our dominant acting mutant
Hsc4p interfered with the activity of those Hsc70s as
well. Since we began this study, null or strong hypo-
morphic mutations for HSC4 have been obtained. A
P-element insertion maps near the start of the 59-
noncoding region of HSC4 (l(3)03550, A. Spradling,
BDGP), and small deficiencies of the region were ob-
tained by excision of this element using either trans-
posase (Df(3)PG4 from 88E3,4–88E8,9; Hing, Sun, and
Artavanis-Tsakonas, personal communication) or
x-rays (Schmucker et al., 1997). Flies homozygous for
l(3)03550 die as third-instar larvae or pupae (Perrimon
et al., 1996; Braun et al., 1997), whereas we show that
flies expressing high levels of dominant negatively
acting mutant Hsc4p die during late embryogenesis
probably by “poisoning” the activity of the maternal
Hsc4p already present in the embryo. A similar poi-
soning model for dominant acting DnaK (Liberek et
al., 1991; Wild et al., 1992; Buchberger et al., 1994) and
ER BiP (Hendershot et al., 1995) has also been pro-
posed. Perrimon et al. (1996) have shown that l(3)03550
has a lethal maternal effect phenotype resulting in
embryonic head and abdominal cuticular defects. In
addition, l(3)03550 and its alleles were named the
scattered locus (scd) because they cause defects in the
larval visual system, affecting both Bolwig’s organ and
proper projection of Bolwig’s nerve (Schmucker et al.
1997). The P-element insertion, l(3)03550, is also an
enhancer trap line, and lacZ expression has been de-
tected in the glia cells of the embryonic optic stalk and
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neurons of the optic lobe anlagen (Schmucker et al.,
1997). Additionally, lacZ expression from l(3)03550 has
been shown to be concentrated in the larval lymph
glands and hemocytes (Braun et al., 1997). Larvae ho-
mozygous for this insertion exhibited melanotic tu-
mors in the hemolymph. HSC4 transcripts are most
likely present in all cells during embryonic develop-
ment, but are enriched in cells active in endocytosis or
those undergoing rapid growth, such as neuroblasts
(Perkins et al., 1990). The larval behavioral defects we
observe when dominant mutant Hsc4p is targeted to
the PNS, CNS, or brain may be caused by a failure to
establish and maintain proper axonal connections, as
is observed in HSC4 loss-of-function mutants
(Schmucker et al. 1997).

Lethality Induced by Production of Dominant
Negatively Acting Hsc3p and Hsc4p Is Likely
Caused by a Global Accumulation of Misfolded
Proteins in the Cell
When cells are exposed to a variety of metabolic
stresses, they induce specific Hsp70 proteins. The pri-
mary inducer of this response is believed to be the
presence of an excess of misfolded proteins (Craig and
Gross, 1991; Hendrick and Hartl, 1993). We show that
expression of dominant negatively acting Hsc4p, but
not Hsc3p, resulted in induction of the stress-induc-
ible Hsp70 proteins at normal temperatures (Figure 2).
We interpret this result to indicate that dominant neg-
atively acting Hsc4p interfered with the function of
wild-type Hsc4p and thus allowed misfolded proteins
to accumulate in the cytoplasm. Our results are con-
sistent with studies in yeast showing that in response
to an accumulation of misfolded proteins in the ER,
Kar2p (yeast ER Hsc70) synthesis is specifically en-
hanced while nuclear/cytosolic Hsp70 synthesis is not
(Normington et al., 1989). Therefore, we believe that
expression of the dominant negative acting Hsc3p
caused an accumulation of misfolded proteins specif-
ically in the ER, which resulted in lethality but would
not have been expected to induce Hsp70. Our results
support the view that the cell senses and responds
differently to an accumulation of misfolded proteins in
different intracellular compartments (Shamu et al.,
1994). However, we cannot formally exclude a model
in which mutant Hsc4p directly induces synthesis of
Hsp70 protein, such as by regulating the trimeric state
of the HSF transcription factor that regulates the
HSP70 genes (Lis and Wu, 1993; Morimoto, 1993). Of
note, no effect on HSF by Hsc4p has been observed in
vitro thus far (Wu, personal communication).

We believe our data support a model in which a
threshold level of accumulated misfolded proteins de-
termines when in development lethality occurs. Flies
producing different levels of mutant Hsc4p and Hsc3p
in specific tissues died at different stages of develop-

ment, ranging from late embryogenesis to late pupae
(Table 2). The earliest developmental lethality oc-
curred in fly lines expressing the highest levels of
mutant Hsc3p and Hsc4p for any given GAL4 line.
Furthermore, even the lowest levels of mutant Hsc70
could induce lethality, albeit at later stages of devel-
opment. We additionally observed that there was al-
ways a delay between induction of mutant protein
and lethality, consistent with the idea that lethality
occurred only when a threshold level of misfolded
protein was reached. Thus, the mutant Hsc70-induced
lethality is similar to the slow and degenerative hu-
man amyloid diseases such as Alzheimer’s disease
(Holtzman and Mobley, 1991).

BiP (ER Hsc70) has been shown to be involved in
cellular secretory processes by transiently interacting
with newly translocated ER proteins to promote their
proper folding and/or assembly, by tightly binding to
permanently misfolded proteins to block their secre-
tion (Gething and Sambrook, 1992), and it is also re-
quired for protein translocation across the ER mem-
brane (Vogel et al., 1990). Cytosolic Hsc70s promote
proper folding and assembly of nascent cytosolic pro-
teins (Gething and Sambrook, 1992), uncoat clathrin-
coated vesicles (Chappell et al., 1986), target denatured
proteins for lysosomal degradation (Gething and Sam-
brook, 1992), and are required for the translocation of
proteins into both the ER and mitochondria (Chirico et
al., 1988; Deshaies et al., 1988). Dominant negative
acting Hsc3p and Hsc4p that disrupted these pro-
cesses would likely lead to a global accumulation of
misfolded proteins, resulting in detrimental pleiotro-
pic effects. We observed that at comparable levels of
expression, mutant Hsc4p consistently caused more
severe defects than mutant Hsc3p (Table 2). Loss of
function of cytoplasmic Hsc70 would be expected to
be more detrimental to cells than loss of ER Hsc70, as
it would lead to misfolded proteins in all cellular
compartments, in contrast to ER Hsc70, which is
needed only for folding and translocation of ER pro-
teins.

Amino Acid Substitutions, D231S and K97S, in the
ATP-binding Domain of Hsc3p Interfere with the
Coupling of ATP Binding and Substrate Release
When Hsc70 binds ATP, a conformational change is
relayed from the ATP-binding domain to the peptide-
binding domain such that bound substrate is released
in an altered conformation (Hartl, 1996). We demon-
strated by limited trypsin digestion that wild-type
Hsc3p displays distinct ATP-bound and ADP-bound
conformational states (Figure 5) and undergoes ATP-
induced substrate release (Figure 7). Therefore, Dro-
sophila Hsc3p, similar to bacterial DnaK (Liberek et al.,
1991; Buchberger et al., 1995), hamster BiP (Wei et al.,
1995), and bovine Hsc70 (Ha and McKay, 1995), un-
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dergoes an ATP-induced conformational change that
occurs concomitantly with release of bound substrate
(Buchberger et al., 1994). However, unlike the three
distinct ATP, ADP, and no nucleotide conformational
states shown for DnaK (Buchberger et al., 1995), we
found only two conformational states: one for ATP
and one for ADP and no nucleotide. Wei and Hend-
ershot (1995) similarly observe only two conforma-
tional states for mammalian BiP. However, we cannot
exclude the possibility that our “nucleotide-free”
Hsc3p may still have had ADP bound, as Gao et al.
(1994) have reported ADP can be difficult to remove.

We show that although both mutant Hsc3p(D231S
and K97S) bind ATP (Figure 4), they both failed to
undergo ATP-induced substrate release in extracts of
salivary glands producing mutant Hsc3p (Figure 7, A
and B). We were able to examine only the ATP-in-
duced conformational changes of Hsc3p (D231S), as
the bacterially expressed Hsc3p(K97S) was truncated.
We observed similar ATP-induced conformational
changes in Hsc3p(D231S) and wild-type Hsc3p, as
assayed by limited trypsin digestion (Figure 5). Our
mapping of the ATP-affected tryptic cleavage frag-
ments suggested that the major ATP-induced struc-
tural change we observed (the appearance of an in-
tense 45-kDa band) was restricted to the ATP-binding
domain (Figure 6). Previous work examining domi-
nant negative DnaK (Liberek et al., 1991; Buchberger et
al., 1995; Kamath-Loeb et al., 1995) and BiP (Hender-
shot et al., 1995; Wei et al., 1995; Morris et al., 1997)
have shown that mutants unable to undergo ATP-
induced substrate release were defective for ATP-in-
duced conformational changes, as assayed by limited
proteolytic digestion. In contrast to our result, Ka-
math-Loeb et al. (1995) found that DnaK (D201N) (cor-
responding to D231 in Hsc3p) did not show any ATP-
induced conformational changes. This difference may
reflect a difference in the Hsc70 proteins, the different
residue that was used for substitution, or different
domains detected by trypsin cleavage. Our work,
therefore, is the first to directly show that upon bind-
ing ATP, a dominant negative Hsc70 undergoes a
conformational change in the ATP-binding domain,
but fails to release substrate, presumably because the
conformational change relayed to the peptide-binding
domain is absent or aberrant.

The structure of the ATPase domain of bovine
Hsc70, as determined by x-ray crystallography, con-
sists of two large globular domains separated by a
deep cleft (Flaherty et al., 1990). Two crossed a-helices
connect these two subdomains, separating the cleft
into an upper cleft (at the bottom of which nucleotide
and the required Mg21 and K1 ions bind) and a lower
cleft. The a-helices contain the hinge residues that,
upon ATP binding, allow for the movement of the two
subdomains. The proposed role of hinge residue E171
(E175 in bovine Hsc70) is to position a critical Mg21

ion (via water molecules) that serves as a bridge be-
tween the two ATPase subdomains (Buchberger et al.,
1994). Mutations affecting E171 of DnaK have been
shown to interfere with the coupling of the ATPase-
and substrate-binding domains, resulting in dominant
negative DnaK that is defective for both ATP-induced
conformational changes and subsequent substrate re-
lease (Wild et al., 1992; Buchberger et al., 1995). In the
structure of the ATPase domain, both Asp206 (D231 in
Hsc3p) and Lys71 (K97 in Hsc3p) are located in close
proximity to Glu175, and both were proposed to con-
tribute to its environment (Buchberger et al., 1995).
Therefore, it is plausible that these residues also affect
the coupling of the ATPase- and substrate-binding
domains. Mutant DnaK (D201N) (D206 in bovine
Hsc70 and Hsc4p; D231 in Hsc3p) binds peptides nor-
mally, but its ATPase cannot be stimulated by pep-
tides (Kamath-Loeb et al., 1995). The DnaK (D201N)
ATPase cannot be stimulated by the cochaperones
DnaJ or GrpE either, and it cannot be released from
GrpE by ATP. These data again suggest that D201
mutants are defective in the coupling of the ATPase-
and substrate-binding domains.

Residues Asp206 and Lys71 (D231 and K97 in
Hsc3p) were also substituted with Ser in the 44-kDa
ATPase domain of bovine Hsc70 (Flaherty et al., 1994;
O’Brien et al., 1996). These substitutions either abol-
ished (Lys71) or significantly reduced (Asp206) the
rate of ATP hydrolysis. However, it is unlikely that a
defect in the ATPase activity of mutant Hsc3p (D231S,
K97S) is the sole cause of the inability of mutant Hsc3p
to undergo ATP-induced substrate release. Both mu-
tant DnaK (T199A) (Palleros et al., 1993) and mutant
BiP (T229G) (Wei et al., 1995) that are defective only for
ATP hydrolysis have been shown to still undergo an
ATP-induced conformational change and, conse-
quently, substrate release. In addition, we have previ-
ously shown (Rubin et al., 1993) that D35S in Hsc3p
does not cause dominant lethality in flies, even though
the same mutation in bovine Hsc70 (Asp10) reduces
the ATPase activity by 99% (Wilbanks et al., 1994).
Rubin (1993) has shown that both D206S and K71S in
Hsc4p abolished the ability of the proteins to uncoat
clathrin-coated vesicles, and Ha et al. (1997) have
shown that bovine Hsc70s defective for ATP hydroly-
sis are completely deficient for chaperone activities.
Therefore, we believe that whereas ATP hydrolysis
mutants may be nonfunctional, only those that im-
pede the transduction of the conformational change
from the ATP-binding domain to the substrate-bind-
ing domain, will be dominant negative mutations.

Possible Mechanisms for Mutant Hsc70-induced
Dominant Lethality
Thus far, all dominant negative mutant Hsc70s, in-
cluding our mutant Hsc3p, are defective in ATP-in-
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duced substrate release (Figure 7, A and B). However,
why are these mutant Hsc70 dominant over the wild-
type? The classical explanation for dominant negative
mutations proposes that the wild-type gene encodes a
multimeric protein and that such mutations result
from mixed oligomers in which the mutant subunit
poisons the activity of the wild-type subunit (Hers-
kowitz, 1987). We find that both Hsc3p and Hsc4p
purify as monomers, similar to DnaK (Zylicz and
Georgopoulos, 1984), and BiP purifies as a mixture of
monomers, dimers, and oligomers (Blond-Elguindi et
al., 1993). Most studies suggest that functional Hsc70 is
monomeric. Dominant negative mutations can be
found in genes encoding monomeric proteins if the
mutant protein competes with the wild-type protein
for substrates that may be limiting, thus preventing
the wild-type protein from performing its proper
function (Herskowitz, 1987). In the present case, dom-
inant mutant Hsc70 could compete with the wild-type
protein for either protein substrates or for the cochap-
erone proteins that regulate its ATPase cycle, which
may be present in limiting concentrations. We show
that mutant Hsc3p, produced at 25% the level of wild-
type Hsc3p, was able to block ATP-induced substrate
release by 40–60% (Figure 7B). These data are consis-
tent with either a “mixed oligomer” model or a com-
petition model if the mutant and wild-type proteins
had different affinities for limiting amounts of sub-
strates. Where it has been measured, different mutant
proteins seem to have similar affinities for peptides.
However, if mutant Hsc70s bind irreversibly to their
protein substrates, they may sequester the substrates
from the wild-type proteins at a level that is dispro-
portionate to their abundance in the cell. This is likely
the situation of mutant Hsc3p that cannot undergo
ATP-induced substrate release and therefore bind sub-
strates more stably than wild type. Of note, DnaK
(D201N) (D206 in Hsc4p and D231 in Hsc3p) was
shown to bind one of its cochaperones, GrpE, irrevers-
ibly (Kamath-Loeb et al., 1995), and therefore the same
argument could be applied to limiting amounts of the
cochaperones as well. And finally, we suggest that
although Hsc70s may primarily exist as monomers,
they may function in a sense as “oligomers.” For ex-
ample, it is believed that Hsc70 must repeatedly bind
and release unfolded proteins, until the final folded
state is reached. This may require either simultaneous
or sequential binding of multiple monomers to the
same protein substrate. If any of these multiple inter-
actions is with a mutant monomer that binds irrevers-
ibly to the substrate, that protein may never be able to
fold correctly. Both models invoking an irreversibly
binding mutant Hsc70 would explain how relatively
low levels of mutant Hsc70 could severely interfere
with wild-type functions and cause dominant lethality.
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