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INTRODUCTION

Over the past several years an understanding of the
general roles of the major heat shock proteins (Hsps) in cell
physiology has begun to evolve: Hsps are directly involved
in the biogenesis of proteins from the time of synthesis as
nascent chains until the assembly of multimeric complexes
and have therefore been termed molecular chaperones. The
budding yeast Saccharomyces cerevisiae has proven to be a

very productive model system with which to study the roles
of Hsps by using both genetic and biochemical tools. This
review focuses on the recent advances made in the under-
standing of the function of the three major classes of Hsp,
Hsp9O, Hsp7O, and Hsp6O, thought to be involved in protein
biogenesis. In addition, the relationship between Hsps and
components of the proteolytic systems is addressed. Here
the Hsps of S. cerevisiae are emphasized; however, since
these proteins are so highly conserved, information obtained
from the study of other organisms, the subject of other
recent reviews (36, 58, 124), is also discussed.

Hsp FUNCTION IN PROTEIN BIOGENESIS AS
MOLECULAR CHAPERONES

Protein folding and the assembly of multimeric structures
in vivo is not a completely spontaneous process but is
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facilitated by proteins called molecular chaperones. Molec-
ular chaperones bind transiently and noncovalently to na-

scent polypeptides and unfolded or unassembled proteins,
aiding in protein biogenesis in two general ways: they block
nonproductive protein-protein interactions, and they medi-
ate the folding of proteins to their native state by sequester-
ing folding intermediates, allowing the concerted folding by
domains and assembly of oligomers. The 70-kDa family of
Hsps (Hsp7Os) and the 60-kDa family of Hsps (termed
chaperonins or Cpn6Os) make up the two major groups of
molecular chaperones. The Hsp7Os, found in all major
cellular compartments of eucaryotes and every bacterium
examined to date, bind partially unfolded proteins. They
appear to bind nascent chains in the process of protein
synthesis and completed polypeptides upon release from
ribosomes. In addition, Hsp7Os located inside the mitochon-
dria and endoplasmic reticulum (ER) play a critical role in
translocation of proteins from the cytosol into those or-

ganelles by binding during the initial stages of translocation.
Cpn6Os, found in both eucaryotes and procaryotes, have
been shown both in vivo and in vitro to bind unfolded
proteins, preventing their aggregation and facilitating fold-
ing.
Although Hsp7Os and Cpn6Os are the best characterized,

evidence implicates other proteins, including Hsp9O, proline
isomerases, and disulfide isomerases, in protein folding. In
addition, HsplO4, an Hsp synthesized only during times of
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stress, has been postulated to be involved in similar pro-
cesses and therefore is also discussed in this section.

50s

Hsp7Os

Hsp7Os are highly conserved among all species from
bacteria to humans (30), with the DnaK from Eschenchia
coli having about 50% identity with all eucaryotic Hsp7Os.
The eucaryotic proteins are between 50 and 98% identical. A
comparison of all the known Hsp7O sequences reveals that
the N-terminal two-thirds of the protein is more highly
conserved than the C-terminal one-third (9, 27). As sug-
gested by the high degree of conservation of primary struc-
ture, Hsp70s from different sources have similar biochemical
properties; each has a high-affinity ATP-binding site and a
peptide-binding site (reviewed in reference 58). Hsp70s
possess a weak ATPase activity, which, in at least some
cases, is stimulated by the binding of peptide (50). The
ATP-binding and peptide-binding sites appear to be localized
in two separate domains of the protein.

Biochemical and structural studies of mammalian cyto-
solic Hsp7O have shown that an N-terminal 44-kDa proteo-
lytic fragment has ATPase activity, but this activity is not
stimulated by peptide binding (16); this provides evidence
that the ATP-binding site is localized in the N terminus
whereas the more divergent C terminus contains the peptide-
binding site. It is thought that this protease-sensitive site,
which was used to generate the 44-kDa fragment, is in a
flexible hinge region connecting the ATP-binding and pep-
tide-binding domains. The structure of the N-terminal pro-
teolytic fragment has been found by X-ray crystallography
(46) to consist of a two-lobed domain with a deep cleft in
which ATP binds; its structure is very similar to the ATP-
binding domain of G actin (47). Many of the highly con-
served residues of the N-terminal domain lie in the ATP-
binding cleft.
The C-terminal domain of Hsp7O has not been structurally

characterized. However, two groups have proposed that the
structure of the Hsp7O C terminus is similar to that of the
well-characterized major histocompatibility complex class I
antigen-presenting molecule on the basis of the slight simi-
larities in primary sequence and secondary-structure predic-
tions (48, 120). Major histocompatibility complex class I
molecules have been shown to bind peptides in an extended
conformation (51, 91); interestingly, preliminary nuclear
magnetic resonance studies indicate that DnaK binds at least
one peptide in a conformation lacking a defined structure
(80a). Recent results of Flynn et al. (49) indicate that 7 amino
acids is the smallest optimal binding size for a peptide
interacting with the ER-localized mammalian Hsp7O (BiP).
Analysis of random peptides that bound to BiP showed a
preference for amino acids with aliphatic side chains but a
toleration of both charged and polar residues. The release of
target peptide or protein bound to Hsp7O requires the
hydrolysis of ATP, implying an interaction between the
C-terminal peptide-binding domain and the N-terminal
ATPase domain. This hydrolysis and release of peptide is
accompanied by a conformational change of Hsp7O that has
been detected by partial digestion with protease (85).

S. cerevisiae has multiple Hsp7O species (Fig. 1), as do
most, if not all, eucaryotes (24). Two of these are organelle
localized: Ssclp in the matrix of the mitochondrion and
Kar2p in the lumen of the ER. The other six yeast Hsp7O
subfamilies are divided between the SSA subfamily, which
has four members, and the SSB subfamily, which has two
members. The members of both these subfamilies are local-
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FIG. 1. Hsp7O multigene family of S. cerevisiae. Nucleotide
identities are based on the complete nucleotide sequence data:
SSA1, SSA2 (140); SSA3 (9); SSA4 (7); SSBJ (7), SSB2 (9), SSCI
(29); and KAR2 (107, 121). The placement of genes into functional
groups is based on analysis of mutants and is compiled from
references 26, 27, and 152. Data for the levels of mRNA are from
references 6, 26-28, 37, 107, 121, 139, 151, and 152. Adapted from
reference 25 with permission.

ized primarily in the cytosol. The DNA sequence identities
among the eight yeast stress proteins are depicted schemat-
ically in Fig. 1.
The mitochondrial Hsp7O, Ssclp. An Hsp7O has been found

in the mitochondrion of S. cerevisiae (29), as well as in
mammalian cells (82, 96) and trypanosomes (38). Yeast
mitochondrial Hsp7O is encoded by the nuclear gene, SSCJ.
The full-length SSC1 gene product has a 28-amino-acid
N-terminal leader that is cleaved upon import of Ssclp into
the mitochondrial matrix (28, 29, 97). Ssclp is more similar
to the E. coli Hsp7O DnaK than to any other Hsp7O,
consistent with the endosymbiont hypothesis, which holds
that mitochondria are of procaryotic origin.
Gene disruption experiments have shown that SSCI is

essential under all growth conditions tested (28); more
recently, temperature-sensitive alleles have been used in
vivo and in vitro for analysis of Ssclp function (78). In this
study, after shift of the mutant sscl-2 cells to the nonper-
missive temperature, the precursor form of a number of
proteins that are normally imported into mitochondria accu-
mulated. Pulse-labeling experiments indicated that the pro-
cessing of precursors was inhibited within minutes of the
shift. Fractionation of cellular components showed that the
accumulated precursor was associated with mitochondria.
However, since the precursors remained sensitive to exog-
enously added protease, it was concluded that they were
localized on the cytoplasmic surface of the outer mitochon-
drial membrane. Together, these results indicated that inac-
tivation of Ssclp leads to a block in mitochondrial import;
experiments with isolated mitochondria confirmed and ex-
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tended this idea. Mitochondria isolated from sscl-2 cells
grown at the permissive temperature were competent for
import, but, unlike wild-type mitochondria, they became
defective for import when incubated at 37°C for 10 min prior
to the addition of labeled precursor. Only a small amount of
precursor was completely translocated into the mutant mi-
tochondria; however, binding and cleavage of the targeting
sequence were not reduced.
To place these results in the context of what is understood

of the translocation of proteins from the cytosol into the
matrix of the mitochondria, the process can be experimen-
tally divided into two sequential reactions. First, the precur-
sor protein is partially inserted across the outer and inner
membranes such that the N terminus reaches the matrix,
where the targeting sequence is proteolytically removed.
The remainder of the protein remains on the cytosolic side of
the outer membrane (reviewed in reference 114). The com-
pletion of mitochondrial import is much less well defined.
For most precursors to be transported, they must be in an
unfolded or loose conformation (34, 131). The mitochondrial
import machinery must then vectorially transport the pre-
cursor across both the outer and inner membranes. How this
is accomplished is still largely a mystery, but the in vitro
analysis of the sscl-2 mutant indicates that Ssclp is required
for this second step (78). Ssclp appears to act in this process
through a direct interaction with the precursor, as indicated
by immunoprecipitation and cross-linking experiments
showing an association of Ssclp with polypeptides before
they have been completely translocated into the matrix (108,
130). In addition, Ssclp has been shown to associate tran-
siently with authentic precursors prior to becoming folded
(89). If the precursor protein was first denatured in urea and
then added to mutant mitochondria, the precursor was
imported with an efficiency comparable to that of the wild
type (78). Thus, if the precursor is in a very loose confor-
mation, there is a reduced dependence on Hsp7O activity in
the matrix.
How does Ssclp function in the translocation process?

According to a current model (Fig. 2), Ssclp binds to the
unfolded precursor proteins as the N terminus enters the
matrix. The binding of Ssclp, which is a large, globular
protein, may provide directionality or irreversibility to the
import process. Once it is bound, the translocating polypep-
tide cannot move backwards toward the cytosol, because it
is sterically blocked by Ssclp. Continued movement into the
matrix might be accomplished simply by Brownian motion,
with movement back toward the cytosol being blocked by
the binding of Ssclp to internal sites of the translocating
polypeptide as it enters the matrix.
While Ssclp is required for the translocation of proteins

from the cytosol into mitochondria, it could be involved in
other processes as well. One such role, that of the noncata-
lytic subunit of an endonuclease, has been established (97).
Endo.SceI causes double-stranded scissions at well-defined
sites on DNA, cleaving mitochondrial DNA at several spe-
cific sites in in vitro assays, and is thought to be involved in
general recombination of mitochondrial DNA (101, 102). In a
purified system the catalytic subunit of endonuclease En-
do.SceI, a heterodimeric enzyme, has very little activity in
the absence of Ssclp. The role played by Ssclp in the
activity of the endonuclease is not known.
The ER-localized Hsp7O, Kar2p. ER-localized Hsp7O,

termed BiP in mammalian cells, was first identified because
of its stable association with unassembled immunoglobulin
heavy-chain molecules (65). More recent studies indicate
that it associates transiently with a wide range of proteins
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FIG. 2. Model of the role of Ssclp and Hsp6O in protein trans-

location into mitochondria. (Panel 1) The precursor, bound to
cytosolic Hsp7Os and perhaps additional factors which aid in main-
taining a relatively unfolded conformation, binds to a receptor on
the cytosolic surface of the outer mitochondrial membrane. (Panel 2)
The N-terminal presequence is inserted into the outer membrane
and, because of the membrane potential across the inner membrane,
is translocated across the membranes. (Panels 3 and 4) Ssclp binds
tightly to the precursor protein in the matrix, perhaps at a number of
sites as translocation progresses, preventing movement back toward
the cytoplasm. (Panel 5) Ssclp "passes off" the protein to Hsp6O,
where folding and/or assembly occurs. (Panel 6) The folded protein
is released. The proposed model is based on data from references
78, 89, 108, and 109 and adapted from reference 25 with permission.
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FIG. 3. Similarity in proposed action of Ssclp, Kar2p, and Ssbps in the translocation of proteins from the cytoplasm into the matrix of
the mitochondria or the lumen of the ER or emergence from the 60S subunit of the ribosome. In each case the Hsp7O is binding to an unfolded
polypeptide and facilitating the translocation across the membranes (a and b) or perhaps in facilitating movement of the nascent chain out of
the tunnel of the 60S subunit (c).

(reviewed in reference 58). This association is prolonged if
the substrate protein has an aberrant conformation or cannot
be assembled into the appropriate oligomeric complex (5,
57). Association of BiP with proteins is disrupted by the
addition of ATP but not by nonhydrolyzable ATP analogs, in
keeping with the general model of Hsp7O function (98).
The ER-localized yeast Hsp7O is called Kar2p; a mutation

named kar2-1, because it resulted in a defect in karogamy,
nuclear fusion (22), was later determined to be in the gene
encoding ER-localized Hsp7O (122). Kar2p is synthesized
with a 42-amino-acid presequence on the amino terminus
(145), presumably responsible for targeting to the ER and a

C-terminal HDEL sequence, which is the "canonical" yeast
ER retention sequence (112). Null alleles which indicated
that KAR2 is essential for viability (107, 122) were con-
structed. As with SSC1, temperature-sensitive alleles have
been isolated and exploited to study the function of Kar2p.
When grown at the restrictive temperature, kar2-159

strains accumulated the precursor forms to several proteins
which normally are translocated across the ER membrane
(149), indicating a direct involvement of Kar2p in protein
translocation. To define more precisely the role of Kar2p in
membrane transport, an in vitro ER translocation system
was used (129). A translocation intermediate that becomes
jammed during transport was used to freeze the transloca-
tion machinery, allowing a study of its components. An
association between the jammed precursor and the ER
membrane protein Sec61p was detected, indicating that
precursors interact with Sec6lp during their translocation.
Three different KAR2 alleles were studied to determine their
effect on translocation and on the formation of the precursor-
Sec6lp intermediate. Although all of the alleles exhibited
defects in translocation, their effects on the formation of the
Sec6lp-precursor complex were different. Two of the alle-
les, kar2-113 and kar2-159, resulted in a severe reduction in
complex formation. However, the third allele, kar2-203, did
not significantly reduce the formation of the Sec6lp-precur-
sor complex. These results suggest that Kar2p acts during
two steps of translocation, in the formation of the Sec61p-
precursor complex and in some undefined event after the
precursor has become associated with Sec6lp. It was also
found in this study that Kar2p antiserum precipitated the
jammed precursor molecule as well as other fully translo-
cated proteins, indicating a direct interaction between newly
translocated proteins and Kar2p. This observation is in
keeping with the results of the study of BiP in the mamma-
lian cell.

In sum, the roles that are emerging for mitochondrial and
ER-localized Hsp7O are similar (Fig. 3); both Hsp7Os are
needed for transport of proteins across the membrane and

act through a direct interaction with the protein being
transported. Although the extent of the parallels between the
roles of Hsp7O in these two organelles is not clear, the
similarity of their roles in these two different settings sug-
gests that the general model for Hsp7O function may be
applicable to the biogenesis of proteins of other organelles
and, perhaps, the cytosol as well.

Cytosolic Hsp7Os. The yeast cytosol contains two classes
of Hsp7O, the SSA subfamily, with four members, and the
SSB subfamily, with two members. The SSA and SSB
subfamilies are not functionally equivalent, although there
may be some overlap between their function. The regulation
of expression of the SSA and SSB genes is quite different (26,
27, 151). Expression of three of the four SSA genes is
induced on heat shock, whereas that of the SSB genes is
turned off.

(i) SSA subfamily. The yeast SSA Hsp7O subfamily is
essential (152); at least one of the proteins encoded by this
subfamily must be present at high levels for cell viability.
These four cytoplasmic proteins are encoded by genes with
DNA sequence similarity ranging from 80 to 97% (23).
Strains in which both the SSAJ and SSA2 genes have been
inactivated grow more slowly than the wild-type strain at all
temperatures and are unable to form colonies at 37°C (26).
These strains are viable at temperatures lower than 37°C as
a result of high expression of the SSA4 gene, which is not
normally expressed under optimal growth conditions. If the
SSA4 gene is then inactivated, the triple-mutant cell is
inviable. Ssa3p can restore the viability of ssal ssa2 ssa4
mutants only when the SSA3 gene is expressed at higher
than normal levels, for example by being under the control of
the strong constitutive SSA2 promoter (152).
Although the study of the SSA subfamily shows that there

is functional overlap among the members, there are also
suggestions that the different proteins may not be function-
ally identical. When individual Ssaps were tested for the
ability to dissassemble the clathrin cage of mammalian
coated vesicles, it was determined that Ssa2p had the highest
uncoating activity followed by Ssa4p and then Ssalp (53). It
is likely that each Ssap is optimized for a specific activity or
activities in the cell but that the other members have the
ability to substitute for each other. This idea is consistent
with the observation that Ssa3p and Ssa4p can maintain the
viability of a ssal ssa2 strain but are unable to completely
suppress the temperature sensitive phenotype even when
overepressed (103).
Yeast cells depleted of SSA proteins accumulate unim-

ported precursor of the mitochondrial Fl-ATPase subunit
(Flo) and the secreted protein prepro-a-factor (ppoaF) (32),
suggesting an involvement of Ssaps in protein translocation

a.

lumen Sec8lp

b. C.
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into both the ER and mitochondria. In vitro, translocation of
proteins into mitochondria (99) and the ER (19) is facilitated
by the addition of SSA Hsp7Os, which act in an ATP-
dependent manner, along with an undefined N-ethylmaleim-
ide (NEM)-sensitive activity, to stimulate translocation.
Significantly, denaturation of ppaF in urea prior to addition
to the microsomes was able to substitute for Ssap and the
NEM-sensitive activity (19), suggesting that the role of
Hsp7O and the NEM-sensitive factor is either to unfold the
precursor or maintain it in an unfolded, translocation-com-
petent, conformation.
Evidence from other systems has also pointed to a similar

role for cytosolic Hsp7O in the transport of proteins across
membranes. In an in vitro system, mammalian Hsp7O, along
with an NEM-sensitive factor, stimulates the translocation
of M13 procoat protein into mammalian microsomes (158).
Similarly, in a mammalian in vitro mitochondrial protein
import system in which rat preornithine carbamyl carboxy-
lase fused to dihydrofolate reductase is used as a precursor,
Hsp7O and an NEM-sensitive activity were needed to confer
import competence (136). Although the role of Hsp7O in this
process is not yet known, it seems likely that Hsp70 interacts
directly with the precursor. Consistent with this possibility,
Beckmann et al. have shown that mammalian cytosolic
Hsp7O associates with newly synthesized proteins (2).
The signal recognition particle (SRP) of mammalian cells

recognizes and binds directly to the signal sequence of
proteins destined for the ER. When complexed with the
ribosome, SRP causes a slowing of translation and acts to
target the protein to the ER membrane (reviewed in refer-
ence 150). S. cerevisiae also seems to have an SRP which is
functionally homologous to its mammalian counterpart (67).
Strains containing deletions of genes encoding components
of SRP are viable, albeit slow growing (42, 67). Hann and
Walter (67) have speculated that in the absence of SRP,
proteins can be targeted to the ER in an Hsp7O-dependent
manner; however, as yet there is no evidence to support this
idea.

It is very likely that the SSA Hsp70s have functions in
addition to their role in protein translocation, given the
abundance and complexity of the SSA subfamily. Suppres-
sors of the temperature sensitive phenotype of the ssal ssa2
mutant were found to affect the regulation of the remaining
SSA subfamily members (104), rather than the translocation
pathway per se, as expected if no single function could be
altered through reversion to allow for growth of the mutant
at high temperature.

(ii) SSB subfamily. The two genes in the SSB subfamily
encode proteins that are 99% identical (8); there is no
evidence indicating a functional difference between the two
proteins. Strains with a single SSB gene disrupted have no
mutant phenotype; however, a mutant with both genes
disrupted grows slowly compared with the wild type at all
temperatures and is cold sensitive (27). The SSB Hsp7Os are
among the most abundant cellular proteins, approximately
as abundant as the SSA proteins during growth at 30°C.
Up to 73% of the total cellular content of Ssbp has been

found associated with translating ribosomes (105). This
association was disrupted by the drug puromycin, an ami-
noacyl-tRNA analog that causes release of the nascent
chain, suggesting that SSB Hsp7O is associated with the
ribosomes by virtue of its direct binding to the nascent
polypeptide. Phenotypic analysis of the ssbl ssb2 mutant
suggested that Ssbps play a role in translation. The slow-
growth phenotype of the ssbl ssb2 mutant is suppressed by
increased expression of a gene which encodes a translation

elongation factor 1 alpha-related protein. In addition, ssbl
ssb2 cells are hypersensitive to several translation inhibitors
such as the aminoglycosides and verucerrin A and have a
small number of translating ribosomes.
Nelson et al. (105) propose that Ssbps bind to the nascent

chain as it emerges from the "exit site" of the channel in the
large ribosomal subunit. An analogy was drawn between the
emergence of the polypeptide chain from the ribosome
channel, which contains approximately 40 amino acids in an
extended conformation (3, 88, 95), and the transport of
polypeptide chains across a lipid bilayer. In both cases, the
polypeptide is passed through a tunnel or channel in an
extended conformation. As discussed above, the Hsp70s
residing in the mitochondrial matrix or the lumen of the ER
bind transiently to polypeptides as they are being trans-
ported into the organelle from the cytosol (78, 129, 130).
Yeast strains which bear mutations in their mitochondrial or
ER-localized Hsp7Os fail to transport proteins across the
membrane (78, 149), suggesting that this interaction is re-
quired for transport. A very similar role for cytosolic Hsp70
in protein synthesis has been proposed: as the nascent
polypeptide chain emerges into the cytosol, it interacts with
Hsp7O, and this interaction is important for continuous,
smooth transport of the polypeptide through the ribosome
channel into the cytosol (Fig. 3). According to the model
(105), emergence of the peptide from the ribosome may be
slower in the ssbl ssb2 mutant and thus cause a backing up
of the polypeptide in the channel perhaps changing the
kinetic parameters of translation and perturbing protein
synthesis.
There is ample evidence from a variety of systems impli-

cating Hsp7O in folding and assembly by binding to unfolded
proteins. Therefore it appears likely that association of
Hsp70 with nascent cytosolic proteins aids in their folding
and prevents aberrant protein-protein interactions, as has
been a topic of discussion for some years (113, 124). The
analysis of ssbl ssb2 mutants has led to the idea that there is
additional significance to the association of Hsp7O with
nascent polypeptides, i.e., prevention of the nascent
polypeptide from interfering with translation. However,
much remains to be resolved about the exact roles of the
cytosolic Hsp70s, particularly the biogenesis of cytosolic
proteins. Do Ssbps interact with all nascent chains? Are the
Ssbps involved in the subsequent folding of cytosolic pro-
teins, or is this perhaps a function of Ssaps?

Proteins that interact with Hsp7Os: DnaJ homologs. The
greatest progress on understanding the role of other factors
in Hsp7O function has come from study of E. coli (reviewed
in reference 55). This work shows that two other factors,
DnaJ and GrpE, are intimately involved with the function of
DnaK (56, 84, 143). DnaJ stimulates the ATP hydrolysis
activity of DnaK, and GrpE is required for efficient release
of the bound nucleotide. DnaJ-like proteins have been found
in a variety of organisms, including humans and S. cerevi-
siae.

S. cerevisiae contains a family of at least four DnaJ-like
proteins known as: YDJJ/MAS5 (1, 14), SISI (87), SCJI (4),
and SEC63/NPLI (126). Although there are structural differ-
ences between these four proteins, all share a conserved
DnaJ motif. Inactivation of YDJI/MAS5 is not lethal but has
pleiotropic effects, resulting in temperature-sensitive growth
(1, 14). YDJ1/MAS5 mutants have a defect in the import of
F1 into mitochondria (1, 13) and ppaF into the ER (13).
Since the SSA Hsp7Os have also been implicated in transport
of the same proteins (32), YDJI/MA4S5 may operate in the
cell in concert with the SSA Hsp7Os. In support of this idea,

MICROBIOL. REV.



HEAT SHOCK PROTEINS 407

Ydjlp has been shown to stimulate the ATPase activity of
Ssalp and influence its interaction with a denatured protein
(31). Ydjlp is farnesylated, a modification that is at least
partially responsible for its association with the cytoplasmic
side of the ER and nuclear membrane (15). The farnesylation
may play a role in the localization of Ydjlp at higher
temperatures, since a mutation in the YDJ1 gene which
prevents farnesylation causes inviability at 37°C.
SEC63INPL1 encodes an essential protein necessary for

transport of proteins across the ER membrane (123). Sec63p,
an integral membrane protein (41), is present in a complex
with two other integral membrane proteins, Sec6lp and
Sec62p (33). As described above, Sec6lp and Sec62p inter-
act with translocating polypeptides (100, 129). Studies on the
topology of Sec63p suggest that the conserved DnaJ motif
domain faces the ER lumen (41), raising the possibility that
Sec63p plays an important role in utilization of Kar2p in
membrane transport. Consistent with this notion, genetic
interactions have been observed between KAR2 and SEC63
(129).

Studies of the other DnaJ homologs are not as extensive.
The SISJ gene is essential. Depletion of Sislp has pleiotropic
effects, including a defect in nuclear migration (87). How-
ever, a direct role for Sislp in this process has not been
established. The SCJI gene is not essential. Increased ex-
pression of Scjlp can alter protein sorting, but the normal
cellular function of this protein is obscure (4).

Hsp6O
Mitochondrial Hsp6O. The matrix of the mitochondria of

many different organisms, including S. cerevisiae, contains a
heat shock protein known as Hsp6O (118), which is structur-
ally and functionally related to the heat-inducible GroEL
protein of E. coli. Collectively, this highly conserved group
of proteins, which also includes the ribulose biphosphate
carboxylase subunit-binding protein of the chloroplast
stroma (RUBISCO), is known as the chaperonins (Cpn6Os).
Besides having primary structure similarity, all these chap-
eronins are found as homo-oligomers of two stacked rings,
each ring having sevenfold symmetry (reviewed in reference
36). The most extensive biochemical studies indicating a role
for chaperonins in facilitating protein folding have been
carried out with the E. coli system. The 65-kDa GroEL
protein is encoded in an operon with another heat-inducible
protein, the 15-kDa GroES protein. GroEL and GroES act
together in protein folding and assembly (62, 90). A general
model that has emerged holds that GroEL interacts directly
with an unfolded polypeptide. GroES then binds to the
GroEL-polypeptide complex. After becoming folded, the
polypeptide is released. The release requires hydrolysis of
ATP. GroES is thought to influence the release by modulat-
ing the ATPase activity of GroEL. Although a GroES
homolog has been identified in mammalian mitochondria
(86), one has yet to be isolated from yeasts.
Yeast Hsp6O is encoded by the essential nuclear MIF4

gene (17). Hsp6O is synthesized with a characteristic mito-
chondrial amino-terminal targeting sequence that is cleaved
when Hsp6O enters the matrix. Hsp6O is assembled into a
typical chaperonin structure of two stacked rings of seven
subunits each (94), a process that appears to require func-
tional Hsp6O itself (18). Mutations in the MIF4 gene were
first identified as conditional-lethal mutations that allowed
transport and processing of mitochondrial proteins (17);
however, once translocated, the proteins failed to fold
properly or assemble into their respective oligomeric struc-

tures. The similarities between the functions of Hsp6O and
GroEL are further borne out by biochemical studies. In a
study with Neurospora mitochondria (109), newly imported
proteins were found complexed with Hsp6O when the mito-
chondria were depleted of ATP. Complexed proteins were in
a highly protease-sensitive and thus loosely folded confor-
mation. Upon addition of ATP, the accumulated unfolded
protein was released from Hsp6O in a protease-resistant,
fully folded conformation. Therefore, Hsp6O facilitates pro-
tein folding and assembly in an ATP-dependent manner by
interacting directly with the unfolded protein. Although
Hsp6O clearly functions in the folding and assembly of
proteins whose final destination is the matrix, its role in the
translocation of protein passing from the matrix into the
inner membrane space remains to be resolved (Fig. 2) (59,
68, 79).

Cytosolic Hsp6O. Although the understanding of protein
folding in the eucaryotic cytosol has lagged behind that in
mitochondria and bacteria, it seemed likely that a similar
machinery would be used in all these different settings.
Thus, the existence of a Cpn6O-like molecule of the eucary-
otic cytosol has been the subject of much conjecture. Now,
work from a number of different laboratories points to a
protein known as TCP1 as being at least one component of
the cytoplasmic protein-folding machinery.
TCP1 (for tailless complex polypeptide) was initially iden-

tified in mice as a 57-kDa protein that is especially abundant
in the testes but is found in all cell types (137). TCP1 in mice
is a cytosolic protein, which, depending on the genetic
background, is found in two isoforms. The presence of one
of these isoforms is correlated with defects in embryonic
development as well as in sperm structure and function. The
mouse TCPJ gene was cloned (155), and, more recently,
homologs have been isolated from fruit flies (148), humans
(154), and S. cerevisiae (147). The first indication that TCP1
might be a cytoplasmic chaperonin came from a comparison
of the sequences of Cpn6O genes with data bases of known
sequences, which revealed a similarity between Cpn6Os and
TCP1 (35, 64). Although the sequence similarity between
TCP1 and the chaperonins is weak, it suggests that the two
proteins may have had a common progenitor; however, it is
not known whether the similarity has any meaning with
regard to the function of TCP1.

Several lines of evidence indicate that TCP1 is function-
ally similar to Cpn6O. The major heat inducible protein of the
thermophilic archaebacterium Sulfolobus shibatae, TF55,
has a high degree of similarity with TCP1 (146). As expected
for a chaperonin, TF55 can bind unfolded proteins and has
ATPase activity, although it has not yet been demonstrated
to facilitate protein folding. Very recently, two independent
studies, one on the folding of actin (54) and the other on the
folding of tubulin (157), suggest that TCP1 does function in
protein biogenesis. Both of these studies involved assays in
which the protein whose folding and assembly being inves-
tigated was radiolabeled during synthesis in cytosolic ex-
tracts and its association with other proteins was monitored
by electrophoresis in nondenaturing polyacrylamide gels.
Newly synthesized actin and tubulin were found to be
associated with a high-molecular-mass component, which
contained as a subunit a protein of approximately 60 kDa
that reacted with antibody generated against TCP1. Al-
though complex formation was ATP independent, release to
a folded, protease-resistant form was dependent on ATP
hydrolysis. TCP1 is a cytosolic protein, which is one of the
components of a high-molecular-mass heteromeric complex
reminiscent of Cpn6O oligomers (83). It has been purified
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from the cytosol of bovine testes as part of a heteromeric
970-kDa complex containing several structurally related
subunits of 52 to 65 kDa. This complex binds unfolded
polypeptides, preventing aggregation, and mediates the
ATP-dependent renaturation of unfolded firefly luciferase
and tubulin (52). Together, these experiments strongly sug-
gest that TCP1 acts as a cytoplasmic chaperonin.
Although TCP1 has not been purified from S. cerevisiae,

genetic experiments have shown that TCPI is an essential
gene (147). At the nonpermissive temperature, cold-sensitive
mutants accumulate multinucleated and nonnucleated cells,
and staining with anti-tubulin antibodies revealed aberrant
tubulin structures. The relevance of these structures to the
function of TCP1 is underscored by the sensitivity of the
mutant to antimitotic drugs such as benomyl, which is
believed to bind directly to a-tubulin, resulting in an increase
in tubulin depolymerization. In light of the recent in vitro
experiments, it is likely that TCP1 is directly involved in the
folding of tubulin monomers into forms competent for dimer
formation and assembly into microtubules.

Relationship between Actions of Hsp7O and Hsp6O

Evidence from a number of quarters suggests that Hsp70
and Hsp6O function sequentially in a common pathway (Fig.
2). In mitochondria, mutations in SSCI and MIF4 affect the
translocation and folding or assembly of at least some of the
same proteins, including F1o and the Fe/S protein, as well as
the heterologous protein dihydrofolate reductase (17, 78). In
vitro translocation experiments with radiolabeled precursors
show an association first with Ssclp and second with Hsp6O,
as demonstrated by coimmunoprecipitation experiments
(89). In vitro experiments with purified DnaK, DnaJ, GrpE,
GroEL and GroES suggest that the mechanism is as follows.
First, DnaK and DnaJ interact with an unfolded polypeptide,
stabilizing a nonaggregated, unfolded conformation (81; re-
viewed in reference 55). Then, in a reaction mediated by
GrpE, the protein is transferred to GroE, which mediates
proper folding. Such pathways probably exist in the cytosol
of eucaryotic cells as well. As yet, no Hsp60 homolog has
been found in the ER. Perhaps it has simply eluded detec-
tion; on the other hand, it is possible that such a function is
not required in the ER, where a limited number of proteins
are processed for secretion and the action of ER-localized
Hsp70 may be sufficient.

Hsp9O

Like the Hsp70s, members of the Hsp90 class of Hsps are
highly conserved in bacteria, yeasts, and mammals (re-
viewed in reference 30). Hsp9O is an abundant protein,
localized primarily in the cytoplasm. There are two Hsp9O
homologs in S. cerevisiae, HSC82, which is constitutively
expressed, and HSP82, which has a low basal level of
expression and is induced 10- to 15-fold on heat induction
(10, 40). If either of these genes is inactivated, the cell is
unable to grow at high temperature (>37.50C). If both genes
are inactivated, the cell is inviable.
Hsp90 in vertebrate cells has been studied extensively

(reviewed in reference 117). These studies have shown that
dimeric Hsp90 is found in association with a wide range of
proteins including tyrosine kinases and steroid hormone
receptors (reviewed in references 30, 116, and 117). Initially,
this work led to the hypothesis that the role of Hsp90 was to
serve a regulatory function, blocking activation by steric
interference and stabilizing the unfolded conformation of

these proteins until they were properly localized. It now
appears that Hsp9O is also required for their functional
activation, perhaps for folding into a potentially active
conformation. In vitro studies of Hsp9O activity on the
glucocorticoid receptor of murine L cells have shown that
Hsp90 binding is a prerequisite for the binding of hormone,
which in turn is required for receptor binding to DNA (11).
Subsequent release of Hsp9O from the hormone-receptor
complex results in the conversion of the receptor from a
non-DNA-binding form to a DNA-binding form. Interest-
ingly, Hsp70 is also present in the Hsp90-receptor complex
and may play an active role in receptor biogenesis (74, 140a).

Further support for the role of Hsp90 as a molecular
chaperone has come from the study of two heterologous
systems constructed in S. cerevisiae. The functions of both
oncogenic tyrosine kinases (156) and glucocorticoid recep-
tors (115) require the expression of yeast HSC82. Biochem-
ical evidence also suggests that Hsp9O can facilitate the
folding of proteins such as denatured citrate synthase and
the Fab fragment of a monoclonal antibody (153).

Proline and Disulfide Isomerases

In addition to the Hsps, two other classes of highly
conserved proteins which play a role in protein folding in
vivo have been identified, the protein disulfide isomerases
(PDIs) and the peptidyl-prolyl cis-trans isomerases (PPI).
Since little work has been carried out with S. cerevisiae,
these enzymes are only briefly discussed here; work with
other systems is reviewed in references 71, 106, and 142.

PDIs, which catalyze the formation of disulfide bonds in
reduced proteins, are localized in the lumen of the ER of
eucaryotic cells. Their association with newly synthesized
immunoglobulins and their ability to restore cotranslational
disulfide bond formation to microsomes depleted of PDIs
suggest that they play an important role in protein folding in
vivo. Recently, yeast PDI was shown to be encoded by a
single, essential gene, PDII (39, 144). However, the role of
PDI in S. cerevisiae has yet to be established.
PPIs catalyze the cis-trans isomerization at X-Pro peptide

bonds and accelerate in vitro a slow phase of folding of
several proteins that is dependent on proline isomerization.
Recently, two classes of proteins which bind immunosup-
pressive drugs were shown to be related but distinct PPIs.
One class, called cyclophilins, bind cyclosporin A; the
second class, called FKBPs, bind the immunosuppressant
FK506 (132). Although much attention has been given to the
role of these proteins in immunosuppression, little progress
has been made toward understanding the role of the PPIs in
protein folding in vivo. However, recently the Drosophila
ninaA locus has provided the first clues concerning the
action of cyclophilins in protein folding in vivo. NinA,
related to the cyclophilin type of PPI, is localized in the ER
of photoreceptor cells and is required for proper trafficking
and folding of a particular class (Rl to R6) of rhodopsins
(21).

In S. cerevisiae, numerous PPI homologs have been
identified, none of which appear to be essential. Three
cyclophilin-related genes, CYPI (66), CYP2 (80), and CYP3
(93), have been cloned and sequenced. Cyplp is cytosolic,
whereas the amino-terminal sequences of Cyp2p and Cyp3p
suggest that they are localized to subcellular compartments.
Another member of this multigene family is FKB1, encoding
and FKBP homolog (72).flkbl single mutants, as well asfkbl
cypl double mutants, are viable. Strains carrying mutations
in the cyclophilin and FKBP genes are resistant to cyclospo-
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rin A and rapamycin, an FK506-related drug, respectively.
Resistance to FK506 itself is modulated by additional pro-
teins unrelated to PPIs, including Fkrl, Fkr2, and Fkr3ps
(12) and Torl and Tor2 (70). However, the role of these other
genes in causing resistance to FK506 is unresolved.
Although many isomerases have been identified in a

variety of organisms their in vivo role in protein folding
remains unclear. The yeast system will probably prove to be
valuable in elucidating the function of this interesting class of
proteins.

HsplO4

The Hsps discussed thus far have been shown to be
involved in processes, such as protein biogenesis, which are
essential under normal growth conditions. HsplO4, how-
ever, provides an exception to this general theme. Although
HsplO4 is strongly heat inducible, under conditions of opti-
mal growth it is expressed only at very low levels (128).
HsplO4 deletion mutants grow at the same rate as wild-type
cells at 25, 30, 35, and 37°C, demonstrating that HsplO4
function is dispensable under normal growth conditions.
However, without HsplO4, cells have difficulty surviving

under less than optimal conditions such as high temperature.
Normal yeast cells are rapidly killed by being shifted to 50°C,
but if they are pretreated at a sublethal temperature such as
37°C, they are much better able to survive this treatment.
Without HsplO4, yeast cells are defective for this induced
thermotolerance. After a pre-heat shock, HsplO4 mutant
cells are killed at about 100 times the rate of wild-type cells.
In addition, expression of HsplO4 is necessary for the
naturally high thermotolerance of stationary phase cells and
spores, as well as for tolerance to ethanol (128).
Some clues to possible functions of HsplO4 come from

analysis of its primary structure. HsplO4 belongs to a family
of proteins (111) which includes the ClpA and ClpB proteins
of E. coli (63). Many, including ClpB, are heat inducible
(111, 141). The greatest region of similarity within this family
surrounds two putative nucleotide-binding sites which, in
the case of yeast HsplO4, are necessary for function. The
Clp proteins of E. coli are involved in protein degradation.
ClpA, while having no known protease activity itself (63),
functions as an ATPase which is important in regulating the
activity of the protease ClpP. Parsell et al. (111) do not
suggest that HsplO4 is a protease, but, rather, they suggest
that it may regulate a protease or, by some other mechanism,
be involved in preventing or resolving aggregation of vital
cellular structures during times of stress. Thus, like the Hsps
discussed above, the picture that is emerging for HsplO4
function seems to be one of mediating protein-protein inter-
actions. Interestingly, the defect in induced thermotolerance
in HsplO4 cells can be partially suppressed by overexpres-
sion of the Hsp7O Ssalp, suggesting that the functions of
these two proteins are related (127).

PROTEOLYSIS

If, through environmental conditions such as an increase
in temperature or misfunction of a normal cellular process, a
protein becomes unfolded and nonfunctional, it has two
possible fates. It could regain its native structure, perhaps
with the aid of molecular chaperones; for example, the E.
coli protein DnaK is able to salvage denatured RNA poly-
merase (138). Alternatively, it could be treated as cellular
garbage and undergo proteolysis; in lieu of being able to
repair the damaged protein, the molecular chaperones may

aid in its proteolysis. Thus the activities of the molecular
chaperones and the proteolytic machinery are likely to be
intimately entwined. This notion is supported by the obser-
vation that yeast ssal ssa2 mutants are sensitive to the
amino acid analog canavanine, which, upon incorporation
into proteins, presumably causes misfolding (103).
The ubiquitin pathway is a major route for protein degra-

dation in eucaryotes. Like Hsps, expression of at least some
of the components of the proteolytic machinery of the cells
is induced by a variety of stresses, including heat and the
presence of amino acid analogs. Ubiquitin mediated protein
degradation is a complex multistep process (reviewed in
references 20, 44, 73, 75, 76, and 119). Ubiquitin, a highly
conserved 76-amino-acid protein, is activated by the forma-
tion of a reactive thiol ester with a ubiquitin-activating
enzyme (encoded by the UBA genes). The activated ubiq-
uitin is transferred to one of several ubiquitin conjugating-
enzymes (encoded by the UBC genes), from which it is
transferred to a protein substrate. A variety of evidence
indicates that the protein targeted by ubiquitination is de-
graded by a large, multiprotein subunit complex known as
the proteasome (reviewed in reference 61). This system of
protein degradation is highly conserved. Much of the bio-
chemistry was initially investigated in mammalian cells;
more recently, genetic analyses, as described below, have
proven productive in dissecting the roles of individual genes
involved.

Ubiquitin Genes

In S. cerevisiae, ubiquitin is encoded by four genes. The
UBI4 gene, the only heat-inducible ubiquitin gene, encodes a
fusion protein of five tandem ubiquitin repeats, which are
cleaved to monoubiquitin (110). The other yeast ubiquitin
genes, UBI1, UBI2, and UBI3, encode ubiquitin-ribosomal-
protein fusions (43). A ubi4 deletion strain grows at rates
comparable to wild-type strains under optimal growth con-
ditions between 23 and 36°C (45). However, under adverse
conditions, the UBI4 gene is essential for survival. For
example, after 16 h at 38.5°C, a borderline growth tempera-
ture, about 60% of wild-type cells maintain colony-forming
ability. In contrast, only 1 to 5% of ubi4 mutant cells survive
this treatment. ubi4 strains are also more sensitive than
wild-type strains to amino acid analogs and starvation for
nitrogen and carbon; spore viability is also reduced in these
strains.

In summary, the UBI4 gene is specialized to provide the
cell with sufficient ubiquitin under conditions of stress.
However, the UBIJ, UBI2, and UBI3 genes play a dual role
in S. cerevisiae. They supply free ubiquitin on cleavage of
the fusion protein, but, probably more importantly, they aid
ribosome assembly. Finley et al. (43) propose that ubiquitin
may play a chaperone function in assembly of ribosomal
proteins into the ribosome, an extremely complex multi-
meric structure.

Ubiquitin-Activating and Conjugating Enzymes
A yeast gene (UBA1) encoding a ubiquitin-activating en-

zyme has been isolated. In keeping with the involvement of
ubiquitin in many essential cellular processes, UBAI is
essential (92).

S. cerevisiae contains at least 10 different but related
ubiquitin-conjugating enzymes encoded by the UBC genes
(reviewed in reference 75); all share a conserved domain
which contains the cysteine residue to which ubiquitin is

VOL. 57, 1993



410 CRAIG ET AL.

covalently attached. The wide array of biological functions
of the ubiquitin system is underscored by the diversity of the
conjugating enzymes. For example, UBC2 and UBC3 are the
previously identified RAD6 (77) and CDC34 (60) genes,
which are involved in DNA repair and the G1-to-S progres-
sion of the cell cycle, respectively.
The proteins encoded by UBC1, UBC4, and UBC5 are an

essential subgroup of conjugating enzymes (135). Analysis of
the ubc4 ubcS double mutant indicates that this class of
activating enzymes is involved in the degradation of dam-
aged proteins (133). Both genes are expressed constitutively
and are significantly induced by heat shock. ubc4 ubcS
double mutants fail to synthesize high-molecular-mass ubiq-
uitin-protein conjugates; instead, they accumulate free ubiq-
uitin. ubc4 ubcS mutants have a slow-growth phenotype, are
inviable at 37°C or in the presence of amino acid analogs, and
are constitutively thermotolerant. These phenotypes are
very reminiscent of the phenotype of the ssal ssa2 double
mutant, pointing to the possibility that the roles of the SSA
Hsp7Os and the UBC4 and UBC5 conjugating enzymes are
related.

Proteasome

The proteasome, best characterized in mammalian cells, is
a large, cylindrical 20S particle that is composed of at least
12 different protein subunits arranged in four stacked rings.
In vitro this particle exhibits three distinct endopeptidase
activities. However, it seems as though additional protein
components allow degradation of ubiquitin-protein conju-
gates (reviewed in reference 61). This form, known as the
26S complex, probably mediates degradation of ubiquitin-
protein conjugates in vivo. Although the proteasome has
been most extensively studied in mammalian cells, progress
has been made on the genetic analysis of the proteasome in
S. cerevisiae. Several of the genes which encode subunits of
the proteasome are essential. A missense mutation in one of
these essential genes (PREI) affects the chymotrypsin-like
activity of the proteasome, as well as causing inviability at
elevated temperatures and hypersensitivity to amino acid
analogs (69). In addition, derivatives of ,-galactosidase that
are known to be degraded very rapidly by a ubiquitin-
mediated mechanism are stabilized in theprel mutant. This
stabilization indicates that the proteasome mediates the
degradation of ubiquitin-conjugated proteins in vivo (125,
134).

CONCLUDING REMARKS

The research carried out over the past few years has
resulted in a basic understanding of the roles of the major
Hsps in the cell. However, much remains to be understood.
Although Hsp7Os, Hsp60s, and Hsp90s have been shown to
interact with a variety of polypeptides with physiologically
important consequences, the chemistry of the interactions is
only very superficially understood. The specificity of the
chaperone-polypeptide interactions and the triggering of
polypeptide release are not known. In a more physiological
context, the interrelationships among the Hsps themselves is
unclear. For example, there are two classes of Hsps70s in
the yeast cytoplasm, Ssaps and Ssbps. Ssbps probably
interact with nascent chains on the ribosome, and Ssaps are
important for translocation of at least some proteins across
the ER and mitochondrial membranes, but whether a single
polypeptide reacts sequentially, simultaneously, or uniquely
with a particular class of Hsp7Os is not resolved. Similarly,

interaction between Hsps and the proteolytic system is not
established. At present one can only speculate that a path-
way may exist, first an interaction of a partially unfolded
protein with an Hsp7O and then either an interaction with a
Cpn60, resulting in proper folding, or with the ubiquitin
system, resulting in degradation mediated by the protea-
some. Research carried out over the next few years should
yield the answers to these questions.
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