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m Abstract Recent years have witnessed dramatic advances in our understanding
of how newly translated proteins fold in the cell and the contribution of molecular
chaperones to this process. Folding in the cell must be achieved in a highly crowded
macromolecular environment, in which release of nonnative polypeptides into the
cytosolic solution might lead to formation of potentially toxic aggregates. Here | review
the cellular mechanisms that ensure efficient folding of newly translated proteins in
vivo. De novo protein folding appears to occur in a protected environment created by a
highly processive chaperone machinery that is directly coupled to translation. Genetic
and biochemical analysis shows that several distinct chaperone systems, including
Hsp70 and the cylindrical chaperonins, assist the folding of proteins upon translation in
the cytosol of both prokaryotic and eukaryotic cells. The cellular chaperone machinery
is specifically recruited to bind to ribosomes and protects nascent chains and folding
intermediates from nonproductive interactions. In addition, initiation of folding during
translation appears to be important for efficient folding of multidomain proteins.
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One of the greatest challenges facing modern biology is to understand the com-
plex interrelationship between the amino acid sequence of a protein and its three-
dimensional shape. The protein folding problem intersects with a number of other
areas of contemporary cell and molecular biology, such as translocation into org-
anelles, regulation of protein conformation and function, intracellular protein
degradation, and the molecular basis of amyloid diseases. Indeed, because pro-
tein folding translates the linear genetic code into three dimensions, it has been
called the second, and more intractable, half of the genetic code. Despite con-
siderable effort expended on understanding the relationship between amino acid
sequence and native structure, a comprehensive solution to this problem has
remained elusive.

Over the past 15 years, the protein folding problem has taken on an additional
level of complexity, as it has become clear that folding in vivo differs consider-
ably from folding in a test tube. The difference likely arises from the profound
dissimilarity in the conditions under which proteins fold in vivo and in vitro. To
ensure that proteins reach the native state with high efficiency, cells have evolved
a complex machinery that assists the folding of newly synthesized polypeptides
and rescues existing proteins from partial stress-induced denaturation. This ma-
chinery includes several conserved protein families, which are collectively termed
molecular chaperones because they guide proteins to their “proper” fate but do not
remain associated with the final product.

Given the voluminous information accumulated about protein folding, a com-
prehensive review on this topic exceeds the space limitations of this chapter. This
review focuses on the processes that lead to folding of newly translated proteins
in the cytosol of prokaryotic and eukaryotic cells, and provides an overview of
the components involved and functional principles that govern de novo folding in
vivo. The folding of secretory proteins, which occurs following translocation into
the endoplasmic reticulum (ER) is not covered (for reviews see 1-3). Although
folding of ER proteins is generally coupled to glycosylation and to disulfide bond
formation, and thus certain ER chaperones are specialized to assist these pro-
cesses, there are otherwise remarkable similarities between folding in the ER and
the cytosol, which are highlighted throughout this review.

PROTEIN FOLDING IN VITRO AND IN VIVO

Folding experiments in vitro, using chemically denatured proteins, have demon-
strated that the information for the three-dimensional structure of a protein is
ultimately determined by its amino acid sequence (4). Consequently, the native
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state is the thermodynamically most stable conformation of a polypeptide. To
reach the native state, the unfolded polypeptide does not sample randomly all
possible conformations, but rather proceeds via one or more pathway(s) in which
rapid formation (on the order of milliseconds) of compact folding intermediates
restricts the conformational space available to the polypeptide (5-8). It appears
that removal of hydrophobic side chains away from the aqueous solution to form
the hydrophobic core of the folded protein is a major driving force for formation
of folding intermediates.

Most in vitro studies of protein folding have used small, single-domain proteins
that undergo cooperative and reversible folding reactions. In these experiments, a
pure protein is unfolded in denaturant and rapidly diluted into aqueous solution,
where it folds spontaneously. From the perspective of a physical chemist, such
models are manageable systems, as the folding reaction is not complicated by
off-pathway side reactions, such as aggregation, irrelevant to the central question
addressed. Consequently, such studies are usually performed under conditions that
minimize off-pathway reactions, such as very high dilution and low temperature.
These conditions make such studies experimentally tractable but certainly do not
represent the conditions prevailing in the cytoplasm or within cellular organelles.
Even under ideal conditions, spontaneous folding is observed only for small pro-
teins. The large majority of cellular proteins form kinetically trapped, slow-folding
or nonproductive, compact intermediates, which contain a considerable amount of
exposed hydrophobic surface and are thus prone to aggregation. As aggregation
is driven at least partly by hydrophobic interactions, it is even more pronounced
when folding is attempted under the physiological conditions occurring inside the
cell.

The interior of a cell is a very crowded and dynamic environment; the ef-
fective protein concentration inside a typical cell has been estimated to be as
high as 300 mg/ml (9) (for an artist’s rendition of bacterial cell cytosol, visit
http://www.scripps.edu/pub/goodsell/gallery/cell.html). Because of its high con-
centration of proteins and other macromolecules, the cytoplasm no longer behaves
as an ideal fluid. This nonideal behavior can influence a number of biological pro-
cesses. Crowding in the cytoplasm gives rise to excluded volume effects, which
can result in significant increases (over several orders of magnitude) in the affini-
ties and rate constants of many reactions, particularly association reactions such as
aggregation (reviewed in 10, 11). Macromolecular crowding appears to influence
several aspects of folding, including substrate binding to chaperones (12) and the
properties of folding intermediates (13). For instance, the effect of crowding on
the behavior of folding polypeptides has recently been examined using unfolded
reduced lysozyme, a small protein that can fold spontaneously in an agueous
buffer (14). Strikingly, when refolding was performed under crowding conditions,
lysozyme aggregated. Interestingly, lysozyme folding was restored by inclusion
of the chaperone protein disulfide isomerase, consistent with the view that one role
of chaperones may be to prevent aggregation under the conditions that exist in the
cytosol (15). Even though the exact properties of the cellular milieu are difficult
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to determine experimentally, more studies are needed to elucidate how crowding
influences folding in vivo.

Another major difference between refolding of a chemically denatured protein
and folding as it occurs in the cell is that in vivo, newly synthesized polypeptides
enter the cytosol vectorially because the N terminus is synthesized before the
C terminus. Although the N terminus of a translating polypeptide is available for
folding before the rest of the polypeptide, stable folding of a folding unit or domain
cannot occur until it is completely synthesized (reviewed in 16,17). The rate of
chain elongation in eukaryotes is approximately 4 amino acids per second (18), soa
polypeptide of 1000 residues would require more than 4 minutes for its synthesis.
In contrast, formation of collapsed folding intermediates occurs on a time scale of
seconds. Thus, protein synthesis is considerably slower than formation of collapsed
intermediates, which could bury hydrophobic aggregation-prone stretches of the
nascent chains away from the solution. Although a nascent polypeptide cannotfold
stably, neither can it remain extended, particularly in the cytosol. This situation
poses a problem for nascent chains emerging from the ribosome. Nascent chains
must avoid forming misfolded intermediates and avoid aggregation with other
nascent chains. Aggregation appears to be a protein-specific phenomenon. Thus,
identical chains synthesized on neighboring ribosomes in a polysome may be
especially prone to aggregation (19). Hence, another potential function of chape-
rones may be to prevent aggregation that would result from nonnative interactions
betweeen nascent chains.

Finally, another distinctive feature of the cellular milieu is its high degree of
compartmentalization. This property was revealed by fluorescence recovery after
photobleaching (FRAP) experiments, where a section of a mammalian cell loaded
with fluorescently labeled protein or a small solute is photobleached and the rate
of diffusion is measured as the fluorescent molecules redistribute back into the
bleached section (20, 21). Such experiments indicated that whereas small solutes
(<500 daltons) diffuse freely in the cytosol, diffusion of larger macromolecules,
including proteins, is greatly retarded. These findings imply that most cellular
processes, including chaperone-mediated folding, are highly compartmentalized
and spatially organized.

Differences in folding conditions in vivo and in vitro lead to a number of in-
teresting questions, which recent work has begun to address. Clearly, molecular
chaperones have evolved to assist protein folding in vivo, both for newly translated
proteins and for proteins that become denatured during thermal stress and cellu-
lar injuries. Because of their role in rescuing cellular proteins from denaturation,
several classes of chaperone proteins are induced under conditions of stress, in-
cluding high temperature (hence the generic name Hsp, for heat shock protein).
However, the processes of folding newly made polypeptides and rescuing stress-
denatured ones appear to differ both topologically and mechanistically (e.g. 22).
This review focuses on processes that lead to folding of newly translated proteins
in the cytosol of prokaryotic and eukaryotic cells.
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CHAPERONE SYSTEMS IN EUKARYOTIC
AND PROKARYOTIC CELLS

The idea that a class of proteins facilitates folding originally emerged from studies
of protein folding inside chloroplasts and mitochondria (reviewed in 23). These
experiments were followed by about 10 years of intense research into the identity
and mechanisms of the cellular folding helpers and catalysts. Mounting evidence
now indicates that molecular chaperones interact with, and stabilize, nascent and
translocating polypeptides in vivo and prevent nonproductive reactions such as
aggregation. Two major classes of ATP-dependent chaperones, the Hsp70s and
the cylindrical chaperonin complexes, have been implicated in de novo protein
folding in the cytosol of eukaryotic and prokaryotic cells, as well as in organelles of
presumed endosymbiotic origin, such as mitochondria and chloroplasts (reviewed
in 24,26). Although substrate binding by both of these chaperone systems is
regulated by ATP binding and hydrolysis, the Hsp70s and the chaperonins are
structurally and functionally distinct and represent radically different principles
of chaperone action. Because of their greater simplicity, prokaryotic chaperone
systems are better understood than their eukaryotic counterparts, in terms of both
mechanism and cellular function. The mechanistic aspects of these chaperone
systems have been summarized in several excellent reviews (25, 27-31). In this
section, a brief overview is provided of the basic mechanisms and substrate binding
properties of the chaperone systems implicated in the folding of newly translated
proteins in vivo.

The Hsp70 System

Hsp70s are a highly conserved family of proteins, distributed ubiquitously in all
prokaryotes and in cellular compartments of eukaryotic organisms. Some com-
partments contain multiple Hsp70 homologs with distinct cellular functions (32)
(Table 1). Forinstance, the cytosol of the yegsatcharomyces cerevisieentains

four functionally redundant Hsp70 homologs, called Ssal, Ssa2, Ssa3, Ssa4
(herein Ssal-4) and three ribosome-associated Hsp70s, called Ssbl, Ssh2, anc
Pdri13 (or Ssz1) (33-35). Genetic studies indicate that only Ssa-type function
is essential for viability and that Ssb activity cannot substitute for Ssa activity
(32). Most Hsp70s have a molecular mass of approximately 70 kilodaltons (kDa)
and consist of two functionally coupled domains, which have been crystallized
separately (Figured). The 44-kDa N-terminal domain mediates ATP binding
(36), whereas the 18-kDa C-terminal domain binds the substrate polypeptide (37).
Binding and release of the substrate rely on modulation of the intrinsic peptide
affinity of Hsp70 by cycles of ATP binding and hydrolysis by the N-terminal
domain (25, 26). In the ATP-bound state, Hsp70 binds and releases substrates
rapidly, whereas the ADP-bound form binds and releases slowlisdherichia

coli, cycling of the Hsp70 homolog, DnakK, between its different nucleotide-bound
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Figure1 Domain structure of the Hsp70 and DnaJ chaperorgge3of) Domain structure

of the bacterial Hsp70, DnaK. Residue numbers correspond to the approximate domain
boundaries of DnakK. The structures of the ATPase domain and the peptide binding domain
are highly conserved among all prokaryotic and eukaryotic Hsp2Dkoer lef) Ribbon
diagram of the ATPase domain of bovine Hsc70 (heat-shock cognate protein), with bound
ADP, Pi, Mgt (magenta), and two Kions (blue). &, Lower righ) Ribbon diagram of

the substrate binding domain of Dnak, highlighting the peptide substrate (small blue ovals)
and theg-strands and loops lining the substrate binding pocket (blue green; the rest of the
domain is light blue). The helical lid of the binding site is thought to open and close
(orange arrows) in response to ATP-mediated conformational changes in the ATPase
domain. b, Righ)) Domain structure of bacterial DnaJ. G/F motif: Glycine-phenylalanine-
rich region; Cys-rich domain: cysteine-rich, Zn-binding domaln Left) The ribbon dia-

gram of the J-domain oE. coli DnaJ, highlighting (in red) the side chains of the HPD
tripeptide motif essential for Hsp70 binding. (Structures modified from Reference 25, with
permission.)
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states is regulated by two cofactors, DnaJ and GrpE (Figa)ré28, 31, 38—40).
The 41-kDaDnaJ proteinis itself a chaperone, which can bind to unfolded polypep-
tides and prevent their aggregation (Figube 141, 42). DnaJ binds to DnaK and
stimulates its ATPase activity, generating the ADP-bound state of DnaK, which
interacts stably with the polypeptide substrate (Figag23). The 23-kDa GrpE
protein acts as a nucleotide exchange factor; it binds to the ATPase domain of
DnaK and, by distorting the nucleotide binding pocket, induces release of bound
ADP (Figure &) (44). Finally, rebinding of ATP triggers dissociation of the
DnaK-substrate complex (Figura)2

How does Hsp70 recognize unfolded polypeptides? The peptide-binding site
of Hsp70 contains a cleft that binds the peptide in an extended conformation
(Figure 1) (37). Analysis of the substrate specificity of Hsp70 using a number
of different approaches, including phage display and synthetic peptide libraries,
indicated that this chaperone recognizes linear polypeptide sequences enriched in
hydrophobic amino acids (45—-47). Because of its hydrophobic nature, this binding
motif would typically be located in the interior of a correctly folded protein;
consequently, surface exposure of such a sequence may be a distinctive feature
of nonnative conformations. Such hydrophobic regions are probably present in
all unfolded polypeptides, and it has been predicted that an Hsp70-binding site
occurs, on average, every 40 residues (45). Association with Hsp70 results in
the stabilization of the substrate protein in an extended conformation, thereby
preventing its aggregation. In vitro, polypeptides can undergo multiple rounds of
binding and release from Hsp70 (Figui®)2 This process is sufficient to promote
folding of some model substrates, such as firefly luciferase (40). However, in
many instances, the Hsp70-bound substrate must be transferred to another type
of chaperone, such as a chaperonin complex, for productive folding (see below,
Cooperation Between Different Chaperone Systems).

Elucidation of the DnaK reaction cycle has provided a paradigm for all Hsp70s.
In fact, homologs of bacterial DnaJ, collectively called Hsp40 proteins, have been
identified in all cellular compartments that contain an Hsp70 (Table 1) (48). All
DnaJ homologs possess a so-called J-domain, a scaffold offbelices and a
solvent-accessible loop region that exposes a conserved tripeptide (His-Pro-Asp)
essential for interaction of the J-domain with Hsp70 (Figut® (49, 50).
J-domain-containing proteins can stimulate ATP hydrolysis by Hsp70 and gen-
erate the ADP-bound state. In eukaryotic cytosol, the DnaJ homologs, Hdj1 (also
called Hsp40, or Sisl in yeast) and Hdj2 (Ydjl in yeast), regulate the activity of
Hsp70 homologs (see below) (51-53). In addition to the N-terminal J-domain,
Ydj1 (Hdj2) and Sis1 (Hdj1) contain C-terminal chaperone domains that bind un-
folded polypeptides (52-54). In Ydj1, this substrate binding domain contains two
essential cysteine-rich, 2hrbinding domains, also found in DnaJ. The C-terminal
domain of Sis1 has recently been crystallized; its structure reveals several patches
of hydrophobic side chains that are required for substrate binding (55). In addi-
tion to these bona fide DnaJ homologs, several eukaryotic proteins contain only
a J-domain, which serves to recruit Hsp70 family members to specific cellular
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sites (48). For instance, the ER membrane protein, Sec63, binds to the luminal
Hsp70 (BiP/Kar2) via a J-domain (56). Similarly, auxilin, a mammalian pro-
tein associated with the clathrin coat of endocytic vesicles, interacts through its
J-domain with cytosolic Hsp70, which is required for the ATP-dependent uncoat-
ing of the vesicles (57). Interestingly, a ribosome-associated, J-domain-containing
protein called zuotin interacts with the cytosolic Hsp70 homolog Pdr13 (58, 59)
(see below, Cooperation Between Different Chaperone Systems).

In striking contrast to DnaJ homologs, GrpE-related proteins in eukaryotes ap-
pear to be restricted to compartments of prokaryotic origin, i.e. mitochondria and
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chloroplasts. Absence of a GrpE-like nucleotide exchange factor in eukaryotic
cytosol can be explained by differences in the nucleotide-binding and hydroly-
sis properties of DnaK and Hsp70. ADP release is the rate-limiting step when
DnaK is associated with DnaJ (38), and maximal stimulation of the ATPase ac-
tivity of DnaK requires both DnaJd and the ADP-ATP exchange factor GrpE. In
contrast, ATP hydrolysis appears to be the rate-limiting step in eukaryotic Hsp70s,
and the steady-state ATPase activity of Hsp70 is significantly stimulated by Hsp40
(Hdj1) alone (52, 53) (Figurel®). Interestingly, mammalian cells contain a 48-kDa
Hsp70-nteracting potein (termed Hip) that binds to the ATPase domain of Hsp70
and prevents ADP release from Hsp70 (60). It thus appears that the regulation of
eukaryotic Hsp70 differs from DnaK in significant aspects and is considerably more
complex (Figure B) (61). Similar to DnaJ in the bacterial reaction cycle, Hdj1

or Hdj2 (Hsp40) stimulate the Hsp70 ATPase and generate the ADP-bound form
with a high affinity for substrate. However, whereas GrpE promotes nucleotide
exchange on Dnak, the eukaryotic Hsp70 complex appears to be the target of
multiple regulatory factors. Hip binding slows dissociation of ADP from Hsp70
(Figure 2). Through stabilization of the ADP-bound conformation of Hsp70,
Hip presumably stabilizes the Hsp70 substrate complex. The action of Hip ap-
pears to be antagonized by several proteins that stimulate nucleotide exchange by
Hsp70 and thus serve as functional GrpE analogs in the eukaryotic cytosol. For

Figure 2 Model of the Hsp70 reaction cycle in the)(bacterial and if) mammalian
cytosol. @) In the bacterial system, the cycle starts with association of DnaJ with an
unfolded polypeptide substrate (U) or a folding intermediate (I). DnaK enters the cycle
in an ATP-bound conformation, characterized by rapid substrate association and dissocia-
tion kinetics. DnaJ binds to DnaK and stimulates conversion of the bound ATP to ADP,
which stabilizes interaction of DnaK with the polypeptide substrate. GrpE protein promotes
release of bound ADP from DnaK. Subsequent rebinding of ATP triggers dissociation of
the polypeptide substrate in an intermediate conformation (1), which may fold to the native
state (N), undergo another cycle of interaction with the DnaK chaperone system, or bind to
a different chaperone system (e.g. GroEb).Eukaryotic DnaJ homologs, Hdj1 or Hdj2,
bind to unfolded polypeptides and promote the interaction of mammalian Hsp70 with the
polypeptide substrate by driving Hsp70 into the ADP-bound conformation. In contrast to
the bacterial cycle, ADP release is not a rate-limiting step when Hsp70 is in a complex with
Hdj1 or Hdj2. Thus, ADP-to-ATP exchange and dissociation of the polypeptide substrate
can occur in the absence of a GrpE homolog. This minimal reaction cycle may be sufficient
for Hsp70 to fulfill many of its functions in the eukaryotic cytosol. However, the ADP-
bound state of Hsc70 may be stabilized by the Hip protein, thereby increasing the half-life of
the chaperone-substrate complex. Subsequent complex dissociation appears to be initiated
by Bag homologs (and perhaps also by Hop), which stimulate ADP-to-ATP exchange,
resulting in recycling of Hsp70. The released substrate may either fold, rebind to Hsp70, or
bind to other cytosolic components (e.g. TRIC, Hsp90, or the 26S proteasome). (Modified
from Reference 121 with permission.)
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example, the Hsp70-interacting protein, Bagl (62—64) appears to promote re-
lease of the bound ADP from Hsp70 and results in substrate release (Figure 2
The Hsp70- and Hsp90-interacting protein, Hop (also called p60, or Stil in yeast)
has also been proposed to stimulate nucleotide exchange by Hsp70 (65). Bagl
is a member of a large family of homologs that contain a conserved domain
called the Bag-domain and variable N-terminal extensions (66). It has been pro-
posed that, like GrpE, the Bag-domain stimulates nucleotide exchange by Hsp70
(64,67, 68).

The modular domain structure of these Hsp70 regulators raises the interesting
possibility that nucleotide exchange and subsequent substrate release may be cou-
pled to downstream cellular processes (Figume Zor instance, Bagl contains
a ubiquitin-homology domain in its N-terminal extension and has been proposed
to direct Hsp70-bound substrates to the 26S proteasome (69, 70). In the case
of Hop, the substrate released from Hsp70 may be directed to bind to Hsp90 (see
below, The Hsp90 System). Similarly, the N-terminal extensions of Bag homologs
may play a role in directing the released polypeptide toward different folding or
degradation pathways.

“Small” or “Holding” Chaperones: Complexes
with an Hsp70-Like Function

Recent findings revealed that prokaryotic and eukaryotic cells contain chaperone
complexes that overlap functionally with the Hsp70 system. These complexes
have been collectively termed small chaperones to distinguish them from the ring-
shaped chaperonin complexes (71). The small chaperones share with Hsp70 the
capacity to “hold” or stabilize unfolded polypeptides and prevent their aggrega-
tion, but unlike Hsp70, their binding activity is not regulated by nucleotides. In
E. coli, the activity of the DnaK system in folding newly translated proteins is func-
tionally redundant with a prolyl-isomerase trigger factor (TF) (72, 73) (see below,
Contribution of Hsp70 and Other Small Chaperones to de Novo Folding). TF was
originally isolated as a protein that facilitated export of proteins into the periplasmic
space (74). It can bind unfolded polypeptides and stabilize them against aggrega-
tion (75). Although TF displays prolyl-isomerase activity in vitro, its chaperone
activity does not require the presence of proline residues in the substrate (75, 76).
The binding specificity of TF has been examined using a cellulose-bound peptide
array (76). Similar to Dnak, it displays a preference for linear determinants of
approximately five residues enriched in hydrophobic side chains; but unlike DnakK,
it appears to favor aromatic side chains (see above, The Hsp70 System).

It has been suggested that in eukaryotic cells and archaea, a 200-kDa hetero-
oligomeric complex, termed the Gim complex (GimC) or prefoldin, acts like Hsp70
to stabilize nascent chains (77-79). The role of this complex in cellular folding
is poorly understood, bus. cerevisiadacking functional GimC are defective
in actin and tubulin folding (77, 78). In support of an Hsp70-like function, bio-
chemical and structural analysis using purified GimC from the archaebacterium
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Methanobacterium thermoautotrophicumdicated that GimC/prefoldin is a base-

ball glove—shaped oligomeric complex that can bind unfolded polypeptides, pre-
vent their aggregation, and transfer them to a chaperonin complex (80, 80a) (see
below, Cooperation Between Different Chaperone Systems).

Ring-Shaped Chaperones: The Chaperonins

The chaperonins are large cylindrical protein complexes consisting of two stacked
rings (reviewed in 25, 26, 28,81, 82). In some chaperones, the rings have seven
subunits, in others eight or nine. Chaperonins differ substantially from Hsp70 in
architecture, as well as in their mechanism. However, as in Hsp70, ATP binding
and hydrolysis also produce conformational changes that drive cycles of substrate
binding and release.

There are substantial differences between group | chaperonins, found in eubac-
terial cells, and the distantly related group Il chaperonins found in Archaea and
Eukarya (see Table 1). Group | chaperonins, such as GroEL ofliand Hsp60
in mitochondria and chloroplasts, function in conjunction with a ring-shaped co-
factor, GroES or Hsp10, that forms the lid on a folding cage in which polypeptide
substrates are enclosed during folding (83, 84). In contrast, such a cofactor has
not been found for group Il chaperonins.

Group | Chaperonins The group | chaperonins are perhaps the best character-
ized of all chaperones, though significant questions remain about their mechanism
(reviewed in 25, 26, 81,85). The Hsp60 chaperonins from chloroplasts and mi-
tochondria were the first complexes implicated in oligomeric assembly (23) and
protein folding (23a). Structurally, thE. coli chaperonin, GroEL, contains 14
identical subunits arranged in two stacked rings of seven subunits each (Fagure 3
The ring-shaped structure of GroEL is essential for its folding activity (86, 87),
which allows it to promote the folding of substrates that the Hsp70 system is un-
able to fold. Each subunit of GroEL consists of two discrete domains, joined by
a hinge-like intermediate domain (88). The equatorial domains contain the ATP-
binding pocket, whereas the apical domains contain a patch of hydrophobic amino
acids that face the interior of the cavity and bind the unfolded substrate polypeptide
through hydrophobic contacts. Unlike Hsp70s, GroEL does not bind linear pep-
tides, but interacts efficiently with nonnative proteins. Binding to GroEL appears
to be multivalent, and bound folding intermediates presumably expose hydropho-
bic surfaces that allow them to interact with several GroEL subunits simultaneously
(89-91).

The substrate-binding residues in the apical domain of GroEL are also respon-
sible for interacting with the cofactor GroES, a ring-shaped complex composed of
seven identical subunits, which is essential for GroEL-mediated folding (92). Inthe
presence of ATP, GroES binds to GroEL and induces a conformational change in
the apical domains that displaces the substrate from its binding sites. The substrate
is thus released it into the central cavity, which is now lined with hydrophilic side
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chains (Figure &, right) (93). GroES also promotes ATP hydrolysis in the proxi-
mal (cis) ring of GroEL. Enclosure of the substrate polypeptide within the chamber
of this GroEL-GroES-ADP complex is essential for folding (Figubg. 3The sub-

strate remains enclosed in this cavity for approximately 15 seconds. It has been
proposed that the enclosed cavity functions as an Anfinsen cage, i.e. a protected
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chamber, that isolates the polypeptide under conditions of infinite dilution and
allows it to fold according to its thermodynamic potential (94). There is negative
cooperativity between the two GroEL rings; the GroEL-ADP-GroES complex is
dissociated by ATP binding to theans ring (Figure ®) (95). GroES release
returns the apical domains to the conformation that exposes their hydrophobic
binding sites toward the cavity, which permits a still folded polypeptide to rebind
and undergo another cycle of folding. However, if the substrate has achieved a
folded conformation, it will no longer expose sufficient hydrophobic surfaces to
mediate binding and will be released. Measurements of the kinetics of folding
in vitro and in vivo indicate that some substrates, such as rhodanese, do interact
with GroEL through several nucleotide-driven cycles of GroES interaction before
reaching the folded state (96, 97). Despite our detailed structural and mechanistic
understanding of GroEL, a fundamental question remains: How does confinement
of the substrate to a space that alternatively exposes hydrophobic and hydrophilic
surfaces facilitate polypeptide folding? Clearly, GroEL prevents aggregation and
provides a sequestered folding cage for newly synthesized chains; however, it is
not clear whether in addition it acts to unfold trapped intermediates and thus speeds
up the rate of folding of some polypeptides (98).

Figure 3 Structure and function of the group | and group Il chaperonin systeajs. (
Domain arrangement and conformational states of group | chaperonins, shown as space-
filling models for GroEL and GroESLEft) The nucleotide-free state of GroEL. The domain
organization of the GroEL protomer is highlighted in color, showing the equatorial (ma-
genta), hinge or intermediate (cyan), and apical (orange) dom&est€) The ADP-bound

state of GroEL-GroES. The dark green arapger lef} highlights one GroES protomer

in the GroEL-GroES complex. Rijgh) The same ADP-bound structure in the center as
an interior view; the GroEL-GroES-(ADP)7 complex is sliced vertically along the central
axis and colored to reflect the relative hydrophobicity of the interior surface. Hydrophobic
atoms of the side chains are light green; polar and charged atoms of the side chains are
dark purple; solvent-excluded surfaces at the interfaces with the missing subunits are light
blue; and exposed backbone atoms are white. Note the hydrophilic nature of the GroES-
enclosed cavity. i) Schematic model of the GroEL-GroES reaction cycle for folding.
GroES (red) and GroEL (blue) are sliced vertically to highlight the domain structure of
individual subunits. The hydrophobic sites of substrate binding in the apical domains are
highlighted in yellow. ¢) Domain arrangement and conformational states of group Il chap-
eronins. Left, cente) Space-filling models for the thermosome frdmacidophilum The
domain organization of the-protomer is highlighted as ira, showing the equatorial (ma-
genta), intermediate (cyan), and apical (orange) domain. The helical protrusion is shown
in dark green.l(eff) A model for the nucleotide-free, open state of the thermosome based
on electron tomographic studies on th@nly thermosome. Gente) The closed confor-
mation observed in the X-ray structure of the thermosome (which presumably reflects the
nucleotide-bound state)R{gh9 An interior view of the complex of TRIC (yellow) with its
substrate actin (red) obtained by cryoelectron microscopy and sliced vertically along the
central axis. (Structures and diagram modified from References 19, 28,93 and, 107 with
permission.)
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Group Il Chaperonins The group Il chaperonins are more heterogeneous in se-
quence and structure than members of group | (reviewed in 28, 99-101). Though
group Il members also have a double ring structure, they are hetero-oligomeric
and the number of subunits varies between eight and nine per ring (Figure 3
Archaeal forms have two or three different subunits per complex (arranged respec-
tively in eight- or nine-fold symmetrical rings). The eukaryotic chaperonin, named
TRIC (for tailless complex polypeptide-1 OP-1] ling complex) or CCT (for
chaperonin ontaining TCP-1), is also ring shaped and consists of eight different,
yet homologous, subunits per ring, ranging between 50 and 60 kDa (102-104).
Crystal structure of the archetype group Il chaperonin, the thermosome complex
from Thermoplasma acidophilumevealed that individual subunits have a domain
arrangement similar to those in GroEL (105, 106). Indeed, the equatorial (ATP-
binding) domain is relatively conserved among all chaperonins. Most sequence
divergence between subunits is found in the apical domains, which probably con-
tain the substrate binding sites (99). Strikingly, the backbone trace of the apical
domains of the thermosome is almost identical to that of GroEL, but it has an in-
sertion that extends a large protrusion toward the central cavity (105, 106). Since a
major difference between group | and group Il chaperonins is the lack of a GroES-
like cofactor for members of group Il chaperonins, this protrusion is thought to
function as a built-in lid (Figured. Thus, a functional equivalent to GroES may

be integral to the primary sequence of group Il apical domains.

Substrate binds in the central cavity of group Il chaperonins (Figargdght)

(107) and is folded in an ATP-dependent manner. The mechanism by which
group Il chaperonins mediate folding is very poorly defined. On the basis of the
crystal structure of the thermosome, the complex appears to close into an Anfinsen
cage (105), but it is not clear whether the substrate is completely engulfed during
productive folding. The eukaryotic chaperonin can assist the folding of proteins,
such as actin, that cannot be folded by any other chaperone system (108).

One important difference from GroEL is that several subunits of TRIC lack
hydrophobic residues within the regions in the apical domains that correspond to
the substrate binding site in GroEL. This difference led to the proposal that the
substrate binding site in TRIC is located at the apical protrusions, which contain
an obvious hydrophobic surface that faces the central cavity (106). This view
is based on the assumption, still untested, that association of the substrate with
TRIC is mediated primarily by hydrophobic interactions. The substrate binding
site within the individual subunits remains to be defined.

The origin of the subunit heterogeneity in group Il chaperonins has not been sys-
tematically addressed. One intriguing possibility is that heterogeneity is directly
linked to substrate specificity. A number of biochemical studies using endoge-
nous model substrates suggest that each subunit contributes to the recognition
of specific motifs within the substrates (107, 109-112). Experiments with trun-
cations and peptide libraries indicate that TRIiC interacts with defined regions
within actin, tubulin, and the tumor suppressor protein, VHL. For instance, dele-
tion analysis of actin suggested that stable chaperonin binding requires at least
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three discrete regions in the polypeptide (109, 112). In addition, a structural anal-
ysis of the chaperonin-actin complex using immunoelectron microscopy supports
the idea that the polypeptide interacts with specific subunits in the chaperonin
(107). Cross-linking experiments that monitor the interaction of nascent actin

chains emerging from the ribosome indicate that the elongating polypeptide in-
teracts specifically with individual subunits of the chaperonins (110). In these

experiments, the extent to which a nascent chain was cross-linked to multiple TRiC
subunits was correlated with the stability of the TRiC—nascent chain complexes
to undergo immunoprecipitation, which supports the idea that the frequency and
number of different cross-links indeed reflects subunit-specific interactions with

different binding sites within the nascent chains. Thus, as in GroEL, stable in-

teractions between a folding polypeptide and the eukaryotic chaperonin may also
result from a multivalent set of weak interactions between defined motifs in the

substrate and individual chaperonin subunits.

The Hsp90 System

Hsp90 is the central component of a complex chaperone system whose cellular
functions and mechanism are still poorly understood (reviewed in 30, 113-116).
In eukaryotic cells, Hsp90 is highly abundant3% of cytosolic proteins) and is
essential for viability. In contrast, the eubacterial homolog of Hsp90, HtpG, is dis-
pensable. Elucidation of the crystal structure of Hsp90 (117, 118), together with
recognition that its activity is regulated by ATP binding and hydrolysis (119, 120),
opens the way to a clearer mechanistic understanding of Hsp90 function. Hsp90
works in the context of a complex multiprotein assembly that has been termed
the foldosome. This machinery assembles in a stepwise fashion (reviewed in
113,121).

The first insights into the function of Hsp90 came from higher eukaryotes,
where Hsp90 participates in the conformational regulation of signal transduction
molecules, such as tyrosine kinases and steroid hormone receptors (reviewed in
30, 113-116). For instance, the oncogenic tyrosine kinas&¥5@équires Hsp90
to become activated upon myristoylation and attachment to the plasma membrane.
Similarly, steroid hormone receptors must associate with Hsp90 to adopt the con-
formation competent for hormone binding (30, 113-116). Genetic evidence and
in vitro reconstitution experiments indicate that Hsp90 function requires its se-
guential interaction with different subsets of cofactors (122—-127), some of which
have also been shown to have chaperone activity. For instance, a steroid hor-
mone receptor appears to enter the maturation pathway through a cotranslational
or posttranslational interaction with Hsp70, which probably induces conforma-
tional changes of the receptor molecule essential for its subsequent recognition by
Hsp90. Formation of this early complex is ATP dependent and apparently involves
the action of Hdj1 and Hip (124, 125, 128).

Substrate transfer from Hsp70 to Hsp90 is facilitated by the action of Hop
(Hsp70-Hsp90manizing potein) (126, 129). Hop possesses binding sites for both
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Hsp70 and Hsp90 and thus promotes the formation of an Hsp70-Hop-Hsp90
complex. In this way, Hop may mediate the efficient transfer of a receptor from
Hsp70 to Hsp90.

At the final stage of receptor maturation, an additional set of proteins com-
prising p23 and different peptidylprolyl isomerases are recruited to the Hsp90-
receptor complex (130-134). Tyrosine kinases, such as src, also recruit an addi-
tional cofactor, Cdc37 (135, 136). Hsp90-associated peptidylprolyl isomerases,
such as FKBP52 and CyP-40 may induce additional conformational changes of
the receptor molecule at this stage (130, 131). The interactions of the isomerases,
as well as Hip and Hop, with either Hsp90 or Hsp70 are mediated by structurally
related tetratricopeptide (TPR) domains that are present in all these cofactors (137—
139). Binding to Hsp70, Hsp90, or both is determined by the identity of the TPR
domains in a given cofactor. For example, Hip possesses only TPR domains spe-
cific for Hsp70 binding, whereas Hop contains a TPR domain that confers binding
to Hsp70 and another specific for Hsp90.

p23 associates with Hsp90 only in its ATP-bound state (132—-134) and stimulates
polypeptide release from Hsp90 upon ATP hydrolysis (134a). Although its role
is still unclear, the importance of the Hsp90-p23 interaction for Hsp90 action
is underscored by the fact that antitumor drugs of the ansamycin class, such as
herbimycin A or geldanamycin, block the p23-Hsp90 interaction and interfere with
the Hsp90-mediated maturation of src-like kinases and steroid hormone receptors
(118,132, 140).

COTRANSLATIONAL PROTEIN FOLDING

In the cell, proteins are synthesized on ribosomes. Thus, another important differ-
ence between in vitro refolding and folding in vivo arises from the vectorial nature
of the translation process. During translation (and also during translocation), the
N terminus of the polypeptide is available for folding before the C terminus. In
contrast, in vitro refolding experiments examine folding under conditions wherein
the entire polypeptide is available at the beginning of the reaction. In principle, the
N-terminal portion of a polypeptide could fold as it emerges from the ribosome,
or as it is translocated into the ER or the mitochondrion. Although the idea that
folding can begin cotranslationally was suggested as early as 1961 (141), its rele-
vance for folding in vivo was disputed on several grounds. First, in vitro refolding
experiments can produce native proteins, indicating that cotranslational folding is
not always essential. In addition, itis possible to fold circularly-permuted proteins,
that is, proteins where the normal N and C termini were covalently linked and new
termini introduced by breaking the backbone elsewhere (142). In the resulting
protein, the positions of the N and C termini are relocated to different regions of
the polypeptide. In several cases, these circular permutations result in folded pro-
teins with a structure or activity similar to that of the wild-type protein (143, 144).
Finally, native structures typically are stabilized by multiple highly cooperative
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interactions. Thus, folding into a proper tertiary structure can occur only after a
complete folding domain¢50-300 amino acids) has emerged from the ribosome
(16, 17). During translation, about 40 residues of a nascent chain are sequestered
within the exit channel of the ribosome and are not available for folding; so, it is
clear that proteins have to complete their folding posttranslationally.

Unlike in vitro refolding of small single domain proteins, the refolding of larger
proteins in vitro is generally inefficient or unsuccessful, particularly in the case
of multidomain proteins. It has been observed that, when expressed individually,
domains often refold spontaneously and with high efficiency, whereas the same
domain within the full-length polypeptide may be unable to refold, ultimately lead-
ing to aggregation. For example, the isolated 45-kDa N-terminal kinase domain of
aspartokinase-homoserine dehydrogenase refolds spontaneously with good kinet-
ics (145). However, renaturation of the complete 89-kDa protein under the same
conditions is considerably slower and more inefficient, and does not yield an active
kinase (145). These experiments suggest that folding of an individual domain may
be hindered by unfavorable interactions with the rest of the protein.

The difficulties in refolding large proteins raises the possibility that, in vivo,
efficient folding of larger, multidomain proteins is promoted by the cotranslational
formation of folded structures. The existence of such cotranslational folding has
recently been examined using cell-free translation systems derived from eukaryotic
and prokaryotic cells.

The 62-kDa protein, firefly luciferase, has been a useful substrate as a model
of a large, multidomain protein. In the absence of chaperones, refolding of lu-
ciferase upon dilution from denaturant is exceedingly slow and inefficient and
leads to aggregation (146—149). In contrast, denatured luciferase is efficiently re-
folded by several different chaperone systems. For example, chaperone-mediated
refolding of chemically denatured luciferase in rabbit reticulocyte lysate occurs
with a half time of~8 minutes (146—148). Even more striking, when luciferase is
translated in reticulocyte or wheat germ lysate, it folds within 1 minute (150, 151).
Analysis of the folding intermediates formed during translation revealed that the
22-kDa N-terminal domain of luciferase (residues 1 to 190) folds cotranslationally
on ribosome-bound nascent chains (151, 152). Importantly, comparative analysis
of folding intermediates indicated that the cotranslational folding pathway of lu-
ciferase differs from that of luciferase refolding (152), even though both processes
are chaperone-assisted. During translation, the majority of the luciferase chains
transit through the intermediate that contains the folded N-terminal domain. In
contrast, refolding of chemically denatured full-length luciferase appears to pro-
ceed through an ensemble of different conformations, most of which are probably
unproductive (152). Although the unproductive intermediate(s) are eventually res-
cued by the action of molecular chaperones, this reaction is still 8—10 times slower
than cotranslational folding. By folding during its biosynthesis, luciferase pre-
sumably avoids kinetically trapped intermediates, thereby accounting for the rapid
speed of luciferase folding during translation. These results further suggest that
the folding pathway of any multidomain proteins could be dictated by establishing
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a hierarchy in the folding of its individual domains. Moreover formation of an
N-terminal folded structure may provide a scaffold for further folding, thereby
preventing the formation of kinetic traps and facilitating rapid folding in vivo.

Cotranslational folding has also been demonstrated for several other proteins
(reviewed in 153-155). For instance, ribosome-bouarglobin chains can bind
heme after synthesis of only 86 amino acids, possibly reflecting the formation of
a folded heme-binding pocket (156). The tailspike protein from phage P22, as
well as the subunits of bacterial luciferase (which are completely different from
firefly luciferase) also seem to be folded cotranslationally (157,158). As in the
case of firefly luciferase, the folding intermediates observed for newly translated
P22 tailspike protein are different from the in vitro refolding intermediates (157).
Sequential, cotranslational domain folding was also observed in vivo for the al-
phavirus capsid protein (159) and for an artificial fusion protein composed of
two domains, ras and dihydrofolate reductase (DHFR) (160). These in vivo ex-
periments are valualble because they indicate that cotranslational folding does not
result simply from the fact that translation rates in cell-free systems are slower than
in the cell. Interestingly, oligomerization can also occur cotranslationally, as in-
dicated by studies of the trimeric reovirus cell attachment protein, sigma 1 (161).
When full-length sigma 1 and a C-terminally truncated sigma 1 are translated
together in a cell-free system, each newly made protein assembles preferentially
into the corresponding homotrimers, particularly at low mRNA concentrations,
which favor polysome formation. These results suggest that nascent chains on
neighboring ribosomes within a polysome are close enough to interact physically
and form higher-order structures.

Interestingly, cotranslational folding has also been demonstrated for proteins
that are translocated into the ER (162, 163). This indicates that some of the prin-
ciples governing cellular folding, such as the cotranslational formation of folded
structures, are common to different cellular compartments. Although cotransla-
tional folding has been observed in both eukaryotic and prokaryotic systems, a
difference was found in the ability of these systems to fold multidomain proteins
(160). The bacterial two-domain protein OmpR and the ras-DHFR fusion pro-
tein fold cotranslationally when synthesized in eukaryotic cell-free systems but
posttranslationally when expressed in bacterial translation lysates. Because post-
translational folding of the ras-DHFR fusion is inefficient, expressioR.ioli
did not result in an active protein, despite the fact that both ras and DHFR fold
efficiently when expressed individually . coli. These results have led to the
proposal that eukaryotic cells have optimized their translation and/or folding ma-
chinery to enhance cotranslational folding events. This suggestion falls in line with
the observation that eukaryotic proteins tend to be larger than the corresponding
prokaryotic proteins (160). Thus, in several instances, the subunits of bacterial
oligomeric complexes are fused to form multidomain proteins in their eukaryotic
homologs.

Cotranslational domain formation appears important for the efficient folding
of multidomain proteins. It is not clear whether cotranslational formation of
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secondary and supersecondary structure also plays a role in the folding of in-
dividual domains. This question is more difficult to address, given the complexity
of even partially purified translation systems. However, the finding that a protein
can follow a different folding pathway during translation or during in vitro refold-
ing underscores the importance of characterizing the pathways of protein folding
in vivo, the effect of molecular chaperones on the formation of these intermediates,
and their relationship to the folding pathways observed in vitro.

CONTRIBUTION OF CYTOSOLIC CHAPERONES
TO FOLDING IN VIVO

How many proteins need chaperone assistance to fold in vivo? This question has
been actively debated ever since the role of chaperones in mediating cellular folding
was realized. Studies of chaperone function using model proteins that fail to fold
spontaneously in vitro (such as luciferase) demonstrate that chaperones are indeed
required for folding some newly translated or translocated polypeptides. However,
these studies do not consider whether the chaperone requirements observed for
these model proteins can be generalized to all proteins in the cell. Although the
behavior of model proteins provides insight into the general principles of cellular
folding, it has been proposed that chaperones are needed to assist the folding of
only a few aggregation-prone proteins (164). In this view, the vast majority of
proteins reach the native state without chaperone assistance.

A number of recent studies have attempted to define experimentally the con-
tribution of molecular chaperones to overall cellular folding in both prokaryotic
and eukaryotic cells (18, 72,73, 76,97, 165-167). These studies were designed to
estimate the fraction of newly made proteins that fold with the assistance of the
different chaperone systems. Addressing this problem experimentally is compli-
cated by the rapid kinetics of translation and folding in living cells. Two major
approaches are used to examine this question, one primarily genetic and the other
biochemical. Although the problems inherent to each type of study preclude ac-
curate quantitative assessments, their conclusions are remarkably consistent and
have greatly clarified our views on the contribution of chaperones to cellular fold-
ing. The primary focus has been on the Hsp70 and chaperonin systems, but studies
on other chaperone systems will probably follow.

Genetic Approaches These studies have primarily examined chaperone function

in prokaryotic cells (72, 76,166, 167). The rationale behind these experiments is
the presumption that proteins that require a given chaperone to fold will aggregate
if the cellular levels of this chaperone are reduced. For instance, when GroEL
synthesis, driven by a regulatable promoter, is turned off, there is a marked inc-
rease in the amount of protein that aggregates and forms inclusion bodies. Identity
of the proteins in such aggregates can then be determined by sequencing or mass
spectrometry. This approach is quite powerful and allows identification of classes
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of proteins that exhibit an absolute requirement for chaperone function. How-
ever, it also presents a number of drawbacks. First, it does not establish a direct
physical interaction between the putative substrate and the chaperone. Second, the
experiments are performed under conditions that lead to cell death, as the loss of
chaperone function is ultimately lethal. Finally, proteins that are not themselves
substrates of the chaperone but require such substrates in order to fold or assemble
correctly (e.g. subunits of an oligomeric complex) could also be found in such
aggregates, whereas true substrates could possibly escape aggregation either by
being rapidly degraded or by folding with the assistance of an alternate chaperone
pathway. These shortcomings can be overcome by confirming the findings of these
experiments using a biochemical approach.

Biochemical Approaches Therationale for this approach is that during their fold-

ing newly translated polypeptides associate transiently with their cognate chaper-
ones. To determine the population of cellular proteins that associate with a certain
chaperone, cells are subjected to a short labeling pulse and then chased. Most
of the labeled proteins will complete their synthesis, bind to chaperones, and fold
during the chase period. Consequently, the cells are rapidly lysed at different times
during the chase and the chaperone-substrate complexes are isolated by immuno-
precipitation with antichaperone antibodies (18, 72,73,97,165). This method
has a complementary set of drawbacks to the genetic approach. For example, im-
munoprecipitation typically detects only high-affinity interactions. Thus, weakly
bound or rapidly dissociated substrates will be overlooked, and quantitative anal-
ysis will underestimate the fraction of cellular proteins that transit through a given
chaperone. Unlike the genetic approach, these studies do not establish that folding
of a given substrate requires a given chaperone but only that an interaction occurs
in vivo.

Contribution of Hsp70 and Other Small
Chaperones to de Novo Folding

A role for Hsp70 in de novo folding was originally suggested by several lines of
evidence. Because cytoplasmic Hsp70s associate with ribosome-bound nascent
chains in eukaryotic cells (33, 35, 151, 168, 169) and mitochondrial and ER Hsp70s
bind to translocating polypeptides (56, 170, 171), itwas suggested that Hsp70s play
a general role in stabilizing translating or translocating polypeptides to prevent
their premature misfolding. Genetic and biochemical studi& iterevisiaalso
showed that the yeast Hsp70 homologs Ssal-4 assist the in vivo folding of model
proteins (172,173). However, these experiments do not provide information on
the overall contribution of Hsp70 to de novo protein folding in vivo. Given that
unfolded polypeptides contain, on average, high-affinity binding sites for Hsp70
every 40 amino acids, it can be assumed that every protein contains at least one
Hsp70 binding site. Thus, it is possible in principle that Hsp70 interacts with, and
stabilizes, all newly translated polypeptides as they emerge from the ribosome. The
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substrate spectrum of Hsp70 was initially examined in mammalian cells, where the
flux of newly translated polypeptides through Hsp70 was assessed by quantitative
immunoprecipitation (18). These experiments demonstrated that Hsp70 associates
transiently with a broad spectrum of polypeptides larger than 20 kDa. Quantitative
analysis indicated that at least 15—20% of newly synthesized proteins associate with
Hsp70 during their biogenesis. Maximal association with Hsp70 was observed at
early chase times, and only a small fraction of labeled polypeptides remained
associated after 30 min of chase. The kinetics of dissociation from Hsp70 varied
for different substrates, implying that some proteins may require multiple cycles
of binding and release. Interestingly, a large fraction of the Hsp70 substrates
were proteins greater than 50 kDa in size. Smaller proteins may have a more
limited requirement or weaker affinity for Hsp70. Because individual domains in
cytosolic proteins are approximately 25-30 kDa, multidomain proteins that fold
cotranslationally may be overrepresented among the substrates of this chaperone.
Thus, an important function of Hsp70 may be to prevent the interdomain surfaces
of folded domains in newly translated proteins from engaging in intermolecular
domain-swapping that could lead to aggregation.

Early studies of the major bacterial Hsp70, DnakK, did not support a direct
role in de novo folding.E. coli strains lacking DnaKdnaKA) are viable, albeit
heat-sensitive (174). Furthermore, their viability does not arise from a functional
overlap with the other Hsp70 homolog, Hscleéit-hrock mgnate protein A
asE. coli lacking both DnaK and HscA are viable (175). These findings sug-
gested that Hsp70s do not play an essential role in prokaryotic folding. However,
a direct role for DnaK in chaperoning bacterial nascent chains has now been es-
tablished (72, 73). Pulse-chase analysis indicated that DnaK interacts transiently
with newly synthesized polypeptides over a broad size range, from 14 kDa to well
over 90 kDa, binding preferentially to chains ranging from 30-75 kDa. Overall,
~10% of all soluble polypeptides associate with DnaK at the earliest chase times
and dissociate within 2 minutes. The association of DnaK with nascent chains
occurs cotranslationally, as demonstrated by experiments that take advantage of
the fact that puromycin-released nascent chains become C-terminally tagged with
puromycin. At least 20% of DnaK-bound polypeptides could be immunoprecipi-
tated using antipuromycin antibodies (73). This finding argues for a general role
of Hsp70 in preventing protein misfolding at the ribosome.

If DnaK does indeed associate with nascent chains, why are cells viable in its
absence? Only one other chaperone component, the TF protein, is known to bind
nascent chains i&. coli (176,177). The functional significance of this interac-
tion was also unclear, ds. coli cells lacking TF {igA) are also viable (178).
However, the absence of TF results in a two- to threefold increase in the amount
of nascent polypeptides that associate with DnaK, which suggests that TF and
DnaK cooperate in chaperoning nascent chains (72, 73)igi cells, the pro-
teins associated with DnaK shift to include low-molecular-weight species, which
suggests that TF may associate with nascent chains prior to DnaK (73, 76). This
apparent functional overlap was confirmed by genetic experiments showing that
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tigA dnaKA double mutants are inviable (72,73). Such double-mutant strains
contain aggregates derived from both newly synthesized and preexisting proteins.
Interestingly, identification of the proteins aggregated in the double mutants indi-
cates that, as observed for mammalian Hsp70, substrates of the DnaK/TF system
are predominantly large proteins that probably have more than one folding domain
(76).

These studies indicate that DnaK and TF together ensure the productive folding
of a substantial fraction of proteins B. coli. An interesting lesson provided
by these studies is the existence of functional redundancy between structurally
different chaperones. Thus, absence of DnaK in vivo is not compensated by an
Hsp70 homolog but rather by TF, an altogether different class of small chaperone
that shares with Hsp70 the ability to stabilize nonnative polypeptides. Studies com-
paring the binding specificity of TF and DnaK indicate that, despite differences in
their structure and mechanism, both chaperones bind to very similar motifs com-
prising short linear sequences enriched in hydrophobic residues (76). This similar
substrate selectivity may partly explain how TF and DnaK recognize and promote
the folding of the same protein subset in vivo.

Although the role of Hsp70 in de novo folding appears to be conserved in
evolution, eukaryotic and prokaryatic cells have some interesting differences. For
instance, nascent chains in the eukaryotic system remain bound to Hsp70 for longer
times than in bacteria, with a half time for dissociation~f0 minutes. In ad-
dition, a greater proportion of nascent polypeptides associates with mammalian
Hsp70. These findings imply a more prominent role for Hsp70s in eukaryotic
protein folding, which may relate to a greater preponderance of large, multido-
main proteins in these cells. Although eukaryotic homologs of TF have not been
described, it is possible that other small chaperone complexes, such as the nascent
chain—associated complex (NAC) (179) and the Gim complex (GimC,dbeg
involved in nicrotubules omplex; also called prefoldin) may replace or coop-
erate with Hsp70. For instance, several archaea lack Hsp70 homologs (180) but
have a GimC-like complex that might fulfill an Hsp70-like function. In addition,
prefoldin/GimC has also been proposed to fulfill a similar function in stabilizing
newly translated actin (78, 79). However, another study suggests that GimC acts
at a later posttranslational stage (181); therefore, the exact function of the GimC
complex remains a subject for future investigation.

Contribution of Chaperonin Complexes to de Novo Folding

The bacterial chaperonin, GroEL, is essential; and loss of GroEL function results in
aggregation of-30% of cellular proteins (166). Experiments that directly analyzed
the flux of newly synthesized proteins through GroEL indicated that it associates
transiently with~12% of all polypeptides; this estimate increases two- to threefold
during heat shock (97). The majority of putative GroEL substrates range in size be-
tween 10 and 55 kDa, and are composed of a specific subs&Qtf polypeptides
(97,165). Given the size constraint estimated for the central cavity of GroEL,
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the upper size limit observed for physiological substrates is remarkably consistent
with the hypothesis that polypeptide folding occurs within the chaperonin cham-
ber. Overexpression of GroEL increases the fraction of chaperonin-associated
polypeptides but does not change the overall size distribution of chaperonin-bound
substrates. This observation suggests that the cellular GroEL concentration is lim-
iting, and only a fraction of available substrates can interact with the chaperonin at
any given time. Several proteins associate with GroEL throughout their lifetime,
which indicates that, in addition to folding, the chaperonin may also play a role in
the maintenance of the structural integrity of mature cellular proteins. Examination
of over 50 natural GroEL substrates for which structural information is available
revealed a significant preference for proteins composed of mudtipl@lomains
(165). Asp-sheets are assembled from discontinuous regions in a polypeptide,
binding of their hydrophobic surfaces to GroEL might facilitate the correct packing
of strands within g8-sheet as well as the packingahelices against neighboring
B-sheets.

The role of the chaperonin system of yeast mitochondria in protein folding was
also recently examined, using temperature-sensitive alleles of both Hsp60 and the
GroES homolog, Hsp10 (167). As observed for GroEL, the loss of Hsp60 results
in a pronounced increase in the aggregation of a wide range of mitochondrial
proteins. Interestingly, the subsets of proteins that aggregatesphitDandhsp60
mutants were not identical, which suggests that some polypeptides require only
the assistance of Hsp60 for folding.

Despite its similarity to bacterial chaperonins, the substrate spectrum of the
eukaryotic cytosolic chaperonin, TRIC/CCT, has been a matter of controversy. It
has been suggested that TRIC is a specialized chaperone that folds only a few
cytoskeletal proteins (182). This suggestion was based primarily on analysis of
TRIC/CCT mutants irS. cerevisiagwhich exhibit cytoskeletal defects character-
istic of defective actin and tubulin function (183). However, direct examination of
the cohort of cellular proteins that associate with TRIC/CCT using pulse-chase
analysis in mammalian cells demonstrated interaction of 9-15% of newly syn-
thesized proteins with the chaperonin (18). As observed for Hsp70 and GroEL,
the kinetics of dissociation from TRIC varied for different proteins, which sug-
gests differences in their requirements for cycles of binding and release. Most
TRIiC-bound proteins were between 30 and 60 kDa in size, in striking parallel to
the size range of GroEL substrates. This size restriction lends further support to
the hypothesis that chaperonin-mediated folding occurs within the enclosed cen-
tral cavity (see above, Ring-Shaped Chaperones: The Chaperonins). Nonetheless,
several proteins of 100-120 kDa also transit through the chaperonin, raising the
possibility that TRIC may also participate in the folding of individual domains
of large proteins. Analysis of TRiC-associated substrates on two-dimensional
gels identified at least 70 distinct substrate polypeptides (18). These endogenous
substrates remain to be identified. However, studies using model proteins have
expanded the list of TRIC substrates to include, in addition to actin and tubulin-
related proteins, luciferase (151), G alpha transducin (184), cyclin E (185), the
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EBNAZ1 viral protein (186), myosin (187), and the tumor suppressor protein, VHL
(111). Given the limited substrate set, it is difficult to speculate on the structural
features that characterize TRiC substrates. Judging by the structures of the known
examples, TRIC substrates may have a complex domain organization that results in
folding intermediates with an increased tendency to aggregate. Alternatively, they
may share a requirement for binding to either a cofactor or an oligomeric partner
to complete folding. Given that most of the heterogeneity between TRIC sub-
units resides in the putative domain for substrate binding (see above, Ring-Shaped
Chaperones), it is possible that different subunits in the complex have evolved to
recognize different motifs in substrate proteins.

Contribution of Hsp90 to Cellular Folding

As discussed in the section above on Hsp90, many lines of evidence demonstrate
that Hsp90 is required for the activity of steroid hormone receptors and some
protein kinase families, including src-like and raf-like kinases, as well as the
yeast MEKK, Stel1 (188). Association of Hsp90 with these substrates is highly
dynamic. In addition to binding Hsp90 after translation, these substrates rebind to
the chaperone after activation to return to their inactive conformation. In addition,
Hsp90 is also implicated in the maturation and activation of the cystic fibrosis
transmembrane regulator (CFTR) (189), nitric oxide synthase (190), telomerase
(191), and the hepadnavirus polymerase complex (192).

Considering the abundance of Hsp90 in the eukaryotic cytosol (1-2%), its role
is unlikely to be limited to regulation of a restricted number of signal transduction
proteins. In vitro, Hsp90 demonstrates chaperone activity toward model proteins.
For example, purified Hsp90 stimulates refoldingsefalactosidase by purified
Hsp70 and Hsp40 (193). Furthermore, when denatured luciferase is diluted into
a mammalian cell extract, it associates with the Hsp90 system (22, 147), which is
required for luciferase refolding in the lysate. The possibility that Hsp90 plays
a general role in the folding of newly translated proteins was examined in yeast,
using a conditional mutant (194). When expressed at the nonpermissive temper-
ature, the folding of two known Hsp90 substrates, v-src (195) and glucocorticoid
hormone receptor (196), was impaired. The loss of Hsp90 function, however, did
not significantly affect folding of newly synthesized endogenous proteins, nor did
it result in aggregation of any distinct subset of cellular proteins (194). Surpris-
ingly, loss of Hsp90 function did not affect de novo folding of firefly luciferase
or B-galactosidase, in sharp contrast with the requirement for Hsp90 when these
proteins are refolded from denaturant. These results underscore the differences
between in vitro and in vivo folding and suggest that Hsp90 does not play a general
role in de novo folding.

What then is the role of Hsp90 in the cell? One possible function is assisting the
recovery of protein activity following thermal stress. For instance, loss of Hsp90
decreases the kinetics, but not the yield, of refolding of thermally denatured lu-
ciferase in vivo. However, the idea that this function is the primary role of Hsp90
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is also problematic. First, Hsp90 is essential at all temperatures and not just under
stress; second, reduction of Hsp90 levels does not significantly affect the thermo-
tolerance of yeast cells (194). An exciting recent hypothesis proposes that Hsp90
functions as a buffer for protein conformational diversity in the cell. Inactivation

of Hsp90 in the fruit flyDrosophila melanogastdsy conditional mutations or by
treatment with geldanamycin uncovers multiple phenotypic variation among the
flies (197). The phenotypes arise from preexisting mutations in various regulatory
pathways, which were kept silent by the action of Hsp90. These findings led to
the suggestion that Hsp90 serves to preserve protein function in the face of genetic
variation, presumably by maintaining these proteins in a functional wild-type con-
formation. This proposal ascribes to the Hsp90 system a pivotal role in evolution:
allowing the accumulation of a reservoir of genetic diversity that will permit the
emergence of adaptive changes in the face of selective pressure.

In any case, it appears that the restricted subset of proteins that require Hsp90
to fold following translation, such as the steroid receptors and src-related kinases,
have coopted a major cellular chaperone pathway for regulatory purposes. Further
investigation is needed for a better understanding of the complete range of sub-
strates of Hsp90, as well as of the other cellular functions of this complex system.

ORGANIZATION OF THE CYTOSOLIC
CHAPERONE MACHINERY

The dramatic advances in our understanding of mechanistic and structural aspects
of individual chaperone systems, together with the realization that chaperones
play a significant role in de novo folding, raise a new set of questions concern-
ing how chaperones function in vivo (reviewed in 19, 24, 198). In principle, the
cytosol could behave like a bag of chaperones; in this scenario, folding in the
cell would be equivalent to diluting a denatured polypeptide into a cell lysate,
with the exception that the polypeptide would enter vectorially during translation.
Alternatively, there may be important functional and organizational differences
between chaperone-mediated folding in vivo and in vitro. Notably, chaperones
such as Hsp70 or GroEL display a very broad specificity toward unfolded proteins
in vitro, but bind selectively to specific subsets of proteins in the cell. Recent
years have witnessed a spirited debate on the extent of functional integration be-
tween the various chaperone systems in the cell. Given its novelty and complexity,
many aspects of this problem are far from resolved. However, several lines of ev-
idence suggest that chaperone action in the cell is governed by three fundamental
principles:

1. Chaperone-mediated folding is processive and functionally coupled to
translation or translocation. This allows the chaperone machinery to
function as a protective folding compartment that sequesters newly
synthesized, nonnative proteins from the bulk cytosol.
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2. Molecular chaperones are recruited to bind newly translated (or
translocated) polypeptides by specific interactions with the translational
(or translocation) machinery.

3. Folding in the cell involves sequential cooperation between different
classes of chaperones.

Compartmentalization of Protein Folding in Vivo

A mechanistic hallmark of chaperone-mediated folding is that it occurs via cycles
of substrate binding and release, driven by ATP binding and hydrolysis. Multi-
ple cycles are often required for efficient folding, as shown in assays in which
chemically denatured rhodanese or luciferase are diluted into a solution contain-
ing purified chaperone components. These in vitro studies led to the view that the
main function of chaperones is to unfold incorrectly folded or kinetically trapped
intermediates to prepare them for another trial of folding in the bulk solution
(184,199, 200). However, whether the interaction of chaperones with newly trans-
lated proteins in vivo is governed by the same principles is a matter of debate.
Two models have been proposed to describe de novo folding mediated by chaper-
ones in the cell (18, 181, 184, 198, 200-202). According to one model, folding of
newly synthesized proteins is a highly coordinated process involving a sequential
and processive interaction of different chaperone systems with nonnative folding
intermediates (18,181, 201, 202). An alternative view proposes that chaperones
interact with substrate proteins in a stochastic manner and that nonnative folding
intermediates partition freely through the cytosol, cycling between a network of
available chaperones (184,198, 200). Because only a small fraction of polypep-
tides reach the native state in each cycle, a major difference between these models
lies in the state of the polypeptide that is released to the bulk cytosol. According to
the partitioning model, nonnative folding intermediates are repeatedly discharged
in full into the bulk cytosol before reaching the native state (184, 200). Thus, the
bulk solution would be the major site of folding for newly translated polypeptides.

In contrast, the processive model proposes that the newly translated polypeptide is
released into the bulk cytosol only after it adopts a conformation that is committed
to fold. An additional aspect of the debate concerns the transfer of a polypeptide
between different chaperone systems. Under the partitioning model, a polypeptide
released into the bulk cytosol rebinds to either the same or another kind of chap-
erone. In contrast, under the processive model, folding polypeptides are handed
over from one chaperone to another without being released to the solution.

To discriminate between these models, the processivity of de novo folding
was examined in both yeast and mammalian cells by introduction of a GroEL
mutant (D87K-GroEL) that acts as a trap for nonnative folding intermediates
(18, 181). D87K-GroEL binds promiscuously to nonnative proteins but is unable
to release them (25,199). Expression of this trap form of GroEL was used to
measure the extent of exposure or release of the nonnative folding polypeptides
into the bulk cytosol. Indeed, when expressed in the cytosol of yeast or mammalian
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cells, D87K-GroEL was fully capable of binding stress-denatured proteins as well
as newly translated polypeptides that were unable to fold (18,181). However,
the D87K-GroEL trap was unable to bind to the folding intermediates generated
during protein synthesis, which associated instead with endogenous cytoplasmic
chaperones. These experiments support the view that folding in vivo is mediated by
a highly organized chaperone machinery that is functionally coupled to translation.
They also suggest that the mechanisms that determine the fate of misfolded or
stress-denatured proteins do involve cycling of nonnative forms between cellular
components and the cytosol, as proposed by the partitioning model.

Interestingly, experiments performed in mammalian cells using an ATPase-
defective trap form of BiP, the ER Hsp70, also indicate that newly translocated
intermediates are not released into the bulk solution of the ER lumen in vivo
(203). Upon translocation into the ER, the heavy chain (HC) of immunoglobulin
molecules associates with BiP, and remains in a nonnative conformation until
binding to the light chain (LC) to yield the folded immunoglobulin complex. In
the absence of LC, the HC remains associated with BiP in a relatively long-lived
complex. Expression of the trap form of BiP in these cells did not result in transfer
of the nonnative HC from endogenous wild-type BiP to the trap-BiP, which indi-
cates that the unassembled HCs do not cycle on- and off-BiP in vivo but require
LCs to trigger their release.

Sequestration of newly translated polypeptides that prevents their binding to
the prokaryotic GroEL trap, and presumably prevents their release into the cellular
milieu, suggests that the endogenous eukaryotic chaperone machinery functions
as a folding compartment that protects the newly made polypeptides from unpro-
ductive interactions. The nature of this folding compartment is poorly understood.
An important element of the compartmentalization of folding in vivo appears to
be the recruitment of chaperones to the translational machinery (see below). An-
other important factor may be the conditions of macromolecular crowding in the
cell, which increase the association constants between substrates and chaperones
Finally, polypeptide transfer between cooperating chaperone systems may also
be a highly coordinated and regulated process (see below, Cooperation Between
Different Chaperone Systems). Possible transfer mechanisms may include direct
interactions between chaperone systems, formation of ternary complexes directed
by the bound substrate, or the action of transfer or coupling factors as described for
p60/HOP, which coordinates the transfer of substrates between Hsp70 and Hsp90.

Recruitment of Chaperones to the Sites
of Translation and Translocation

Elucidation of the crystal structure of the large ribosomal subunidabarcula
marismuortiat 2.4A resolution showed that the polypeptide exit channel averages
15Ain diameter and is approximately 180ong (204, 205). The channelis lined
almost entirely by RNA, which provides an unreactive Teflon-like surface that pre-
vents interactions between the ribosome and the nascent polypeptide. Given the
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narrow diameter of the exit channel, the polypeptide cannot begin folding while
inside the ribosome and emerges unfolded into the cellular milieu where it can
associate with chaperones. Whereas association of chaperones with ribosome-
bound polypeptides has been demonstrated for both prokaryotic and eukaryotic
systems (35, 73,79, 110, 151, 168, 169, 177, 201, 206, 207), the mechanism direct-
ing binding of chaperone proteins to newly synthesized polypeptides is unclear.
In principle, the polypeptide emerging from the ribosome can attempt sponta-
neous folding and chaperones would interact only with those polypeptide chains
that have misfolded. However, the experiments indicating that newly translated
polypeptides are sequestered from the cellular milieu suggest that the chaperone
machinery is specifically recruited to the nascent chain before any misfolding has
occurred. Indeed, several chaperone components associate with ribosomes via
specific interaction domains.

In prokaryotes, TF and DnaK associate with nascent chains (73, 177), whereas
GroEL interacts with substrates posttranslationally. TF has an N-terminal charged
domain that mediates its binding to bacterial ribosomes (208). How DnaK asso-
ciates ribosomes remains unclear. Analysis with chemical cross-linkers suggests
that short nascent chains associate first with TF, and only later with DnaK, which
indicates that TF factor is positioned closer to the exit site than DnaK (76).

Eukaryotic cells have no TF homolog. However, several cytosolic chaper-
ones were shown to interact with ribosome-bound nascent chains. These fac-
tors include NAC (179), the Hsp/Hsc70 system (35,151, 168, 169), TRIiC/CCT
(110,151, 201, 206), GimC/prefoldin complex (79), and Hsp90 (207).

NAC was identified using a cross-linking approach, where a photoactivatable
probe is incorporated into nascent chains by in vitro translation in the presence
of a modified aminoacyl-tRNA. Cross-links between the NAC heterodimer and
nascent chains are lost if the polypeptide is released from the ribosomes or if the
probe is distant from the exit site (i.e. in longer nascent chains), which indicates
that NAC is in close proximity to the ribosomal exit site (179). Because NAC
does not bind unfolded polypeptides and lacks demonstrable chaperone activity in
vitro, its role in assisting folding or chaperone binding remains unclear. Deletion
mutants in yeast are viable but appear to have a slight defect in mitochondrial
import (209).

Binding of Hsp70 family members to ribosome—nascent chain complexes has
been demonstrated in mammalian cells and in yeast (33—-35, 58, 151, 168, 169, 201,
210). InS. cerevisiagtwo families of Hsp70 homologs bind to ribosomes: the Ssb
proteins (34, 35, 210) and Pdr13 (also named Ssz1) protein (33, 58). The Ssb class
of Hsp70 is found only in lower eukaryotes, suctBaserevisiaeThe association
of Ssb with ribosomes is salt-sensitive in the absence of translation, but becomes
resistant® 2 M NacCl in the presence of nascent chains. Although Ssb does not
bind to unfolded polypeptides in vitro, it can be cross-linked to ribosome-bound
nascent chains of 52 amino acids or longer. Since approximately 40 amino acids
at the C terminus of the nascent chain are sequestered inside the exit tunnel of the
ribosome, this result suggests that Ssb is located very close to the exit site (210).
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The structural basis of the association of Ssb with ribosomes is not known. The
binding of Ssb to ribosomes was examined using chimeras of Ssb and Ssa, another
Hsp70 that does not bind to ribosomes (34, 210). These experiments indicated
that the ribosome-binding site of Ssb is not restricted to one specific element but
appears to be distributed throughout the protein.

Proteins containing a J-domain (see above, The Hsp70 System) are thought to
facilitate the interaction of Hsp70s with nascent chains (48). For instance, cy-
tosolic J-domain proteins associate with ribosomes as well as with nascent chains
(151,211, 212). The protein, zuotin, is another intriguing link between the chap-
erone machinery and the ribosome. In addition to containing a J-domain, zuotin
contains a charged domain that mediates its ribosome binding (59). It has recently
been found that zuotin forms a stable complex with the Hsp70 homolog Prd13 (58).
Interestingly, association of Prd13 with ribosomes is dependent on the presence
of zuotin, consistent with a role for zuotin as an Hsp70-recruiting factor.

The eukaryotic chaperonin, TRIC/CCT, also interacts cotranslationally with
ribosome—nascent chain complexes (110, 151, 201, 206, 213). TRiC was found to
associate with ribosome—nascent chain complexes upon size fractionation of cell
extracts bothinreticulocyte lysate (110, 151, 206) and in P19 embryonic carcinoma
cells (213). In this cell line, a significant fraction (5—20%) of the cellular TRIC
appeared to be ribosome-associated. Importantly, the TRiC-ribosome interaction
was confirmed by coimmunoprecipitation of ribosomes and the chaperonin (213).

TRIC can interact with nascent chains very soon after they emerge from the
ribosome. An analysis of the chain length dependence of TRIiC binding to actin
nascent chains detected photo-cross-links between TRIC and actin nascent chains
as short as 133 amino acids (110). This length would leave-©88~100 amino
acids outside the peptide channel, exposed to the cytosol and available for chaper-
one binding. Similarly, TRIiC could be cross-linked to luciferase nascent chains
as short as 77 amino acids, i.e. with oni0 amino acids exposed outside the
channel (110). It is therefore conceivable that TRIC is already positioned in close
proximity to the nascent chain, perhaps as a result of a specific recruitment mech-
anism. At present, there is no evidence for a direct physical interaction between
TRIiC and any component of the ribosome. However, it is possible that TRIC
recruitment to newly translated polypeptides is facilitated by other components of
the folding machinery, such as the Hsp70 system (151) or the recently described
GimC/prefoldin complex (79). Cross-links of ribosome-bound chains to TRIC
are observed only for chains longer than those required for cross-linking to the
Ssb Hsp70 (210), consistent with the idea that nascent chains interact first with
an Hsp70 homolog when they emerge from the ribosome. The finding that incu-
bation with ATP enhanced cross-linking between TRiC and short nascent chains
(110) further suggests that TRiC-recruitment may be ATP-mediated, as expected
if binding of nascent chains to the chaperonin is promoted by Hsp70. A recent
study also proposes that the GimC/prefoldin complex binds first to nascent actin
and tubulin chains and delivers them to TRiC (79). However, GimC/prefoldin is
not essential for substrate binding to TRIiC (112, 181). Thus, actin truncations that
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do not bind to GimC can efficiently interact with TRiC after cell-free translation
(112). Furthermore, actin binding to TRIC is not affected, and is even slightly
enhanced, in a%. cerevisiaenutant lacking GimC (181). Since GimC is im-
portant for efficient actin folding, these in vivo experiments led to the converse
suggestion—that GimC acts on TRiC-bound substrates (181).

The specific recruitment of molecular chaperones to the site where polypeptides
first emerge appears to be a general principle of cellular folding. Thus, the study
of protein targeting into organelles and into the ER has produced several examples
in which chaperone components are physically recruited to the translocon, which
is the site of entry of newly translated proteins into mitochondria, chloroplasts, and
the ER. These situations are topologically similar to that of a polypeptide entering
the cytosol (56, 170, 214-216). The translocons in both mitochondria and the ER
contain subunits exposing a J-domain to the luminal side. This J-domain serves as
alocalization signal that recruits an Hsp70 homolog to bind the incoming polypep-
tide. For instance, Tim44, a component of the mitochondrial import machinery,
binds to Ssc1, the mitochondrial Hsp70 (170, 214), whereas Sec63, a component
of the ER translocon, binds to BiP/Kar2 (erHsp70) (56, 216). On the other hand,
calnexin, a transmembrane ER protein without cytosolic homologs, has a luminal
chaperone domain and a cytoplasmic tail that recruits it to the ribosome (217),
thereby promoting the interaction of this chaperone with translocating nascent
chains (163, 218). Yet another recruitment mechanism appears to be functional in
chloroplasts, where IAP100, a component of the translocation machinery, directly
recruits Hsp60 (215).

What is the functional relevance of evolving a mechanism to link chaperones to
the translation/translocation machinery? The specific recruitment of chaperonesto
bind to translating polypeptides may spatially organize the folding machinery.
This localization may serve to couple folding and translation, thereby protecting
the nascent polypeptide from misfolding, aggregation, and premature degradation.
In the case of posttranslational translocation, binding of chaperones to the translo-
con also serves to drive the import reaction. Preferential chaperone binding to
emerging nascent chains may establish a hierarchy in which folding is the pre-
ferred fate of a newly translated polypeptide. This may be important as a quality
control mechanism: Only after chaperones have attempted to fold the newly syn-
thesized protein will components of the degradation machinery have the oppor-
tunity to interact with the polypeptide (further discussed in the section below on
degradation).

A better understanding of the architectural interface between the ribosome
and the chaperone machinery is needed to determine how chaperones select their
substrates. The first step in substrate selection is probably determined by kinetic
partitioning between the different chaperones associated with the exit site of the
ribosome. In this scenario, the variables that determine binding would be which
chaperones are present at the exit site, the affinity of the nascent chain for these
chaperones, and the kinetics of formation of folding intermediates that either mask
or present chaperone binding sites.
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Importantly, chaperone recruitment to the ribosome provides a mechanistic
explanation for the observed coupling between translation and folding observed
in intact eukaryotic cells, which probably contributes to formation of a protected
folding environment for nascent chains (18, 181).

Cooperation Between Different Chaperone Systems

Many newly translated or translocated proteins interact with more than one class of
chaperone. Several experiments indicate that these interactions occur in a defined
sequence. The first examples were found in experiments that examined folding
of model proteins imported into mitochondria or chloroplasts (171, 219, 220). For
instance, firefly luciferase imported into mitochondria interacts sequentially with
Hsp70 and then Hsp60 as does the mitochondrial matrix protein, Mas2 (171, 220).
Subsequent experiments using purified chaperone components (42, 221) proposed
a structural basis for this sequential interaction. Given that Hsp70 binds polypep-
tides in an extended conformation, this protection from aggregation may be suf-
ficient for some proteins for folding, whereas others would require transfer to a
chaperonin. Evidence for a transfer from Hsp70 to GroEL has also been obtained
invivo in E. coli(73). Analysis of the transit of newly made polypeptides through
bacterial chaperones indicated that overexpression of GroEL increases the flux of
substrates through DnakK, as expected if GroEL is downstream of DnaK in the fold-
ing pathway. Likewise, TF, which functionally replaces DnaklimaKA strains,

also appears to cooperate with GroEL in substrate binding (222).

In eukaryotes, TRIiC and Hsp70 associate in vivo, which suggests they coop-
erate functionally (104,111). Sequential interaction of nascent firefly luciferase
and actin with Hsp70 and TRiC was observed after translation in mammalian cell-
free lysates (151, 201). In these translation systems, it has been shown both for
luciferase and actin that short nascent chains interact with Hsp70, whereas longer
ones also interact with TRiC. Chaperone immuno depletion experiments also sup-
port the idea of sequential interaction of a substrate with Hsp70 and TRiC (151).
As mentioned above, sequential cooperation between the GimC complexand TRiC
has also been proposed for actin and tubulin folding (78, 79). Yet another example
of sequential cooperation between different chaperone systems is the interaction
between Hsp70 and Hsp90 in the folding of steroid hormone receptors and kinases
(see above, The Hsp90 System).

Considering all of these examples, it appears that the cell has evolved redundant
pathways of polypeptide transfer from small or holding chaperones (i.e. Hsp70,
TF, and GimC) to chaperonins (i.e. GroEL, Hsp60, and TRIC). The pathway of
chaperone interactions always appears to start with a small chaperone that has
a holding function to prevent polypeptide aggregation, such as Hsp70, TF, and
possibly prefoldin/GimC. If necessary, the substrate will then bind to a chaperone
that recognizes more compact structures and can promote folding, such as the
chaperonins or the Hsp90 system. It is not clear how substrate polypeptides are
transferred between chaperone systems. The opportunity for sequential interaction
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could be determined by several factors: progress along the folding pathway
(i.e. formation of compact folding intermediates), on- and off-rates for substrate
binding (i.e. from initial binding to a chaperone with a high on-rate to a chap-
erone with a higher affinity), generation of new chaperone binding sites (i.e. by
synthesis), and finally, possible spatial constraints on chaperone binding (i.e. one
chaperone is located at the exit site but is unable to complete polypeptide folding).

Cooperation between different chaperones appears to be a central principle of
cellular folding. In addition to the examples described above, polypeptides translo-
cating into the ER also interact sequentially with different luminal chaperones
(218, 223). However, the mechanistic basis and functional relevance of these ob-
servations are the subjects of intense debate (71, 198, 200, 202). Although several
lines of evidence suggest that different chaperone systems are organized in path-
ways, this concept has not been conclusively established. An alternative model has
been proposed (200) in which substrates move bidirectionally between different
chaperones until folded. In this model, the chaperone machinery has no organiza-
tion, but rather the substrate partitions among a network of different chaperones.
In support of this model, experiments using denatured firefly luciferase as a folding
substrate and purified bacterial Hsp70 and GroEL systems demonstrated that the
folding polypeptide can indeed be transferred in both directions (224). However,
bidirectional transfer between Hsp70 and the chaperonin system was not observed
upon translocation of firefly luciferase into isolated mitochondria (220). Mito-
chondria contain chaperones similar to those of bacteria, and imported luciferase
interacts sequentially with mitochondrial (mt)Hsp70 and mtHsp60. It appears that
imported luciferase undergoes only one round of interaction with mtHsp70, and
cannot return to it once bound to Hsp60, in contrast to the results obtained in vitro
(220). Although this experiment supports the idea of sequential interaction of a
substrate with chaperones, it is not definitive. It is conceivable that under some
circumstances a sequential interaction with Hsp70 (or Hsp70-like proteins) is not
essential for a substrate to reach GroEL, TRiC, or Hsp90. Hopefully, future studies
will elucidate this fundamental question.

DEGRADATION OF NEWLY TRANSLATED PROTEINS

Given that ribosome-bound polypeptides are unable to fold stably, sequestration
of nascent chains in a complex with a specific set of chaperones serves to protect
them from aggregation and misfolding. However, cells also possess a machinery
to recognize nonnative polypeptides and target them for degradation (reviewed
in 225-228). This situation raises the question, When do newly translated chains
become accessible to the cellular degradation machinery? If polypeptides were ex-
posed to degradation while bound to the ribosome, the efficiency of folding would

be greatly reduced for longer polypeptides or for proteins that have slow folding

kinetics in vivo. On the other hand, polypeptides that are unable to fold must

eventually be released from the nascent chain—chaperone complex to permit their
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degradation. Little is known about the balance between folding and degradation
of newly translated proteins. A very small number of studies have addressed this
problem in eukaryotic cells. One study examined the behavior of C-terminal trun-
cations of actin (actim\C) lacking a stop codon, which remained ribosome-bound
aftertranslation (201). These nascent chains are topologically identical to a nascent
chain of bona fide actin, but are unable to fold once released from the ribosome.
Upon release from the ribosome by puromycin treatment, these polypeptides re-
mained unfolded, and were rapidly degraded through the ubiquitin-proteasome
pathway (225-227). Strikingly, ribosome-associated asiwas ubiquitinated

and degraded much more slowly, indicating a significant degree of protection of
the nascent chains. These experiments suggest that association of chaperones witt
ribosome-bound nascent chains protect the elongating polypeptide from prema-
ture ubiquitination and degradation. Interestingly, cotranslational ubiquitination
was observed when similar experiments were performed with CFTR, a large poly-
topic membrane protein that is mutated in cystic fibrosis patients (229). What
determines the different behavior of actin and CFTR? Two major differences be-
tween these proteins are their size and their domain structure. The 42-kDa actin
monomer associates cotranslationally with the chaperonin TRiC and folds into two
discontinuous domains upon release from the ribosome. In contrast, the 140-kDa
CFTR is a multidomain protein that folds into three independent cytosolic and two
membrane-spanning domains. The domains begin to fold cotranslationally and are
stabilized by interaction with Hsp70, Hsp90, and Hsp40 (189, 211). Assuming that
chaperones in the vicinity of the ribosomal exit site protect polypeptides from
proteolysis, the ubiquitin-proteasome system of protein degradation would have
accessto the newly synthesized polypeptide only after it has been given a chance to
interact with chaperones. As the elongating polypeptide grows away from the
ribosome, it may leave the protective chaperone-rich environment and become
accessible to the ubiquitination machinery. Thus, domain-wise folding may help
establish a functional hierarchy of folding and degradation, which may serve as
an effective mechanism of quality control. This idea is supported by experiments
that examined the extent of cotranslational degradation of model proteins carrying
an N-terminal degradation signal (230). A significant degree of cotranslational
degradation (almost 50%) was observed in the case of large multidomain proteins,
such as the 115-kDA-galactosidase and the 69-kDa nsP4 polymerase, bearing
a destabilizing N-terminal amino acid. In contrast, degradation of the 34-kDa
protein Ura3 carrying the same N-terminal degradation signal occurred primarily
in a posttranslational manner (230).

Degradation of unproductive newly translated polypeptides by the proteasome
may provide a mechanism to generate a spectrum of peptides for presentation by
major histocompatibility complex (MHC) class I-molecules that is unbiased by
the half-lives of the folded proteins (231). This mechanism would provide the
immune system with an overview of the proteins that are currently expressed in
any given cell and could explain why peptides from stable proteins, such as actin,
are efficiently presented. One important question concerns the fraction of newly
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translated proteins that reaches the native state upon translation. A recent set of
experiments using cultured mammalian cells led to the surprising conclusion that a
very large fraction (approximately 30%) of newly synthesized proteins is degraded
shortly after translation (232). These experiments compared the amount of newly
translated proteins observed during a pulse-chase experiment in the presence or
absence of proteasome inhibitors. Inhibition of the proteasome pathway yielded
a substantial increase in the amount of newly translated proteins, which led to the
proposal thatthese proteins would have otherwise been degraded. Considering that
the tRNA charging machinery and the translational apparatus have evolved highly
sophisticated and stringent proofreading mechanisms (the measured misincorpo-
ration frequency is less than 1%) (232a), it is highly unlikely that such a large
fraction of newly translated proteins incorporate mutations that impair folding.
The proposal that these degraded polypeptides are defective translating products
or errors of the chaperone machinery remains to be investigated (232). Alterna-
tively, the proteins in question could represent surplus subunits of oligomeric pro-
teins, as several examples have been documented in which the level of an oligomeric
complex is controlled by the regulated synthesis of one critical subunit and the un-
regulated expression of the remaining subunits; in such cases, the unassembled
subunits are degraded by the ubiquitin-proteasome pathway (233-235).

CONCLUSION: The Complexity of Folding in Vivo
and the Regulation of Protein Function

Current View of de Novo Folding

As a result of the recent focus on understanding protein folding as it occurs in
the cell, a more coherent picture is beginning to emerge. Despite important dif-
ferences between prokaryotic and eukaryotic protein folding, the two groups also
have striking parallels (Figure 4). In vivo analysis of chaperone interactions re-
vealed that a large fraction of newly translated proteins transit through the major
chaperone systems in the cell. Newly translated polypeptides interact first with
so-called small or holding chaperones, including Hsp70 and TF (Fig)reThe

ability of these chaperones to prevent aggregation probably suffices to promote the
folding of a large subset of polypeptides, including multidomain proteins that fold
like beads on a string. However, a considerable number of polypeptides also re-
quire the protected folding environment provided by the central cavity of prokary-
otic and eukaryotic chaperonin complexes (Figubg 4Perhaps these proteins
have a more complex, aggregation-prone domain structure that requires exten-
sive interactions between noncontiguous regions. Most chaperonin substrates are
medium-size proteins, between 25 and 60 kDa. This observed size distribution
suggests that very small proteins do not need the protected environment of the
chaperonin cavity to fold. Conversely, proteins too large to fit are presumably
composed of smaller individual domains that can fold cotranslationally. The lack
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[L J-Domain Protein {e.g. Zuotin?)
]
. TF in Prokaryotes

(NAC or GimC in Eukaryotes?)

- Hsp70 Homolog (Dnak in Prokaryotes;
HsciHspT0, Ssa , Ssz, Ssh in Eukaryotes)

Chaperonin (GroEL-GroES in
Prokaryotes; TRIC/CCT in Eukaryotes)

/ (@ \
In Eukaryotes
(c
!

)
(b)
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~
% lr
Hsp70 and Chaperonin-independent: +

Small. Rapidly Folded Proteins

Small Chaperone-Dependent
Folding (e.g. Hsp70 or TF ):
Aggregation-sensitive or Multidomain
Froteins

Chaperonin-Dependent Folding
Complex Froteins with
Discontinuous Surfaces

Figure 4 Schematic representation of de novo protein folding in the cytosol of eubacterial and
eukaryotic cells. The model emphasizes the evolutionarily conserved characteristics of the folding
process. However, some aspects are specific to either eubacterial or eukaryotic cells. For instance,
cotranslational domain folding, as well as cotranslational association of the chaperonin complex
with nascent chains, is favored in eukaryotes. Conversely, no homolog of TF has been identified
in eukaryotes (although several candidates exist). For simplicity, Hsp70 and chaperonin cofactor
proteins (e.g. DnaJ, Hdj1/2, or GroES) are not shown; alternative folding pathways involving other
chaperones (e.g. Hsp90) are also not represented. See text for details. (Modified from Reference
24 with permission.)
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of a GroES-like cofactor in eukaryotes might allow for the cotranslational binding
of a single domain rather than the whole protein to the chaperonin (Figlire 4
such might be the case for firefly luciferase, whose N-terminal domain folds co-
translationally, and for myosin, whose N-terminal motor domain also associates
cotranslationally with the chaperonin. Although sequential interaction of newly
synthesized polypeptides with small and large chaperones has been observed in
both prokaryotes and eukaryotes (Figudg,4t is possible that some proteins bind
directly to the chaperonins.

It appears that a substantial fraction of cellular proteins folds without the assis-
tance of either Hsp70 or the chaperonins (Figu@e Blow do these proteins reach
the native state? Folding of these proteins might be carried out by novel, as yet
uncharacterized chaperone systems. For example, Hsp90 does not appear to play
a general role in de novo folding, but is required for folding a restricted class of
proteins that includes steroid hormone receptors and Src-like tyrosine kinases (not
shown in Figure 4). It is also possible that folding of certain cytosolic proteins
occurs in an unassisted manner. Given that intermediates exposing hydrophobic
surfaces are not released into the bulk cytosol, except under stress conditions, it
is likely that newly translated polypeptides that expose hydrophobic surfaces are
targeted to the chaperone machinery. In contrast, small proteins with rapid folding
kinetics, as well as proteins consisting of small domains that fold cotranslationally,
may not engage in stable or detectable interactions with cytosolic chaperones.

Perspectives and Future Directions

Recent research into how proteins fold in vivo has uncovered a fascinating protein
machinery that is highly organized, yet versatile and dynamic. Molecular chaper-
ones have the capacity to fold proteins but also to maintain them in an unfolded
state or to target them for degradation. The complexity of protein folding in vivo
raises many exciting and important questions.

An important area of future research is to understand how cotranslational fold-
ing events influence the folding pathway of proteins. The concept established by
pioneering studies of protein folding in vitro, namely, that the three-dimensional
conformation of a protein is determined by its amino acid sequence, still holds true.
However, folding pathways and their kinetics in vivo appear to be determined in
part by the conformation adopted by nascent polypeptides as they emerge from the
ribosome. Furthermore, to protect folding intermediates from nonproductive in-
teractions in the crowded cellular environment, the chaperone machinery appears
to be coupled to translation. The interface between the ribosome and the chaperone
machinery will be an exciting area for future research, particularly in view of the
recent elucidation of the ribosome at atomic resolution.

Studies defining the contribution of Hsp70 and the chaperonins to folding in
vivo raise the critical question of what determines the discrepancy between the
substrate repertoire observed in vivo and in vitro. For instance, both GroEL and
Hsp70 interact promiscuously with most unfolded proteins in vitro. In contrast,
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only a discrete fraction of the large constellation of cellular polypeptides actually
interacts in vivo with either of these chaperones, raising the question of how this
specificity is achieved. Identification and characterization of the in vivo substrates
of these chaperones will be essential to understand this question. This task is
challenging but can perhaps exploit recent advances in proteomics approaches.

Given the ability of chaperones to influence protein conformation, it is tempting
to speculate that the expression of protein function might be regulated at the level of
folding, as exemplified by the role of Hsp90 in tyrosine kinase and steroid hormone
receptor activity. Recent findings indicate that defective folding of key regulatory
proteins, as well as the cellular accumulation of incorrectly folded proteins, is the
molecular basis of many diseases, including cancer, Alzheimer's disease, prion
diseases, and Huntington’s disease. This pathology underscores the importance of
understanding the in vivo mechanisms of folding (236, 237). Equally as important,
itis becoming clear that some proteins do not have a unique native structure in the
cell. Inthe case of prion-like proteins, such as Sup35 in yeast, the newly translated
protein adopts a different conformation and function, depending on the conforma-
tional state of preexisting Sup35 molecules (238). Tellingly, the outcome of this
process is affected by the presence or absence of different molecular chaperones
(239). Thus, knowledge of how proteins actually fold in the cell should eventually
provide the basis for controlling protein function under normal conditions, and
during abnormal conditions of environmental stress and disease.
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