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1 Introduction

Heat shock proteins were initially recognized by their increased expression after
exposure of cells to elevated temperatures (RITOSSA 1962; LINDQUIST 1986;
LINDQuUIST and CRAIG 1988). Subsequently a number of exciting findings
stimulated the interest in heat shock proteins. First, homologous proteins were
identified in prokaryotic and eukaryotic organisms, suggesting an important
general function. Second, it turned out that the various proteins can be grouped
into a few distinct families with a high degree of structural conservation during
evolution. Third, it was realized that besides elevated temperature other kinds of
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4 T. Langer and W. Neupert

“stress” conditions lead to the induction of proteins which are identical or similar
to those induced by heat. For instance, metabolic stress such as glucose
starvation or the presence of amino acid analogues was observed to induce a
subset of proteins which are immunologically related to heat shock proteins but
can be differentiated on the basis of ionic charge (LEe 1987). Fourth, it was
realized that some of these heat shock or stress proteins are expressed
constitutively in the absence of any kind of stress in various cell types.

Two major lines of research were provoked by these observations. On the
one hand, temperature induction proved to be a process well suited to study the
molecular basis of regulation of gene expression in both bacteria and
eukaryotes. On the other hand, the structure and function of heat shock or stress
proteins attracted the attention of researchers in various fields of biology. The
present review is not concerned with the complex patterns of regulation of heat
shock gene expression (for a review see NEIDHART et al. 1984; LINDQUIST 1986;
PELHAM 1989b). It should be pointed out, however, that despite the impressive
achievements in defining regulatory elements involved in heat shock regulation,
the complete chain of signal transmission from the heat effect to the turning on
of specific genes remains elusive. Recent results indicate a role of denatured
proteins as a common factor for induction of heat shock proteins (GOFF and
GOLDBERG 1985; Lewis and PeELHAM 1985). It is reasonable to assume that the
different kinds of stress promote denaturation of intracellular proteins which in
turn signal the induction of heat shock proteins (ANANTHAN et al. 1986; KOzZuTSuMI
et al. 1988). The effect of denatured proteins may be indirect, however, for
example by reducing the internal concentration of an unknown regulatory
factor.

In the last few years molecular cloning, protein purification, and functional
studies in vitro and in vivo have led to a better understanding of the role of heat
shock proteins in the sorting, folding, and assembly of proteins, as will be
discussed in the present review. It is generally accepted that heat shock proteins
protect cells from the damaging effect of temperature or other kinds of metabolic
stress. A wide variety of cells have higher thermotolerance after preincubation at
an elevated temperature (reviewed in LINDQUIST and CRAIG 1988).

Strong evidence is accumulating that heat shock proteins are necessary for
the acquisition of the native structure of monomeric and oligomeric proteins
after their synthesis on ribosomes or after transfer across membranes. The
transient exposure of hydrophobic or charged residues during these processes
can result in misfolding or aggregation of proteins. Therefore, folding in vivo, at
least in some cases, seems to require the presence of protein factors. The term
“molecular chaperone” was proposed for such proteins (ELLIS 1987), which
prevent incorrect interactions and assist assembly without being part of the final
structure. It was first used by LASKEY et al. (1978) to illustrate the function of
nucleoplasmin in the assembly of nucleosomes. It is now becoming apparent
that heat shock proteins can act as chaperones in vitro and in vivo, as will be
discussed in detail below. The strongest lines of evidence exist for the members
of the hsp60 and hsp70 families. Therefore this review will focus on the role of
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these proteins in the acquisition of the native structure of proteins in the cell and
in the assembly of biological membranes.

2 The hsp70 Family

In each organism examined so far heat shock proteins with a molecular mass of
about 70 kD have been found in abundance. They have been observed not only
in yeast and mammalian cells, but also in organisms as diverse as plants,
trypanosomes, and Escherichia coli. hsp70 proteins have a very high degree of
evolutionary conservation. Between the bacterial members of the hsp70 family,
DnakK, and eukaryotic members, the homology is higher than 45%.

Within the eukaryotic cell hsp70-related proteins were detected in the cytosol
compartment, mitochondria (LEUSTEK et al. 1989; MizzeN et al. 1989; ENGMAN
et al. 1989; AMIR-SHAPIRA et al. 1990), chloroplasts (KRISHNASAMY et al. 1989;
MARSHALL et al. 1990), and the endoplasmic reticulum (ER). They are members of
a muiltigene family. Some are induced by various stress conditions, others are
expressed constitutively. The most thoroughly studied system is that of yeast (as
reviewed in detail by LINDQUIST and CRAIG 1988). Nine genes related to the hsp 70
gene of higher eukaryotes were identified and cloned. Mutational analysis
revealed five distinct groups. Ssa1-4, present in the cytosol, are essential for cell
viability and may have interchangeable function. hsp70 proteins of the Ssb
group (encoded in ssb7 and ssb?2), also present in the cytosol, and Ssd1 have not
been further characterized. Ssc1 is a mitochondrial protein of 70627 daltons
(CRAIG et al. 1989) with a characteristic amino terminal targeting sequence.
Mutant strains in which the ssc? gene was deleted were not viable (CRAIG et al.
1987). Recently, kar 2 was identified as the yeast homologue of the mammalian
BiP/grp78 gene (ROSE et al. 1989; NORMINGTON et al. 1989), which is essential for
cell viability and, in addition, is required for nuclear fusion. A cleavable amino
terminal hydrophobic signal sequence targets the protein to its site of function,
the lumen of the ER.

2.1 General Enzymatic and Structural Properties
of hsp70 Proteins

Proteins of the hsp70 family tightly bind ATP, a property that can be used for
purification by ATP-agarose chromatography (WELCH and FERAMISCO 1985;
CHAPPELL et al. 1986). A weak ATPase activity appears to be a general feature of
these proteins. Although several hsp70 proteins have been cloned and
sequenced, no consensus sequence for an ATP binding site has been identified
so far.
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A first structural characterization of hsp70 proteins came from protease
degradation studies and mutational analysis. The generation of a stable amino
terminal fragment of roughly 44kD after cleavage with proteases such as
chymotrypsin and trypsin suggests a common domain structure of hsp70
proteins. CHAPPELL et al. (1987) purified and characterized this fragment of the
uncoating ATPase. They proposed a two-domain model for the hsp70 proteins,
which is supported by recent deletion studies with both a human hsp70 (MILARSKI
and MORIMOTO 1989) and E. coliDnaK (CEGIELSKA and GEORGOPOULOS 1989). The
amino terminal part of the molecules harbors the ATP-binding site and the
ATPase activity. CHAPPELL et al. (1987) suggested the term “ATPase core” for this
domain. Deletion of the N-terminal region in DnaK and human hsp70 results in
the loss of both the ATPase activity and the ATP-binding ability. In the carboxy
terminal domain the sequence homology between different hsp70 proteins is
relatively low (< 30%). According to the model, this part of the molecule contains
activities specific for the different hsp70s, e.g., for the disassembly of coated
vesicles in the case of uncoating ATPase. In keeping with the idea of the so-
called substrate-binding domain of hsp70 proteins, truncated human hsp70
(lacking carboxy terminal amino acids) shows a lack of proper nucleolar
localization after heat shock (MiLARSKI and MORIMOTO 1989). A carboxy terminal
deletion of DnaK results in the loss of its autophosphorylating activity (CEGIELSKA
and GEORGOPOULOS 1989). The so-called substrate-binding domains of other
hsp70 molecules remain to be determined.

Although the crystallization of the ATPase fragment of the bovine uncoating
ATPase was reported (DELUCA-FLAHERTY et al. 1988), the solution of the structure
of an hsp70 protein by X-ray crystallography is still awaited. Preliminary circular
dichroism studies of bovine hsc73 and the bacterial DnaK indicate a high
content of a-helical structure of both proteins (SADIS et al. 1990).

2.2 Physiological Functions of hsp70 Proteins

The fact that hsp70 proteins were found associated with several cellular and viral
proteins in an ATP-dependent manner suggests that direct protein—protein
interactions are an essential theme in their function. A first hint at the
physiological role of heat shock proteins resulted from determination of their
cellular distribution after heat shock (for a review see LINDQUIST and CRAIG 1988).
Several heat shock proteins became concentrated in the nucleolar region,
including hsp70 proteins (WELCH and SuHAN 1985). They were concentrated in
the granular region, the site of preribosomes. Other heat shock proteins, such as
hsp110, were found in the fibrillar region, the site of nuclear chromatin (SUBJECK
et al. 1983). Nucleoli are heat sensitive and exhibit an altered morphology after
heat shock. The recovery of nucleolar morphology occurred more rapidly in the
presence of a constitutively expressed hsp70 in the cell, even when synthesis of
other heat shock proteins was blocked (PeLHAM 1984). This indicates an
involvement of the protein in repair processes of RNP structures.
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Interaction of hsp70 proteins has been described in the literature with a large
number of diverse proteins including: clathrin (UNGEWICKELL 1985; CHAPPELL
et al. 1986); the cellular proto-oncogene p53 (PINHASI-KIMHI et al. 1986); certain
trans-activating proteins such as Ela of adenovirus (WALTER et al. 1987);
malfolded or incompletely assembled proteins in the ER (with BiP, see below);
and, as in the case of the prokaryotic hsp70 homologue, DnakK, some proteins
involved in phage lambda replication. Recently, immunoprecipitation studies
with hsp70-specific antibodies in human cells revealed cell cycle-specific
interactions with a number of unidentified proteins (MILARSKI et al. 1989).
Interestingly, in these studies coimmunoprecipitation of two different hsp70
proteins was observed. This is consistent with the previously described
copurification of these proteins over several steps (WELCH and FERAMISCO 1985)
and might suggest a possible functional interaction between these proteins or
with identical cellular proteins.

The investigations performed to date show that the hsp70 proteins can be
released from their substrates in an ATP-dependent manner in vitro. Nonhydro-
lyzable ATP analogues have no effect, indicating that ATP hydrolysis is
necessary. However, it is not entirely clear whether ATP also has a role in the
dissociation of complexes in vivo. Recently, decreased protease sensitivity of BiP
was observed after adding adenine nucleotides like ATP and ADP, but not after
adding nonhydrolyzable ATP analogues. This may point to a role of the
nucleotides in stabilization or induction of different conformations of BiP in the
absence of ATP hydrolysis (KASSENBROCK and KeLLY 1989). Furthermore,
covalent modifications of hsp70 proteins, such as ADP ribosylation, methylation
at lysine and arginine residues, or phosphorylation at serine and threonine
residues, may be involved in the regulation of their function (WANG and LAZARIDES
1984; HENDERSHOT et al. 1988).

A general model for the action of hsp70 has been proposed that accounts for
its ATP-dependent association with other proteins (LEwis and PELHAM 1985;
PELHAM 1986, 1988). Hydrophobic sequences, which are normally buried inside
proteins, are exposed after partial denaturation during heat shock or during
other cellular processes such as translocation across membranes (see below).
This results in an increased tendency for aggregation or misfolding. According
to the model, hsp70 proteins prevent or disrupt wrong protein—protein interac-
tions by binding to the exposed regions. This would be reversed with the aid of
ATP hydrolysis. Repeated cycles of binding and release could thus repair
damage after heat shock or prevent aggregation of proteins. Therefore, the
model postulates a general affinity of heat shock proteins for denatured
proteins. Although participation of hydrophobic interactions in the binding of
hsp70 proteins appears possible, direct evidence for this does not exist.

Recently, an in vitro assay for studying the interaction of hsp70 proteins with
model substrates was described (FLYNN et al. 1989). As a first approximation for
a native or unfolded protein synthetic peptides were found to bind to purified BiP
or hsp70. The ATPase activity of hsp70 and BiP was stimulated by the presence
of peptides and caused dissociation of the complexes. Two important observ-
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ations were made in these studies. First, BiP can bind peptides without added
ATP, whereas ATP hydrolysis is necessary for the release. This is consistent with
the identification of deletion mutants of human hsp70, which cannot bind ATP
but can associate with nucleoli (MiLARSKI and MORIMOTO 1989). Second, there
was no clear correlation between the overall hydrophobicity of the peptide and
its binding affinities. The assay only allows the testing of water-soluble peptides;
thus, the affinities for hydrophobic peptides could not be determined. The
different affinities of BiP and hsp70 for the various peptides tested may suggest
the existence of sites specific for certain sequences or secondary structures
rather than for unspecific epitopes. Thus, binding of BiP and hsp70 to peptide
segments on the outer surface of a folded protein appears in principle to be
possible. This may result in disaggregation or (partial) unfolding of proteins. On
the other hand, the free energy of binding could also be used to stabilize
conformations which favor certain folding pathways, reduce the tendency for
aggregation, or allow membrane translocation (FLYNN et al. 1989).

2.2.1 DnaK—The Prokaryotic Homologue

Among the prokaryotic heat shock proteins identified so far (GEORGOPOULOS
et al. 1990), only one, namely Dnak, is homologous to eukaryotic hsp70 protein.
The sequence identity to Drosophila hsp70 protein is 48% (BARDWELL and CRAIG
1984), and to yeast Ssa1 protein, 49.8% (CRAIG et al. 1989). Mutationsin the dnakK
gene were found to lead to a block in bacteriophage A DNA replication at all
temperatures (GEORGOPOULOS 1977; SUNSHINE et al. 1977). Later on DnaK was
characterized as a heat shock protein encoded in the heat shock regulon of E.
coli (BARDWELL and CRAIG 1984). DnaK is an abundant, consitutively expressed
protein with an apparent molecular weight of 70000. The purified protein (ZyLiCz
and GEORGOPOULOS 1984) possesses a weak ATPase activity (with a turnover
number of about one ATP per minute) and can be autophosphorylated
at threonine residues (ZyLicz et al. 1983). Its enzymatic activities are well
studied (CEGIELSKA and GEORGOPOULOS 1989; DALIE et al. 1990). The ATPase is
DNA independent, but is modulated by A0 and AP proteins in vitro and in vivo
(Zyuicz et al. 1983). In contrast to ATP binding, ATP hydrolysis and the
autophosphorylating activity depend on divalent cations (CEGIELSKA and
GEORGOPOULOS 1989; DALIE et al. 1990). Interestingly, Ca2* ions which inhibit the
ATPase, stimulate the autophosphorylation activity, indicating a regulatory role
of Ca?* (CEGIELSKA and GEORGOPOULOS 1989). The existence of a highly
conserved calmodulin-like binding domain in various members of the hsp70
family may be of relevance in this context (STEVENSON and CALDERWOOD 1990).

The role of DnaK in bacteriophage A replication has been investigated in
detail. Besides A0 and AP proteins several host proteins are necessary for
initiation of DNA replication, including three heat shock proteins, DnaK, DnaJ,
and GrpE (reviewed by GEORGOPOULOS et al. 1990). From biochemical and
electron microscopic data it became apparent that DnaK participates in an
ordered assembly and partial disassembly of the initiation complex, leading to



Heat Shock Proteins hsp60 and hsp70 9

localized DNA unwinding (LIBEREK et al. 1988; ALFANO and MCMACKEN 19893, b;
DODSON et al. 1989). In the first step dimeric AO proteins bind specifically to orid
(about 60 molecules of AO monomers per oriA; LIBEREK et al. 1988). Complexes of
AP protein and the E. coli DnaB interact with the resulting nucleosome-like
structure. After binding of DnaJ to this prepriming nucleoprotein structure
addition of DnaK leads to the complete initiation complex. In the presence of ATP
DnaK and DnaJ heat shock proteins cause a partial dissociation of the initiation
complex. Thereby, the helicase DnaB is activated in the presence of E. colisingle
strand binding proteins and initiates localized unwinding of the DNA template.

The specific retention of AO and AP proteins on DnaK affinity columns
(LIBEREK et al. 1988) strongly suggests an interaction between DnaK and these
proteins. The AP proteins were found to bind to the DnaK affinity columnin a salt-
resistant manner, suggesting the involvement of hydrophobic interactions, and
could bereleased, at least partially, by ATP hydrolysis. A salt-resistant interaction
of DnaK was also observed with another heat shock protein in E. coli, the GrpE
protein. The binding could be reversed by ATP hydrolysis (ZyLiCz et al. 1987).

In summary, assembly of the initiation complex during phage A DNA
replication requires DnaK. There is also evidence for an involvement of DnaK in
cellular DNA synthesis (SAKAKIBARA 1988). Furthermore, participation of DnaK in
reactions other than DNA replication has been reported, e.g., phosphorylation of
tRNA synthetases (WADA et al. 1986). The same subset of E. coli heat shock
proteins seems to be involved in some of these processes, namely DnakK, Dnad,
and GrpE, which are all essential for bacterial growth.

Very recently, first evidence for a role of DnaK in stabilizing precursor proteins
destined for secretion was reported (PHILLIPS and SiLHAVY 1990). Overproduction
of DnaK resulted in increased export of a protein consisting of the signal
sequence and the amino terminal region of maltose-binding protein fused to
B-galactosidase. A critical role of DnaK in intracellular traffic of precursors
was proposed, similar to eukaryotic hsp70 proteins (see below). In addition to
Dnak, several other proteins have been suggested to exert such a chaperone
function in E. coli, namely SecB, trigger factor, and GroEL (COLLIER et al. 1988;
CROOKE and WICKNER 1987; CROOKE et al. 1988; BOCHKAREVA et al. 1988).

2.2.2 Catalysis of Clathrin Depolymerization by hsc70

Secreted proteins are transported in specialized coated vesicles from the trans-
Golgi to the plasma membrane. The coat consists of the protein clathrin, which
forms a latticed cage. Before the vesicle fuses with its target membrane the coat
has to dissassemble. The constitutively expressed hsp70, the hsc70, is involved in
this process.

Early studies provided evidence for an ATP-dependent enzyme-catalyzed
mechanism for clathrin depolymerization (PATZER et al. 1982). The uncoating
ATPase was purified based on its ability to release clathrin triskelions from the
coat (SCHLOSSMAN et al. 1984). A two-step process was proposed for the
uncoating reaction (ROTHMAN and SCHMID 1986). After binding of the uncoating
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ATPase to the cage, depending on the presence of ATP and clathrin light chains,
ATP hydrolysis would cause a conformational change (“displacement”) of a
portion of a triskelion, exposing a previously buried site. By binding of the
uncoating ATPase to this site, facilitated by ATP or nonhydrolyzable ATP
analogues, this conformation would be stabilized (“capture™). After attachment
to three points of the triskelion a complex consisting of a clathrin triskelion and
three bound enzymes is released.

Immunological cross-reactivity, peptide mapping and two-dimensional gel
analysis identified the uncoating ATPase as a constitutively synthesized member
of the hsp70 family, called hsc70 (UNGEWICKELL 1985; CHAPPELL et al. 1986).

So far there is no direct evidence that the uncoating reaction is catalyzed by
hsc70 in vivo. In view of the high abundance of the uncoating ATPase it is quite
possible that disassembly of clathrin coats is not the only function of this heat
shock protein. However, the fundamental property of the protein, the ATP-
dependent disassembly of protein—protein complexes, would agree with the
general view on the function of hsp70 proteins.

2.2.3 Role of Cytosolic hsp70 Proteins
in Membrane Translocation of Proteins

A large number of proteins of the eukaryotic cell must be translocated across
membranes to reach their functional locations in the various cellular organelles.
In many cases this process occurs when polypeptide chain synthesis has been
completed (posttranslational translocation). These precursor proteins differ
from their native counterparts in several properties: In most cases they contain
amino terminal presequences which are cleaved off during or after transit
through organelle membranes. Furthermore, precursor proteins usually assume
aconformation which is rather different from that of the mature form. A particular
requirement for translocation appears to be that precursor proteins are in an
unfolded state when traversing the membrane. In a key experiment EILERS
and SCHATZ (1986) studied the import into mitochondria of a fusion protein con-
sisting of the presequence of subunit IV of cytochrome oxidase and mouse
dihydrofolate reductase (DHFR). Import could be blocked by methotrexate, a
substrate analogue, which stabilizes the tertiary structure of DHFR. A similar
block of import was obtained when the metallothionein domain was in-
corporated into a related fusion and a stable tertiary structure was induced by
addition of copper (CHEN and DOuGLAs 1987). Conversely, destabilization of
tertiary structure by urea or point mutations made import of mitochondrial
precursor proteins more efficient. Recent experiments with translocation inter-
mediates spanning both mitochondrial membranes suggest that during import
into mitochondria proteins have to undergo extensive unfolding (SCHEYER and
NEUPERT 1985; RASSOW et al., unpublished results).

Besides a certain lack of secondary and tertiary structure the presence
of ATP seems to be a prerequisite for translocation across membranes.
ATP dependency has been found with the import of proteins into the ER,
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peroxisomes, chloroplasts, mitochondria, and the nucleus. In view of the
requirement for ATP and an unfolded conformation of precursor proteins it was
proposed several years ago that enzymes (so-called unfoldases) may partici-
pate in unfolding using the energy of ATP hydrolysis (ROTHMAN and KORNBERG
1986). On the other hand, a role of hsp70 proteins in folding and assembly of
proteins in vivo in an ATP-dependent fashion has been suggested (PELHAM
1986). These proposals have stimulated investigations of a possible role of hsp70
proteins in membrane translocation.

Indeed, recent studies have presented genetic as well as biochemical
evidence for a function of hsp70 proteins in posttranslational translocation of
proteins across membranes of the ER and mitochondria. By fractionating yeast
cytosol on DEAE cellulose, CHIRICO et al. (1988) identified two activities which
together stimulate the import of prepro-a-factor into yeast microsomes. One
activity, which was insensitive to N-ethylmaleimide (NEM), a sulfhydryl alkylating
reagent, was purified using a GTP and an ATP agarose column. It consisted of
two members of the yeast hsp70 family, namely Ssa1 and Ssa2. The two proteins
are 98 % homologous and differ only slightly in their isoelectric point. Whereas
ssal™ and ssa2” single mutants lacked any phenotype, double mutants were
temperature sensitive for growth, indicating a similar function of the proteins.
Ssal and Ssa?2 proteins had a stimulatory effect on prepro-a-factor import into
yeast microsomes in the presence of yeast postribosomal supernatant from the
mutant cells. In related experiments import of &-pyrroline-5-carboxylate-
dehydrogenase into yeast mitochondria was found to be stimulated by
Ssal/Ssa2 proteins in the presence of yeast postribosomal supernatant
(MuRakaMI et al. 1988). In both studies the activity of the postribosomal
supernatant was abolished by NEM treatment, suggesting the involvement of an
NEM-sensitive activity besides Ssa1/Ssa2 proteins. Very recently, hsp70 was
reported also to stimulate protein import into chloroplast (WAEGEMANN et al.
1990). Thus, a common requirement for hsp70 proteins in protein import into
different organelles appears to exist.

The function of hsp70 proteins in the transfer of proteins into the ER was
studied further using another heterologous cell free system. The transport of the
precursor of M13-phage coat protein (procoat) into dog pancreas microsomes
(WIECH et al. 1987) was stimulated by hsc70 (ZIMMERMANN et al. 1988). An
increased proteinase K resistance of the procoat protein in the presence of ATP
suggested a physical interaction with the heat shock protein.

Studies using yeast mutant strains depleted of hsp70 genes provided
valuable additional information (DESHAIES et al. 1988a, b). A strain lacking ssaf,
ssa2, and ssa4 genes had been found to be rescued by an ssa? gene on a single
copy plasmid. The ssa? gene was fused to the yeast gall promoter (WERNER-
WASHBURNE et al. 1987). Thus, expression could be regulated by growing cells in
the presence or absence of galactose. The effect of ssa? depletion on import of
prepro-a-factor into the ER and of F,f-ATPase into mitochondria was tested
in vivo. After shifting of cells from galactose medium to a glucose medium,
prepro-a-factor and F,f-ATPase accumulated in the cytosol. Proteolytic
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processing of the signal sequences did not occur. After partial purification on
ATP-agarose the Ssa1l protein stimulated the transport of prepro-a-factor into
yeast microsomes.

In conclusion, these observations suggest a general role of the hsp70
proteins in intracellular protein transport. hsp70 proteins may protect proteins
from improper folding and interactions and thereby maintain their translocation
competence until they reach their final compartment. A role in unfolding of
precursor proteins also seems possible although there exists no experimental
evidence for such a reaction. The rate of import of urea-denatured precursor
proteins in the yeast ER could be increased by adding Ssa1/Ssa2 proteins
(CHIRICO et al. 1988). Therefore, hsp70 may slow down refolding of unfolded
proteins rather than catalyze unfolding. The localization of hsp70 proteins in
different cellular compartments may suggest that they affect precursor proteins
in a similar fashion on both sides of an organelle membrane. For further
understanding of the functions of hsp70 proteins direct studies of their
interaction with precursor proteins will be necessary.

2.2.4 BiP—The hsp70 Homologue in the Endoplasmic Reticulum

The ER contains an hsp70 homologue, which was initially discovered as a
protein bound to unassembled immunoglobulin heavy chains; it was therefore
called immunoglobulin heavy chain binding protein (BiP; HAAS and WABL 1983).
Cloning and DNA sequencing of the BiP genes of a variety of mammals revealed
a high degree of evolutionary conservation (> 98% amino acid identity) and a
close relationship (about 60% amino acid identity) to cytoplasmic 70-kD heat
shock proteins (MUNRO and PELHAM 1986). The intracellular location of BiP is
determined by two signal sequences. A cleavable, hydrophobic signal sequence
directs the protein to the ER, whereas the carboxy terminal tetrapeptide KDEL is
believed to be responsible for retention of the protein in the lumen of the ER
(MUNRO and PELHAM 1987).

BiP differs from other hsp70 proteins with regard to some important features.
As shown by sequence analysis, BiP is identical to a 72-kD glucose-regulated
protein (initially called grp78), which is not induced by heat (MUNRO and PELHAM
1986; LEE 1987). In contrast to the mammalian BiP, the recently identified yeast
homologue (kar2) is induced seven fold by heat (ROSE et al. 1989; NORMINGTON
et al. 1989). The rate of BiP synthesis increased after glucose starvation and in
the presence of a variety of other substances, including tunicamycin, glu-
cosamine, 2-desoxyglucose, amino acid analogues, and Ca?* ionophores (LEE
1987). The different stress conditions may result in accumulation of malfolded
proteins in the ER which have been found to increase the rate of synthesis of
glucose-regulated proteins, including BiP (KozuTsumi et al. 1988). From these
studies it seems likely that malfolding rather than underglycosylation (CHANG
et al. 1987) is the primary signal for the induction of BiP, since not all inhibitors of
N-glycosylation tested affected the rate of BiP synthesis.
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The signal cascade leading to increased BiP synthesis is only partly
understood. Posttranslational modifications, including phosphorylation of
serine and threonine residues and ADP ribosylation, were suggested to play
a role in regulating the synthesis (HENDERSHOT et al. 1988). Conditions leading
to increased synthesis of BiP resulted in a decrease in posttranslational
modifications. On the other hand, binding of BiP to cellular proteins may be
influenced by these modifications (HENDERSHOT et al. 1988). Modified and
unmodified BiP coexist in the same compartment, but no modification of BiP
molecules associated with other proteins was detected. A possible conclusion is
that only the unmodified BiP is responsible for the stress response. In agreement
with this, after inhibition of N-glycosylation in a mouse hepatoma cell line only
the non-ADP-ribosylated form accumulated (LENO and LEDFORD 1989).

As shown by MUNRO and PELHAM (1986), BiP binds immunoglobulin heavy
chainsin pre-B cellsin an ATP-reversible manner. Binding of BiP to various other
proteins was also reversed by ATP hydrolysis, e.g., to nonglycosylated yeast
invertase and prolactin containing incorrect disulfide bonds (KASSENBROCK et al.
1988), malfolded and mutant viral glycoproteins (MACHAMER and ROSE 1988;
HURTLEY et al. 1989), and hydrophilic peptides (FLYNN et al. 1989). Apparently,
BiP has the potential to interact with unassembled or incorrectly folded proteins.
BiP possesses a peptide-dependent ATPase activity (KASSENBROCK and KELLY
1989; FLYNN et al. 1989) characterized by a low turnover number and a high
affinity for ATP. The decreased sensitivity of BiP to proteolytic degradation in the
presence of ATP or ADP suggests that adenine nucleotides may stabilize special
conformations of BiP (KASSENBROCK and KELLY 1989). Notably, the existence of a
so far unidentified ATP pool in the ER has to be assumed.

Although the precise function of BiP in the ER is unknown, several
possibilities are discussed below which are not mutually exclusive.

1. Retention of proteins in the ER:. The association of BiP with aberrant
polypeptides and unassembled immunoglobulin heavy chains might suggest
that BiP is part of a quality control system in the ER (HURTLEY and HELENIUS
1989) which only allows the secretion of functional proteins. First evidence for
the importance of correct folding and assembly of proteins for secretion came
from experiments which uncovered a correlation between acquisition of
native structure and secretion efficiency (extensively discussed by ROSE and
Doms 1988) best studied in the case of abnormally glycosylated proteins
(GETHING et al. 1986; DORNER et al. 1987; MACHAMER and ROSE 1988; GALLAGHER
et al. 1988). The role of BiP could be to retain the misfolded proteins. The
inhibition of N-glycosylation increased the association with BiP, as shown for
immunoglobulin heavy chains (BOLE et al. 1986) and several human serum
glycoproteins (DORNER et al. 1987). The extent and stability of BiP association
were inversely correlated with secretion efficiency. In a more direct approach,
DORNER et al. (1988) showed that in CHO cells, expressing plasminogen
activator, reduction of BiP levels by introducing antisense RNA led to an
increased secretion of the heterologous glycoprotein.
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Assembly of oligomeric proteins in the ER:. The interaction of monomeric
heavy chains with BiP prior to their association with light chains (HAAS and
WaBL 1983; BOLE et al. 1986) may point to a role of BiP as an assembly factor
(PELHAM 1989a). Heavy chains associated with BiP remained soluble until light
chains were expressed. Assembled immunoglobulins were secreted. Proteins
which oligomerize in the ER without association with BiP may assemble
spontaneously or may interact with other factors as suggested for the T cell
receptor (BONIFACINO et al. 1988). However, studies with mutant heavy chains
argue against a role of BiP in the assembly of immunoglobulins (HENDERSHOT
etal. 1987). Heavy chains lacking the c,1 domain were not found in
association with BiP. The detection of some completely assembled im-
munoglobulins and the increased rate of secretion, both shown for these
mutant heavy chains, could mean that BiP does not assist immunoglobulin
assembly, but might prevent the secretion of unassembled heavy chains. On
the other hand, the retention of unassembled subunits or assembly inter-
mediates is clearly not a general function of BiP since, with the exception
of BiP—heavy chain complexes, stable interactions with incompletely oligo-
merized proteins have not been detected so far (HURTLEY and HELENIUS 1989).
Folding of proteins in the ER: Another role of BiP was suggested in the
maturation of the VSV-G glycoprotein which forms homotrimers in the ER. In
contrast to influenza virus hemagglutinin (HURTLEY et al. 1989), BiP was found
associated with monomers of the VSV-G protein shortly after synthesis.
Dissociation occurred as the subunits underwent folding (HURTLEY and
HELENIUS 1989). No interaction with BiP could be detected by the time trimers
were formed in the ER. Mutant forms of VSV-G, which do not fold or trimerize
correctly (Doms et al. 1988), aggregated and were found in association with
BiP. Consistent with the kinetics of association, BiP may serve as a folding
factor of VSV-G rather than an assembly or retention factor (HURTLEY and
HELENIUS 1989). However, it is questionable whether a generalization can be
made; e.g., BiP association was not detected in the case of nascent prolactin
chains in a cell free translocation system (KASSENBROCK et al. 1988). Still, the
possibility exists that BiP may assist specific protein folding in the ER.

Translocation of proteins into the ER: The identification of the yeast BiP gene
(ROSE et al. 1989; NORMINGTON et al. 1989; NICHOLSON et al. 1990) allows the
examination of BiP function using genetic technigues. At nonpermissive
temperature a temperature-sensitive BiP mutant failed to import proteins into
the ER (VOGEL et al. 1990). In the absence of BiP function imported
precursor proteins might remain bound to a component of the secretory
machinery or might aggregate. Both effects would result in inactivation of the
translocation machinery resulting in a block of transport into the ER. On the
other hand, with translocation-competent proteclipesomes import of prepro-
lactin was found to occur in the absence of BiP, albeit with a low efficiency
(NiccHITTA and BLoBeL 1990). However, as discussed by the authors, BiP
binding to a polypeptide during membrane translocation may stabilize a
conformation that facilitates import and may therefore increase the transloc-
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ation rate. Such a function of BiP would resemble that proposed for cytosolic
hsp70 proteins in maintaining a transport-competent conformation of
translocated proteins. The essential character of BiP function in translocation
might be missed in these in vitro experiments due to the limited efficiency of the
reconstituted system.

3 The GroEL/hsp60 Family

All prokaryotic and eukaryotic cells investigated so far contain a heat shock
protein with a molecular mass of about 60 kD. The first member of this family, the
GroEL protein from E. coli, was purified and characterized several years ago
(HENDRIX 1979; HOHN et al. 1979). Other members were identified in chloroplasts
(BARRACLOUGH and ELLIS 1980; PusHKIN et al. 1982) and mitochondria (MCMULLIN
and HALLBERG 1987, 1988). Sequence analysis shows a considerable conserv-
ation between the different proteins (about 46 %-54% sequence identity;
HEMMINGSEN et al. 1988; ReADING et al. 1989). This homology can be easily
explained in terms of the endosymbiotic origin of mitochondria and chloroplasts.
So far, identification of a GroEL/hsp60 homologue in the cytosol has not been
reported.

In addition to the sequence similarity and immunological cross-reactivity the
different members of the hsp60 family have several properties in common. All are
constitutively expressed but can be induced by heat shock. Molecular weights
and the isoelectric points are almost identical. A close similarity in quarternary
structure is obvious (as discussed in detail below). Finally, all members of this
family possess a weak ATPase activity, which may be important for their function
(HEMMINGSEN et al. 1988).

In view of the strong conservation a common function of these proteins is
conceivable. All members of the hsp60 family are thought to assist proteinsin the
process of acquiring their native structure (HEMMINGSEN et al. 1988). Similar to
hsp70 proteins, hsp60 proteins may act as molecular chaperones. The term
“chaperonin” was proposed to define them as a third class of chaperone
proteins besides nucleoplasmin and the hsp70 protein family (HEMMINGSEN et al.
1988; ELLIS and HEMMINGSEN 1989; ELLIS et al. 1989).

3.1 The Rubisco Subunit Binding Protein of Chloroplasts

Studies on the synthesis of the oligomeric chloroplast enzyme ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) have revealed the association
of newly synthesized large subunits with proteins of about 60 kD, termed Rubisco
subunit binding protein (BARRACLOUGH and ELLIS 1980). Both were found in a
protein particle with an apparent molecular mass of 720 kD and a sedimentation
coefficient of 29S (CANNON et al. 1986; Roy and CANNON 1988). There is strong
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evidence that Rubisco subunit binding protein, absent from native Rubisco, acts
as a molecular chaperone during the assembly of Rubisco.

3.1.1 Ribulose-1,5-bisphosphate Carboxylase/Oxygenase (Rubisco)

Rubisco is the most abundant protein in chloroplasts. In higher plants and in
most photosynthetic prokaryotes it is a hexadecamer composed of eight large
subunits with a moelcular mass of 52kD and eight small subunits with a
molecular mass of 15 kD (MiziorkO and LORIMER 1983; GATENBY and ELLIS 1990).
large subunits, which contain the catalytic site, are encoded by the chloroplast
rbcL gene, whereas the small subunits are nuclear encoded, synthesized
as larger precursors in the cytosol, and processed after import into the chloro-
plast stroma (SMITH and ELuIs 1979). The small subunits are necessary for
enzymatic activity, but their exact function is unclear so far. In the prokaryote
Rhodospirillum rubrum a dimeric Rubisco exists which comprises two large
subunits only (TABITA and MCFADDEN 1974).

Rubisco catalyzes CO, fixation, the rate-limiting step in photosynthesis. In
addition, it is the key enzyme of photorespiration which reduces the efficiency of
CO, fixation. Therefore, major efforts were undertaken to manipulate the enzyme
in order to increase the net rate of photosynthesis by recombinant DNA
techniques. However, large subunits of the higher plant enzyme, when expressed
in E. coli, formed insoluble aggregates. Thus, after coexpression of large and
small Rubisco subunits from higher plants, only low levels of assembly and
enzyme activity were observed (GATENBY et al. 1987). This hampered attempts
to analyze enzyme structure and function by site-directed mutagenesis
experiments.

3.1.2 Structure and Properties

The Rubisco subunit binding protein is one of the most abundant proteins in the
stroma of chloroplasts. It consists of two types of subunits with molecular masses
of 61 kD (a) and 60 kD(f). These were initially assumed to occur in a stoichiometry
of azfs (MUSGROVE et al. 1987); however, more recently the subunits were
proposed to be identical to a previously identified 14-meric protein (PUSHKIN et al.
1982; HEMMINGSEN et al. 1988). It has not finally been proven, however, that the
binding protein is a hetero-oligomer. The possibility of homo-oligomeric isoforms
has not been ruled out. The subunits differ in a number of properties, including
antigenicity, peptide pattern obtained after limited proteolysis, isoelectric point,
and amino terminal amino acid sequence. In rape subunits & and f have
about 50% sequence identity (GATENBY and ELLIs 1990). Both subunits are
nuclear encoded and translated as precursors with indistinguishable apparent
molecular weight (ELLIS and VAN DER VIES 1988). After import into chloroplasts and
proteolytic processing they assemble in the stroma compartment.
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The protein possesses ATPase activity (CHAUDHARI et al. 1987). As first
reported by BLOOM et al. (1983) addition of Mg-ATP in equimolar concentrations
causes reversible dissociation of the binding protein into monomeric subunits
(MUSGROVE et al. 1987). The disassembly was highly specific for ATP. Other
nucleotides together with equimolar amounts of Mg?* ions had no effect. The
dissociated subunits were neither stably phosphorylated nor adenylated
(HEMMINGSEN and ELLIS 1986).

Immunological studies with an antibody raised against the pea binding
protein led to the identification of related proteins in extracts of spinach,
tobacco, wheat, and barley leaf extracts and castor bean endosperm. The
occurrence of the Rubisco subunit binding protein correlates with the distri-
bution of Rubisco in different plant tissues (HEMMINGSEN and ELLIS 1986; ELLIS and
VAN DER VIES 1988).

3.1.3 The Role of Rubisco Subunit Binding Protein
in the Assembly of Rubisco

The molecular details of the assembly pathway of Rubisco are largely unknown.
On the basis of structural and evolutionary considerations dimerization of folded
large subunits was proposed to be a common, conserved step in assembly
of dimeric and hexadecameric Rubisco (GOLOUBINOFF et al. 1983a). After
oligomerization of dimers to an octameric structure eight small subunits
associate polarily, thereby forming the active hexadecameric enzyme.

On the basis of kinetic studies of its association with large subunits the
hypothesis was advanced that the Rubisco subunit binding protein is required
for the correct assembly of Rubisco (BARRACLOUGH and ELLIS 1980; Roy and
CANNON 1988, for a review). Addition of antiserum against binding protein to
extracts of pea chloroplasts led to inhibition of holoenzyme formation. This
indicates that all assembly-competent large subunits transiently associate with
the binding protein (CANNON et al. 1986).

However, the mode of action of Rubisco subunit binding protein is not
entirely clear so far. It may affect assembly of Rubisco at varlous stages. Kinetic
studies suggest that large subunits interact with binding proteins before
assembly with small subunits occurs (GATENBY et al. 1988). Addition of Mg-ATP
to stromal extracts of pea chloroplasts resulted in dissociation of the complex
between Rubisco large subunit and Rubisco subunit binding protein. On the
other hand, an association of Rubisco subunit binding protein was also found
with small subunits (GATENBY et al. 1988). This would suggest a role of Rubisco
subunit binding protein for folding of small subunits or for holoenzyme
formation.

In summary, there is clear evidence for an involvement of the binding
protein in the assembly of Rubisco; however, its exact role remains to be deter-
mined.
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3.2 GroE Proteins
3.2.1 General Properties

The prokaryotic member of the hsp60 family, the GroEL protein, belongs to the
most abundant proteins in E. coli and several other bacteria. It is encoded in the
GroE operon, which is part of the E. coliheat shock regulon. When temperature is
elevated from 37 °C to 46 °C the expression of the encoded proteins is increased
four- to fivefold. The transcript of about 2100 nucleotides contains two open
reading frames. Besides the GroEL protein (molecular weight of 52259, as
estimated from the DNA sequence), a second polypeptide, the GroES protein
(molecular weight of 10368), is encoded in this operon (HEMMINGSEN et al. 1988).
The apparent molecular weights of the two proteins determined by denaturing
gel electrophoresis are about 65000 and 15000 respectively. The GroEL protein
forms an oligomeric complex which contains 14 monomers arranged in a
double-ring with sevenfold rotational symmetry (HENDRIX 1979; HOHN et al. 1979).
Upon gel filtration or centrifugation analysis the GroES protein displays a
molecular mass of about 80 kD (CHANDRASEKHAR et al. 1986). This suggests an
oligomeric structure for this protein, too. Biochemical as well as genetic evidence
exists for an interaction of GroEL and GroES proteins. The GroEL protein
possesses a weak ATPase activity (HENDRIX 1979) which can be inhibited by
GroES (CHANDRASEKHAR et al. 1986). Furthermore, partial cosedimentation of
purified GroES protein with GroEL in a glycerol gradient suggests a physical
interaction. Interestingly, ATP and MgCl, are necessary for this interaction
(CHANDRASEKHAR et al. 1986). Under similar conditions GroES binds to im-
mobilized GroEL on an affinity matrix. The identification of intergenic suppres-
sors of groES mutations mapping in the groEL gene strongly support these
biochemical data (TiLLy and GEORGOPOULOS 1982).

3.2.2 Function

GroE proteins were originally identified as host genes necessary for bac-
teriophage T4 morphogenesis (GEORGOPOULOS et al. 1972). Besides the inability
to propagate bacteriophages some mutant alleles of both groEL and groES
result in a temperature-sensitive growth of the host (WADA and ITIKAWA 1984).
Recently, it was shown by a genetic approach that GroEL and GroES proteins
are necessary for bacterial growth at all temperatures (FAYET et al. 1989). The
actual level of GroE proteins can determine the maximal growth temperature
(Kusukawa and YURA 1988). This suggests a more general role of the GroE
proteins for cell function. Although their exact mode of action is unclear so far,
strong evidence has accumulated during the last few years for an involvement of
the GroE proteins in the following cellular processes.

1. Morphogenesis of bacteriophages:. Even before their identification as heat
shock proteins the involvement of the GroE proteins in the morphogenesis of
bacteriophages was well established. Both proteins are required for head
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assembly of the phage A (for review, see FRIEDMAN et al. 1984) and tail
assembly of TS5 phages (TiLLy and GEORGOPOULOS 1982). In addition, the
GroEL protein has been shown to be necessary for T4 head assembly
(GEORGOPOULOS et al. 1972). In all cases the GroE proteins seem to actin early
steps of morphogenesis. Examination of the structures formed during 4
infection of groEL mutants suggests that this protein may be involved in the
oligomerization of the phage B protein to a dodecamer. This ring-like
structure is located at the vertex of the 4 head to which the 4 tail becomes
attached.
. DNA replication: The identification of extragenic suppressors of a given
mutation can be used to identify functional interactions between different
proteins. Overexpression of a DNA fragment containing groEL and groES was
found to restore the temperature-sensitive phenotype of dnaA mutations
(FAYET et al. 1986; JENKINS et al. 1986). The effect could only be observedin the
presence of the DnaA protein, thus excluding a bypass mechanism.
Therefore, a direct interaction of the proteins has been proposed. The allele
specificity of suppression supports this conclusion. A mutation in the rpoA
gene of E. coli, which encodes a subunit of the RNA polymerase, can suppress
a temperature-sensitive mutation in the groES gene (WADA et al. 1987).
Furthermore, GroEL can rescue a temperature-sensitive mutation in a gene
for E. coli single strand binding proteins (Ssb), suggesting an interaction
between Ssb proteins and GroEL (RuBEN et al. 1988). It is interesting to note in
this context that the levels of GroE proteins were observed to increase with
shorter generation times (PEDERSEN et al. 1978). In summary, an involvement
of GroE proteins in DNA replication appears to be established; however, their
specific function(s) remain to be determined.
. Translocation of proteins across membranes: Posttranslational export of
proteins from a prokaryotic cell requires the secreted proteins to be present in
a conformation that is conducive to translocation (RANDALL and HARDY 1986).
Several proteins, including SecB, trigger factor, and GroEL, have been
proposed to assist newly synthesized proteins in acquiring or maintaining
such a translocation-competent conformation. They may prevent either
foliding into a stable native structure or malfolding and aggregation.
Evidence for interaction of GroEL with newly synthesized proteins came
from photo-cross-linking experiments (BOCHKAREVA et al. 1988). After such
cross-linking newly synthesized, plasmid-encoded secretory f-lactamase
(and plasmid-encoded chloramphenicol acetyltransferase) sedimented dur-
ing ultracentrifugation as a 20S particle. Depletion of E. coli extracts from
GroEL by affinity chromatography showed that the particle corresponds to
GroEL. Denatured but not native myoglobin caused a competitive inhibition
of the cross-linking reaction. This observation suggests an interaction of
GroEL with unfolded B-lactamase. Only in the presence of GroEL was the
export competence of newly synthesized f-lactamase conserved during
preincubation. Therefore, the GroEL protein was proposed to stabilize
a secretion-competent conformation and exert a chaperone function
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analogous to SecB and trigger factor (BOCHKAREVA et al. 1988; KUSUKAWA et al.
1989). As shown recently, the overproduction of GroEL in E. coli
facilitates the export of a hybrid protein consisting of the signal
sequence and the amino terminal region of the maltose-binding protein
fused to f-galactosidase (PHILLIPS and SiLHAVY 1990).

Employing isolated GroEL and precursor proteins a stable and reversible
association of GroEL with the precursors of two secreted proteins, proOmpA
and prePhoE, was observed (LECKER et al. 1989). Analysis of the complexes by
sucrose gradient centrifugation suggested a 1:1 stoichiometry. In contrast, no
interaction of GroEL was seen with soluble cytoplasmic proteins or with
mature secreted proteins. However, the significance of these in vitro experi-
ments is not entirely clear: in temperature-sensitive GroEL and GroES mutants
only the processing of -lactamase was slowed down; there was no effect on
the secretion of other proteins, including proOmpA (KUSUKAWA et al. 1989).
Thus, in the bacterial cell a certain substrate specificity for precursor proteins
may exist, e.g., SecB and GroE proteins may differ in this respect.

The studies on GroEL binding to precursor proteins were carried outin the
absence of ATP (LECKER et al. 1989). ATP is apparently not necessary for
association of the precursor proteins with GroEL. The complexes dissociate
after adding ATP (BOCHKAREVA et al. 1988). Since the interaction of GroEL and
GroES was only observed in the presence of ATP (CHANDRASEKHAR et al. 1986),
a role of the GroES protein in the release of GroEL-associated proteins was
assumed (Kusukawa et al. 1989). Among different GroES mutants analyzed in
respect of processing kinetics in vivo only one affected the export of f-
lactamase, suggesting that a specific domain is important for the function of
GroES (Kusukawa et al. 1989).

The nature of the interaction between GroEL and precursor proteins
remains unknown. The specific association with unfolded proteins might
point to hydrophobic interactions, in analogy to the hsp70 proteins. As
emphasized by LECKER et al. (1989), however, the interaction of GroEL with
proOmpA, an integral membrane protein, whose sequence lacks long regions
of consecutive apolar residues, might mean that regions other than apolar
ones may be recognized.

. Protein folding and assembly of oligomeric proteins: Increasing evidence has

accumulated that GroE proteins may assist proteins in the acquisition of their
native structure, i.e., act as molecular chaperones. After expression of dimeric
or hexadecameric prokaryotic Rubisco in E. coli it was shown that overex-
pression of GroE proteins in E. coli resulted in an increased assembly of
Rubisco (GOLOUBINOFF et al. 1989a). An influence of GroEL on the transcrip-
tion rate or the protein stability was excluded. Analysis of GroES and GroEL
mutants showed that boih GroE proteins are necessary.

In subsequent experiments purified components were used to study the role
GroE proteins in the reconstitution of dimeric prokaryotic Rubisco in vitro

(GOLOUBINOFF et al. 1989b). After denaturation with either urea or guanidinium
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chloride and acid inactivation, no spontaneous reactivation could be observed
under the conditions of the assay. In contrast, in the presence of GroEL, GroES,
and Mg-ATP efficient reconstitution occurred. In a first step GroEL bound
unfolded Rubisco large subunits independently of the presence of GroES and
Mg-ATP. The urea-denatured as well as the acid-denatured protein, which was
shown to contain a secondary structure, was able to form a binary complex with
the GroEL tetradecamer. The subsequent dissociation step depended on GroES
and Mg-ATP. In the presence of nonhydrolyzable analogues no effective
reconstitution was observed, suggesting that the energy of ATP hydrolysis
is required. Optimal reconstitution was observed at equimolar concentrations
of GroEL and GroES. GroES may mediate the ATP-dependent release of
the protein, perhaps by inducing a conformational change. The inhibition of
the ATPase activity of GroEL by GroES (CHANDRASEKHAR et al. 1986) may have a
regulatory function in these processes.

In conclusion, the reconstitution experiments with dimeric rubisco indicate
that GroE proteins are involved in folding and assembly of large subunits.
However, a role in folding and/or assembly of small subunits of hexadecameric
Rubiscos of higher plants cannot be excluded. An interaction of GroEL with
small subunits was in fact suggested by the observation that small subunits
copurified with GroEL after expression in E. coli (LANDRY and BARTLETT 1989).

Several observations are consistent with a more general role of GroE proteins
in folding and assembly of proteins. First, the homologous proteins, hsp60 in
mitochondria and a-subunit of the Rubisco binding protein in chloroplast, could
substitute for GroEL in the reconstitution experiments with Rubisco. So far, no
GroES homologue has been identified in mitochondria and chloroplasts. In view
of the conservation of GroEL structure and function it seems reasonable to
assume that a protein with a function analogous to GroES does exist in these
organelles. Furthermore, indirect evidence that GroE proteins assist various
proteins in the acquisition of their native structure came from genetic experi-
ments. Overexpressed GroE proteins could suppress many, but not all mutations
in different genes of the ilv- and his operon of Salmonella typhimurium (VANDYK
et al. 1989). In addition, heat-sensitive folding mutants of gene 9 of Salmonella
phage P22 could be rescued by GroE proteins at the restrictive temperature.
Thus, the formation not only of active enzymes but also of structural proteins
appears to depend on GroE proteins. Interestingly, among the proteins analyzed
only mutations in oligomeric ones could be suppressed by GroE proteins; the
tested monomeric ones remained unaffected. Although several explanations for
the suppressive effect are possible, it seems conceivable that GroE proteins
affect the assembly of various proteins.

3.3 The Mitochondrial hsp60

The heat-shock protein hsp60 was initially found in mitochondria of Tetrahy-
mena (MCMULLIN and HALLBERG 1987), and then in mitochondria from all
organisms analyzed so far. It has a strong structural similarity to the bacterial
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GroEL. Recent studies indicate that it plays an essential role in the folding and
assembly of proteins newly imported into mitochondria.

3.3.1 Occurrence and Conserved Properties

Heat shock proteins of the hsp60 type were identified in the yeast Sac-
charomyces cerevisiae (64 kD), Neurospora crassa (60 kD; HUTCHINSON et al.
1989), Tetrahymena thermophila (MCMULLIN and HALLBERG 1987), Xenopus
laevis (60 kD), Zea mays (62 kD), human cells (58-60 kD; McMuLLN and
HALLBERG 1988; WALDINGER et al. 1988, 1989; JINDAL et al. 1989; MizzeN et al. 1989;
MizzeN et al. 1989), and CHO cells (58 kD; PICKETTS et al. 1989). Interestingly, the
hsp60 of human lymphocytes shows a genetic polymorphism (WALDINGER et al.
1988).

The nuclear-encoded hsp60 protein is constitutively expressed and targeted
to mitochondria by a positively charged amino terminal presequence. After heat
shock, which causes a two- to threefold increase in expression, the protein
represents about 0.3 % of total cell protein. Like the bacterial GroEL homologue
and the Rubisco subunit binding protein, the mitochondrial hsp60 assembles
into an oligomeric structure in the cell. The protein of Tetrahymena thermophila
sedimented in sucrose gradients as a 20—25S complex (MCMULLIN and HALLBERG
1987). Electron microscopic analysis of the Neurospora crassa protein revealed
a structure very similar to that of the GroEL protein. The particle consists of
two rings, each comprising seven subunits which are arranged in two layers
(HUTCHINSON et al. 1989). The monomeric subunit may have an extended
conformation. So far, all available evidence suggests that the 14 subunits are
identical; thus, mitochondrial hsp60 appears to be a homo-oligomer like GroEL.

3.3.2 Function

Mitochondrial hsp60 resembles bacterial GroEL with respect to not only
supramolecular structure but also amino acid sequence (READING et al. 1989;
JOHNSON et al. 1989). Not very surprisingly they appear to be rather similar in
function. There is increasing evidence from genetic as well as biochemical
studies for an involvement of hsp60 in folding and/or assembly of mitochondrial
proteins after their import into the matrix space (CHENG et al. 1989; OSTERMANN
et al. 1989; HARTL and NEUPERT 1990, for a review).

The identification of a temperature-sensitive hsp60 mutant in yeast, called
mif4 (for mitochondrial import function), allowed examination of the role of
hsp60 in the import of proteins into mitochondria (CHENG et al. 1989). At
nonpermissive temperature the mutant hsp60 protein became aggregated and
was found in the iow spin peilet of cell extracts. Under these conditions
mitochondrial ornithine transcarbamylase (from humans, transformed into the
yeast cells) failed to form trimers and to acquire enzyme activity and the -
subunit of the mitochondrial F,F, ATPase failed to assemble into F, particles.
Cytochrome b,, a protein of the mitochondrial intermembrane space, and the
Rieske Fe/S protein of complex lil, normally present on the outer surface of the



Heat Shock Proteins hsp60 and hsp70 23

inner membrane of mitochondria, did not reach their functional location. In
experiments with isolated mif4 mitochondria it was shown that membrane
translocation was still possible, but the imported proteins failed to assemble.
Therefore, it was suggested that hsp60 assists oligomeric proteins in the
acquisition of the native structure.

In subsequent biochemical studies, a physical interaction of hsp60 with
proteins freshly imported after urea denaturation into ATP-depleted mito-
chondria was established (OSTERMANN et al. 1989). Analysis of the folding state
of such hsp60-associated proteins revealed that they were in an unfolded
conformation. A fusion protein, in which amino acid residues 1-69 of the
precursor of Neurospora F; ATPase subunit 9 were joined to the amino terminus
of mouse dihydrofolate reductase (DHFR), was employed to analyze the folding
reaction. The state of folding of this protein could be monitored by determining
the protease sensitivity of the DHFR domain. Unfolded DHFR was digested by
very low concentrations of proteases, whereas folded DHFR was resistant to
rather high concentrations of proteases. After import the fusion protein was
found to fold in association with hsp60 in an ATP-dependent manner
(OSTERMANN et al. 1989). Folding and release of bound DHFR in the presence of
ATP was also observed when mitochondria containing the hsp60 precursor
protein complex were lysed with mild detergents. Studies with the membrane-
permeant alkylating agent, N-ethylmaleimide (NEM), excluded a spontaneous
folding of the DHFR after release from hsp60. In extracts of NEM-treated
mitochondria, imported DHFR, bound to hsp60 in the absence of ATP, was
released after readdition of ATP, but did not fold correctly. It remains to be tested
whether hsp60 itself is the target of the NEM effect.

Furthermore, these experiments suggested an involvement of additional
component(s). After partial purification of the fusion protein—hsp60 complex by
gel filtration, readdition of Mg-ATP resulted only in a partial protease resistance
of the DHFR domain, indicating an incomplete folding reaction. The DHFR
remained bound to hsp60 under these conditions. Apparently, an unidentified
component which did not cofractionate with the fusion protein—hsp60 complex
during gel filtration was necessary for release.

In summary, these findings argue for a role of hsp60 in the folding of proteins
after their import into mitochondria. hsp60 was found to be able to substitute
for GroEL in assisting the reconstitution of Rubisco in in vitro experiments
(GoLouBINOFF et al. 1983b). This underlines the functional similarity of the
members of the GroEL family.

4 Conclusions

Heat shock proteins of the hsp70 and hsp60 classes may fulfill multiple functions
in the cell. There is increasing evidence that direct protein—protein interaction is
a common theme of their action. The tendency of small heat shock proteins to
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aggregate and the interaction of hsp90 proteins with steroid receptors and
tyrosine kinases (LINDQUIST and CRAIG 1988, for a review) suggests that this may
also be true for a variety of other heat shock proteins.

Heat shock proteins protect cells from the damaging effect of high
temperatures and other kinds of stress. Although the resolution of aggregated
proteins by heat shock proteins has not been observed in vivo or in vitro, the
action of hsp70 and hsp60 proteins in the absence of stress may provide hints as
to the mechanism of protection. Both families act as molecular chaperones
assisting protein folding and assembly by reducing the tendency of aggre-
gation during various cellular processes. However, hsp70 and hsp60 proteins
may exert their function in different ways.

hsp70 proteins stabilize protein conformations distinct from the stably folded,
native structure. These altered conformations appear to be necessary for
targeting to and transportation of polypeptides across membranes, for assembly
into oligomeric structures, or for interactions with other proteins. Thus the
shielding of previously buried sequences by hsp70 proteins might reduce the
tendency of proteins to aggregate, especially at elevated temperatures. The role
of hsp70 proteins in protein folding in vivo is open. The sequence-specific
recognition of proteins by BiP and hsc70 in vitro might suggest a function in
protein folding (FLYNN et al. 1989). However, up to now no direct experimental
data suggest that hsp70 proteins may act as “unfoldases” or as “foldases.”

More direct evidence exists for the involvement of hsp60 proteins in folding
and assembly of proteins. At least in some cases, GroEL-like proteins have been
shown to be necessary for the acquisition of the native structure of proteinsin the
cell. The complex quaternary structure of hsp60 proteins (in contrast to hsp70
proteins) may be helpful in promoting folding and assembly of proteins. Thus, a
general role of hsp60 for protein folding in vivo appears possible. A number of
other proteins were identified which assist protein folding in vivo (ROTHMAN 1989,
FiscHER and ScHMID 1990; for a review), including cis/trans-peptidyl-prolyl-
isomerase (LANG et al. 1987) and the protein disulfide isomerase (FREEDMAN
1989). Within the thermodynamic limits chaperonins and these other proteins
may assist folding at a kinetic level. A main task may be the prevention of
premature folding and aggregation favored both by the high protein con-
centration in the cell and by high temperatures.

Acknowledgments. Work in the authors’ laboratory was supported by the Fonds der chemischen
Industrie and by the Deutsche Forschungsgemeinschaft (SFB 184). We thank Drs. R. Lill, J.
Ostermann, and N. Pfanner for critically reading the manuscript.

References

Alfano C, McMacken R (1989a) Ordered assembly of nucleoprotein structures at the bacteriophage 4
replication origin during the initiation of DNA replication. J Biol Chem 264: 10699—10708
Alfano C, McMacken R (1989b) Heat shock protein-mediated disassembly of nucleoprotein



Heat Shock Proteins hsp60 and hsp70 25

structures is required for the initiation of bacteriophage A DNA replication. J Biol Chem
264:10709-10718

Amir-Shapira D, Leustek T, Dalie B, Weissbach H, Brot N (1990) Hsp70-proteins, similar to Escherichia
coli DnakK, in chloroplasts and mitochondria of Euglena gracilis. Proc Natl Acad Sci USA
87:1749-1752

Ananthan J, Goldberg AL, Voellmy R (1986) Abnormal proteins serve as eukaryotic stress signals and
trigger the activation of heat shock genes. Science 232: 522-524

Bardwell J, Craig E (1984) Major heat shock gene of Drosophila and the Escherichia coli heat-
inducible dnaK gene are homologous. Proc Natl Acad Sci USA 81: 848-852

Barraclough R, Ellis RJ (1980) Protein synthesis in chloroplasts. IX: Assembly of newly-synthesized
large subunits into ribulose bisphosphate carboxylase in isolated intact pea chloroplasts.
Biochem Biophys Acta 608: 19-31

Bloom MV, Milos P, Roy H (1983) Light-dependent assembly of ribulose-15-bisphosphate
carboxylase. Proc Natl Acad Sci USA 80: 1013-1017

Bochkareva ES, Lissin NM, Girshovich AS (1988) Transient association of newly synthesized
unfolded proteins with the heat-shock GroEl protein. Nature 336: 254—-257

Bole DG, Hendershot LM, Kearney JF (1986) Posttranslational association of immunoglobulin heavy
chain binding protein with nascent heavy chains in nonsecreting and secreting hybridomas.
J Cell Biol 102: 1558—1566

Bonifacino JS, Lipincott-Schwartz J, Chen C, Antasch D, Samelson LE (1988) Association and
dissociation of the murine T cell receptor associated protein (TRAP). J Biol Chem 263: 8965-8971

Cannon S, Wang P, Roy H (1986) Inhibition of ribulose bisphosphate carboxylase assembly by
antibody to a binding protein. J Cell Biol 103: 1327-1335

Cegielska A, Georgopoulos C (1989) Functional domains of the Escherichia coli dnaK heat shock
protein as revealed by mutational analysis. J Biol Chem 264: 21122-21130

Chandrasekhar GN, Tilly K, Woolford C, Hendrix R, Georgopoulos C (1986) Purification and
properties of the groES morphogenetic protein of Escherichia coli. J Biol Chem 261: 12414—-12419

Chang SC, Wooden SK, Nakaki T, Kim YK, Lin AY, Kung L, Attenello JW, Lee AS (1987) Rat gene
encoding the 78-kDa glucose-regulated protein GRP78: its regulatory sequences and the effect
of protein glycosylation on its expression. Proc Natl Acad Sci USA 84: 680-684

Chappell TG, Welch WJ, Schlossman DM, Palter KB, Schlesinger MJ, Rothman JE (1986) Uncoating
ATPase is a member of the 70 kilodalton family of stress proteins. Cell 45: 3-13

Chappell TG, Konforti BB, Schmid S, Rothman JE (1987) The ATPase core of a clathrin uncoating
protein. J Biol Chem 262: 746-751

Chaudhari P, Cannon S, Hubbs A, Roy H (1987) Regulation of Rubisco assembly in pea chloroplast
extracts. Abstracts 16th Annual UCLA Symposium. J Cell Biochem [Suppl] 11B: 50

Chen WJ, Douglas MG (1987) The role of protein structure in the mitochondrial import pathway. J Biol
Chem 262: 15605-15609

Cheng MY, Hartl FU, Martin J, Pollock RA, Kalousek F, Neupert W, Hallberg EM, Hallberg RL, Horwich
AL (1989) Mitochondrial heat-shock protein hsp60 is essential for assembly of proteins imported
in yeast mitochondria. Nature 337: 620-625

Chirico WJ, Waters GM, Blobel G (1988) 70K heat shock related proteins stimulate protein
translocation into microsomes. Nature 332: 805-810

Collier DN, Bankaitis VA, Weiss JB, Bassford PJ (1988) The antifolding activity of SecB promotes the
export of the E. coli maltose-binding protein. Cell 53: 273-283

Craig EA, Kramer J, Kosic-Smithers J (1987) SSC1, a member of the 70-kDa heat shock protein
multigene family of Saccharomyces cerevisiae, is essential for growth. Proc Natl Acad Sci USA
84:4156-4160

Craig EA, Kramer J, Shilling J, Werner-Washburne M, Holmes S, Kosic-Smithers J, Nicolet CM (1989)
SSC1, an essential member of the yeast hsp70 muiltigene family, encodes a mitochondrial protein.
Mol Cell Biol 9: 3000-3008

Crooke E, Wickner W (1987) Trigger factor: a soluble protein that folds pro-OmpA into a membrane-
assembly-competent form. Proc Natl Acad Sci USA 84: 5216-5220

Crooke E, Guthrie B, Lecker S, Lill R, Wickner W (1988) ProOmpA is stabilized for membrane
translocation by either purified E. coli trigger factor or canine signal recognition particle. Cell
54:1003-1011

Dalie BI, Skaleris DA, Kohle K, Weissbach H, Brot N (1990) Interaction of dnaK with ATP: binding,
hydrolysis and Ca?*-stimulated autophosphorylation. Biochem Biophys Res Commun
166: 1284-1292

Deluca-Flaherty C, Flaherty KM, McIntosh LJ, Bahrami B, McKay DB (1988) Crystals of an ATPase
fragment of bovine clathrin uncoating ATPase. J Mol Biol 200: 749-750



26 T. Langer and W. Neupert

Deshaies RJ, Koch BD, Werner-Washburne M, Craig EA, Schekman R (1988a) A subfamily of stress
proteins facilitates translocation of secretory and mitochondrial precursor polypeptides. Nature
332: 800-805

Deshaies RJ, Koch BD, Schekman R (1988b) The role of stress proteins in membrane biogenesis
Trends Biochem Sci 13: 384-388

Dodson M, McMacken R, Echols H (1989) Specialized nucleoprotein structures at the origin o°
replication of bacteriophage A. J Biol Chem 264: 10719-10725

Doms RW, Ruusala A, Machamer C, Helenius J, Helenius A, Rose JK (1988) Differential effects of
mutations in three domains on folding, quarternary structure, and intracellular traffic of vesicular
stomatitis virus G protein. J Cell Biol 107: 89-99

Dorner AJ, Bole DG, Kaufman RJ (1987) The relationship of N-linked glycosylation and heavy chain-
binding protein association with the secretion of glycoproteins. J Cell Biol 105: 2665-2674

Dorner AJ, Krane KG, Kaufman RJ (1988) Reduction of endogenous GRP78 levels improves secretion
of a heterologous protein in CHO cells. Mol Cell Biol 8: 4063-4070

Eilers M, Schatz G (1986) Binding of a specific ligand inhibits import of a purified precursor protein
into mitochondria. Nature 322:; 228-232

Ellis RJ (1987) Proteins as molecular chaperones. Nature 328: 378-379

Ellis RJ, Hemmingsen SM (1989) Molecular chaperones: proteins essential for the biogenesis of some
macromolecular structures. Trends Biochem Sci 14: 339-342

Ellis RJ, van der Vies SM (1988) The Rubisco subunit binding protein. Photosyn Res 16: 101-115

Ellis RJ, van der Vies SM, Hemmingsen SM (1989) The molecular chaperone concept. Biochem Soc
Symp 55: 145-153

Engman DM, Kirchhoff LV, Donelson JE (1989) Molecular cloning of mtp70, a mitochondrial member
of the hsp70 family. Mol Cell Biol 9: 5163-5168

Fayet O, Louran JM, Georgopoulos C (1986) Suppression of the Escherichia colidnaA46 mutation by
amplification of the groES and groEL genes. Mol Gen Genet 202: 435-445

Fayet O, Ziegelhoffer T, Georgopoulos C (1989) The groES and groEL heat shock gene products of
Escherichia coli are essential for bacterial growth at all temperatures. J Bacteriol 171: 1379-1385

Fischer G, Schmid FX (1990) The mechanism of protein folding. Implications of in vitro refolding
models for de novo protein folding and translocation in the cell. Biochemistry 29: 2206-2212

Flynn GC, Chappell TG, Rothman JE (1989) Peptide binding and release by proteins implicated as
catalysts of protein assembly. Science 245: 385-390

Freedman RB (1989) Protein disulfide isomerase: multiple roles in the modification of nascent
secretory proteins. Cell 57: 1069-1072

Friedman DI, Olson ER, Tilly K. Georgopoulos C, Herskowitz |, Banuett F (1984) Interactions of
bacteriophage and host macromolecules in the growth of bacteriophage lambda. Microbiol Rev
48: 299-325

Gallagher P, Henneberry J, Wilson |, Sambrook J (1988) Addition of carbohydrate site chains at novel
sites on influenza virus hemagglutinin can modulate the folding, transport and activity of the
molecule. J Cell Biol 107: 2059-2073

Gatenby AA, Ellis RJ (1990) Chaperone function: the assembly of ribulose bisphosphate carboxylase-
oxygenase. Ann Rev Cell Biol (in press)

Gatenby AA, van der Vies SM, Rothstein SJ (1987) Co-expression of both the maize large and wheat
small subunit genes of ribulose-bisphosphate carboxylase in Escherichia coli. Eur J Biochem
168: 227-231

Gatenby AA, Lubben TH, Ahlquist P, Keegstra K (1988) Imported large subunits of ribulose
bisphosphate carboxylase/oxygenase, but not imported B-ATP synthase subunits, are as-
sembled into holoenzyme in isolated chloroplasts. EMBO J 7: 1307-1314

Georgopoulos C (1977) A new bacterial gene (groPC) which affects lambda DNA replication. Mol
Gen Genet 151: 35-39

Georgopoulos C, Hendrix R, Kaiser A, Wood W (1972) Role of the host cell in bacteriophage
morphogenesis: effects of a bacterial mutation on T4 head assembly. Nature New Biol 239: 38—41

Georgopoulos C, Ang D, Liberek K, Zylicz M (1990) Properties of the Escherichia coli heat shock
proteins and their role in bacieriophage 4 growth. Iri: Morirmoto R, Tissieres A, Georgopculos C
(eds) Stress proteins in biology and medicine. Cold Spring Harbor Laboratory, Cold Spring
Harbor NY

Gething MJ, McCommon K, Sambrook J (1986) Expression of wild-type and mutant forms of influenza
hemagglutinin: the role of folding in intracellular transport. Cell 46: 939-950



Heat Shock Proteins hsp60 and hsp70 27

Goff SA, Goldberg AL (1985) Production of abnormal proteins in E. coli stimulates transcription of ion
and other heat shock genes. Cell 41: 587-595

Goloubinoff P, Gatenby AA, Lorimer GH (1989a) GroE heat-shock proteins promote assembly of
foreign prokaryotic ribulose bisphosphate carboxylase oligomers in Escherichia coli. Nature
337: 44-47

Goloubinoff P, Christeller JT, Gatenby AA, Lorimer GH (1983b) Reconstitution of active dimeric
ribulose bisphosphate carboxylase from an unfolded state depends on two chaperonin proteins
and Mg-ATP. Nature 342: 884-889

Haas IG, Wabl M (1983) Immunoglobulin heavy chain binding protein. Nature 306: 387-389

Hartl FU, Neupert W (1990) Protein sorting to mitochondria: evolutionary conservations of folding
and assembly. Science 247: 930-938

Hemmingsen SM, Ellis RJ (1986) Purification and properties of ribulosebisphosphate carboxylase
large subunit binding protein. Plant Physiol 80: 269-276

Hemmingsen SM, Woolford C, van der Vies SM, Tilly K, Dennis DT, Georgopoulos CP, Hendrix RW,
Ellis RJ (1988) Homologous plant and bacterial proteins chaperone oligomeric protein assembly.
Nature 333: 330-334

Hendershot L, Bole D, Kdhler G, Kearney JF (1987) Assembly and secretion of heavy chains that do
not associate posttranslationally with immunoglobulin heavy chain-binding protein. J Cell Biol
104: 761-767

Hendershot LM, Ting J, Lee AS (1988) Identity of the immunoglobulin heavy-chain-binding protein
with the 78,000 glucose-regulated protein and the role of posttranslational modifications in its
binding function. Mol Cell Biol 8: 4250-4256

Hendrix RW (1979) Purification and properties of groE, a host protein in bacteriophage assembly. J
Mol Biol 129: 375-392

Hohn T, Hohn B, Engel A, Wurtz M (1979) Isolation and characterization of the host protein groE
involved in bacteriophage lambda assembly. J Mol Biol 129: 359-373

Hurtley SM, Helenius A (1989) Protein oligomerization in the endoplasmic reticulum. Ann Rev Celi Biol
5:277-307

Hurtley SM, Bole DG, Hoover-Litty H, Helenius A, Copeland CS (1989) Interactions of misfolded
influenza virus hemagglutinin with binding protein (BiP). J Cell Biol 108: 2117-2126

Hutchinson EG, Tichelaar W, Hofhaus G, Weiss H, Leonard KR (1989) Identification and electron
microscope analysis of a chaperonin oligomer from Neurospora crassa mitochondria. EMBO J
8:1485-1490

Jenkins AJ, March JB, Oliver IR, Masters M (1986) A DNA fragment containing the groE genes can
suppress mutations in the Escherichia coli dnaA gene. Mol Gen Genet 202: 446-454

Jindal S, Dudani AK, Singh B, Harley AB, Gupta RS (1989) Primary structure of a human
mitochondrial protein homologous to the bacterial and plant chaperonins and to the 65-
kilodalton mycobacterial antigen. Mol Cell Biol 9: 2279-2283

Johnson RB, Fearon K, Mason T, Jindal S (1989) Cloning and characterization of the yeast
chaperonin HSP60 gene. Gene 84: 295-302

Kassenbrock CK, Kelly RB (1989) Interaction of heavy chain binding protein (BiP/GRP78) with
adenine nucleotides. EMBO J 8: 1461-1467

Kassenbrock CK, Garcia PD, Walter P, Kelly RB (1988) Heavy-chain binding protein recognizes
aberrant polypeptides translocated in vitro. Nature 333: 90-93

Kozutsmi Y, Segal M, Normington K, Gething MJ, Sambrook J (1988) The presence of malfolded
proteins in the endoplasmic reticulum signal the induction of glucose-regulated proteins. Nature
332: 462-464

Krishnasamy S, Mannar Mannan R, Krishnan M, Gnanam A (1988) Heat shock response of the
chloroplast genome in Vigna sinensis. J Biol Chem 11: 5104-5109

Kusukawa N, Yura T (1988) Heat-shock protein groE of Escherichia coli—key protective roles
against thermal stress. Genes Dev 2: 874-882

Kusukawa N, Yura T, Ueguchi C, Akiyama Y, Ito K (1989) Effects of mutations in heat-shock genes
groEL on protein export in Escherichia coli. EMBO J 8: 3517-3521

Landry SJ, Bartlett SG (1989) The small subunit of ribulose-1,5-bisphosphate carboxylase/
oxygenase and its precursor expressed in Escherichia coli are associated with GroEL protein. J
Biol Chem 264: 9090-9093

Lang K, Schmid FX, Fischer G (1987) Catalysis of protein folding by prolyl isomerase. Nature
329: 268-270



28 T. Langer and W. Neupert

Laskey RA, Honda BM, Mills AD, Finch JT (1978) Nucleosomes are assembled by an acidic protein
which binds histones and transfers them to DNA. Nature 275: 416-420

Lecker S, Lill R, Ziegelhoffer T, Georgopoulos C, Bassford PJ, Kumamoto CA, Wickner W (1989) Three
pure chaperone proteins of Escherichia coli—SecB, trigger factor and GroEL—form soluble
complexes with precursor proteins in vitro. EMBO J 8: 2703-2709

Lee AS (1987) Coordinated regulation of a set of genes by glucose and calcium ionophores in
mammalian cells. Trends Biochem Sci 12: 20-23

Leno GH, Ledford BE (1989) ADP-ribosylation of the 78-kDa glucose-regulated protein during
nutritional stress. Eur J Biochem 186: 205-211

Leustek T, Dalie B, Amir-Shapira D, Brot N, Weissbach H (1989) A member of the hsp70 family is
localized in mitochondria and resembles Escherichia coli DnaK. Proc Natl Acad Sci USA
86: 7805-7808

Lewis MJ, Pelham HRB (1985) Involvement of ATP in the nuclear and nucleolar functions of the 70 kD
heat shock protein. EMBO J 4: 3137-3143

Liberek K, Georgopoulos C, Zylicz M (1988) Role of the Escherichia coli DnaK and DnaJ heat shock
proteins in the initiation of bacteriophage A DNA replication. Proc Natl Acad Sci USA
85: 6632—-6636

Lindquist S (1986) The heat-shock response. Ann Rev Biochem 55: 1151-1191

Lindquist S, Craig EA (1988) The heat-shock proteins. Ann Rev Genet 22: 631-677

Machamer CE, Rose JK (1988) Influence of new glycosylation sites on expression of the vesivular
stomatitis virus G protein at the plasma membrane. J Biol Chem 263: 5948-5954

Marshall JS, DeRocher AE, Keegstra K, Vierling E (1990) Identification of heat shock protein hsp70
homologues in chloroplasts. Proc Natl Acad Sci USA 87: 374-378

McMullin TW, Hallberg RL (1987) A normal mitochondrial protein is selectively synthesized and
accumulated during heat shock in Tetrahymena thermophila. Mol Cell Biol 7: 4414-4423

McMullin TW, Hallberg RL (1988) A highly evolutionary conserved mitochondrial protein is
structurally related to the protein encoded by the Escherichia coli groEL gene. Mol Cell Biol
8:371-380

Milarski KL, Morimoto Rl (1989) Mutational analysis of the human hsp70 protein: distinct domains for
nucleolar localization and adenosine triphosphate binding. J Cell Biol 109: 1947-1962

Milarski KL, Welch WJ, Morimoto Rl (1989) Cell cycle-dependent association of hsp70 with specific
cellular proteins. J Cell Biol 108: 413-423

Miziorko HM, Lorimer GH (1983) Ribulose-1,5-bisphosphate carboxylase-oxygenase. Ann Rev
Biochem 52: 507-535

Mizzen LA, Chang C, Garrels JI, Welch WJ (1989) Identification, characterization, and purification of
two mammalian stress proteins present in mitochondria, grp75, a member of the hsp70 family and
hsp58, a homolog of the bacterial groEL protein. J Biol Chem 264: 20664-20675

Munro S, Pelham HRB (1986) An hsp70-like protein in the ER: identity with the 78kd glucose-
regulated protein and immunoglobulin heavy chain binding protein. Cell 46: 291-300

Munro S, Pelham HRB (1987) A C-terminal signal prevents secretion of luminal ER proteins. Cell
48: 899-907

Murakami H, Pain D, Blobel G (1988) 70-kD heat shock-related protein is one of at least two distinct
cytosolic factors stimulating protein import into mitochondria. J Cell Biol 107: 2051-2057

Musgrove JE, Johnson RA, Ellis RJ (1987) Dissociation of the ribulosebisphosphate-carboxylase
large-subunit binding protein into dissimilar subunits. Eur J Biochem 163: 529-534

Neidhardt FC, VanBogelen RA, Vaughn V (1984) The genetics and regulation of heat-shock proteins.
Ann Rev Genet 18: 295-329

Nicchitta CV, Blobel G (1990) Assembly of translocation-competent proteoliposomes from detergent-
solubilized rough microsomes. Cell 60: 259-269

Nicholson RC, Williams DB, Moran LA (1990) An essential member of the HSP70 gene family of
Saccharomyces cerevisiae is homologous to immunoglobulin heavy chain binding protein. Proc
Natl Acad Sci USA 87: 1159-1163

Normington K, Kohno K, Kozutsumi Y, Gething MJ, Sambrook J (1989) S. cerevisiae encodes an
essential protein homologous in sequence and function to mammalian BiP. Cell 57: 1223-1236

Ostermann J, Horwich AL, Neupert W, Hartl FU (1989) Protein folding in mitochondria requires
complex formation with hsp60 and ATP hydrolysis. Nature 341: 125-130

Patzer EJ, Schiossman DM, Rothman JE (1982) Release of clathrin from coated vesicles dependent
upon a nucleoside triphosphate and a cytosol fraction. J Cell Biol 93: 230-236

Pedersen S, Bloch PL, Reeh S, Neidhardt FC (1978) Patterns of protein synthesis in E. coli. a



Heat Shock Proteins hsp60 and hsp70 29

catalogue of the amount of 140 individual proteins at different growth rates. Cell 14: 179-190

Petham HRB (1984) HSP70 accelerates the recovery of nucleolar morphology after heat-shock.
EMBO J 3: 3095-3100

Pelham HRB (1986) Speculations on the functions of the major heat shock and glucose-regulated
proteins. Cell 46: 959-961

Pelham HRB (1988) Coming in from the cold. Nature 332: 776-777

Pelham HRB (1989a) Control of protein exit from the endoplasmic reticulum. Ann Rev Cell Biol
5:1-23

Pelham HRB (1989b) Heat shock and the sorting of luminal ER proteins. EMBO J 8: 3171-3176

Phillips GJ, Silhavy TJ (1990) Heat-shock proteins DnaK and GroEL facilitate export of LacZ hybrid
proteins in E. coli. Nature 344: 882-884

Picketts DJ, Mayanil CSK, Gupta RS (1989) Molecular cloning of a Chinese hamster mitochondrial
protein related to the “chaperonin” family of bacterial and plant proteins. J Biol Chem
264: 12001-12008

Pinhasi-Kimhi O, Michalovitz D, Ben-Zeev A, Oren M (1986) Specific interaction between the p53
cellular tumour antigen and major heat shock proteins. Nature 320: 182-185

Pushkin AV, Tsuprun VL, Solovjeva NA, Shubin VV, Evstigneeva ZG, Kretovich WL (1982) High
molecular weight pea leaf protein similar to the grok protein of Escherichia coli. Biochim biophys
Acta 704: 379-384

Randall LL, Hardy SJS (1986) Correlation of competence for export with lack of tertiary structure of
the mature species: a study in vivo of maltose-binding protein of E. coli. Cell 46: 921-928

Reading DS, Hallberg RL, Myers AM (1989) Characterization of the yeast HSP60 gene coding of a
mitochondrial assembly factor. Nature 337: 655-659

Ritossa F (1962) A new puffing pattern induced by temperature shock and DNP in Drosophila.
Experentia 18: 571-573

Rose JK, Doms RW (1988) Regulation of protein export from the endoplasmic reticulum. Ann Rev Cell
Biol 4: 257-288

Rose MD, Misra LM, Vogen JP (1989) KAR2, a karyogamy gene, is the yeast homolog of the
mammalian BiP/GRP78 gene. Cell 57: 1211-1221

Rothman JE (1989) Polypeptide chain binding proteins: catalysts of protein folding and related
processes in cells. Cell 59: 591-601

Rothman JE, Kornberg RD (1986) An unfolding story of protein translocation. Nature 332: 209-210

Rothman JE, Schmid SL (1986) Enzymatic recycling of clathrin from coated vesicles. Cell 46: 5-9

Roy H, Cannon S (1988) Ribulose bisphosphate carboxylase assembly: What is the role of the large
subunit binding protein? Trends Biochem Sci 13: 163-165

Ruben SM, VanDenBrink-Webb SE, Rein DC, Meyer RR (1988) Suppression of the Escherichia coli
ssb-113 mutation by an allele of groEL. Proc Natl Acad Sci USA 85: 3767-3771

Sadis S, Raghavendra K, Schuster TM, Hightower LE (1990) Biochemical and biophysical
comparison of bacterial dnaK and mammalian hsc73, two members of an ancient stress protein
family. Curr Res Prot Chem (in press)

Sakakibara Y (1988) The dnaK gene Escherichia coli functions in initiation of chromosome
replication. J Bacteriol 170: 972-979

Schleyer M, Neupert W (1985) Transport of proteins into mitochondria: translocational intermediates
spanning contact sites between outer and inner membranes. Cell 43: 339-350

Schlossman DM, Schmid SL, Braell WA, Rothman JE (1984) An enzyme that removes clathrin coats:
purification of an uncoating ATPase. J Cell Biol 99: 723-733

Smith SM, Ellis RJ (1979) Processing of small subunit precursor of ribulose bisphosphate carboxylase
and its assembly into whole enzyme are stromal events. Nature 278: 662-664

Stevenson MA, Calderwood SK (1990) Members of the 70-kilodalton heat shock protein family
contain a highly conserved calmodulin-binding domain. Mol Cell Biol 10: 1234-1238

Subjeck JR, Shyy T, Shen J, Johnson RJ (1983) Association between the mammalian 110,000-dalton
heat-shock protein and nucleoli. J Cell Biol 97: 1389—-1395

Sunshine M, Feiss M, Stuart J, Yochem J (1977) A new host gene (groPC) necessary for lambda DNA
replication. Mol Gen Genet 151:27-34

Tabita FR, McFadden BA (1974) D-Ribulose 1,5-diphosphate carboxylase from Rhodospirillum
rubrum. J Biol Chem 249: 3459-3464

Tilly K, Georgopoulos C (1982) Evidence that the two Escherichia coli groE morphogenetic gene
products interact in vivo. J Bacteriol 149: 1082-1088

Ungewickell E (1985) The 70-kd mammalian heat shock proteins are structurally and functionally



30 T. Langer and W. Neupert

related to the uncoating protein that releases clathrin from coated vesicles. EMBO J 4: 3385-3391

VanDyk TK, Gatenby AA, Larossa RA (1989) Demonstration by genetic suppression of interaction of
GroE products with many proteins. Nature 342: 451-453

Vogel JP, Misra LM, Rose MD (1990) Loss of BiP/GRP78 function blocks translocation of secretory
proteins. J Cell Biol (in press)

Wada M, Itikawa H (1984) Participation of Escherichia coli K-12 groE gene products in the synthesis
of cellular DNA and RNA. J Bacteriol 157: 694—-696

Wada M, Sekine K, ltikawa H (1986) Participation of the dnaK and dnaJ gene products in
phosphorylation of gultaminyl-tRNA synthetase and threonyl-tRNA synthetase of Escherichia
coli. J Bacteriol 168: 213-220

Wada M, Fuhita H, Itikawa H (1987) Genetic suppression of a temperature-sensitive groES mutation
by an altered subunit of RNA polymerase of Escherichia coli K-12. J Bacteriol 169: 1102-1106

Waegemann K, Paulsen H, Soll J (1990) Translocation of proteins into isolated chloroplasts requires
cytosolic factors to obtain import competence. FEBS Lett 261: 89-92

Waldinger D, Eckerskorn C, Lottspeich F, Cleve H (1988) Amino acid sequence homology of a
polymorphic cellular protein from human lymphocytes and the chaperonins from Escherichia coli
(groEL) and chloroplasts (Rubisco-binding-protein). Biol Chem Hoppe-Seyler 369: 1185-1189

Waldinger D, Subramanian AR, Cleve H (1989) The polymorphic human chaperonin protein
HuCha60is a mitochondrial protein sensitive to heat shock and cell transformation. Eur J Cell Biol
50: 435-441

Walter G, Carbone A, Welch WJ (1987) Medium tumor antigen of polyma-virus transformation-
defective mutant NG59 is associated with 73-kilodalton heat-shock protein. J Virol 61: 405-410

Wang C, Lazarides E (1984) Arsenite-induced changes in methylation of the 70,000 dalton heat-
shock proteins in chicken embryo fibroblasts. Biochem Biophys Res Commun 119: 735-743

Welch WJ, Feramisco JR (1985) Rapid purification of mammalian 70,000-dalton stress proteins:
affinity of the proteins for nucleotides. Mol Cell Biol 5: 1229-1237

Welch WJ, Suhan JP (1985) Morphological study of the mammalian stress response: characterization
of changes occurring in cytoplasmic organelles, cytoskeleton and nucleoli, and appearance of
intranuclear actin filaments in rat fibroblasts after heat-shock treatment. J Cell Biol
101: 1198-1211

Werner-Washburne M, Stone D, Craig EA (1987) Complex interactions among members of an
essential subfamily of HSP70 genes in Saccharomyces cerevisiae. Mol Cell Biol 7: 2568-2577

Wiech H, Sagstetter M, Mdller G, Zimmermann R (1987) The ATP requiring step in assembly of M13
procoat protein into microsomes is related to preservation of transport competence of the
precursor protein. EMBO J 6: 1011-1016

Zimmermann R, Sagstetter M, Lewis MJ, Pelham HRB (1988) Seventy-kilodalton heat shock proteins
and an additional component from reticulocyte lysate stimulate import of M13 procoat protein
into microsomes. EMBO J 7: 2875-2880

Zylicz M, Georgopoulos C (1984) Purification and properties of the Escherichia colidnaK replication
protein. J Biol Chem 259: 8820-8825

Zylicz M, LeBowitz, McMacken R, Georgopoulos C (1983) The dnaK protein of Escherichia coli
possesses an ATPase and autophosphorylating activity and is essential to an in vitro DNA
replication system. Proc Natl Acad Sci USA 80: 6431-6435

Zylicz M, Ang D, Georgopoulos C (1987) The grpE protein of Escherichia coli. J Biol Chem
262: 1743717442



