the matrix of the mitochondrium may keep
the translocating polypeptide in an unfolded
conformation, interaction with Hsp70 in or-
ganelles is also essential for the translocation
process (12~14). After insertion of the amino-
terminal leader sequence across the mito-
chondrial membranes, the vectorial move-
ment of the bulk of a polypeptide into the
matrix requires the binding of mitochondrial
Hsp70. A simple model of Hsp70 action in
translocation shows that its binding provides
a directionality to the translocation process
by sterically preventing movement of the
polypeptide back toward the cytoplasm. Con-
tinued movement into the matrix might be
accomplished simply by Brownian motion,
with backward movement prevented by the
binding of Hsp70 to internal sites on the trans-
locating polypeptide. Such a model would
require that mitochondrial Hsp70 have a
higher affinity for the translocating poly-
peptide than that of any cytosolic protein,
such as cytosolic Hsp70. However, Hsp70s
are thought to bind with particularly high
affinity to hydrophobic patches exposed in
unfolded polypeptides. Because the poly-
peptide crosses the membranes in an unfolded
state (15), such hydrophobic sequences
could easily bind to mitochondrial Hsp70.
The binding of Hsp70 to the nascent poly-
peptide chain can also have important con-
sequences on the earliest events in protein
maturation, namely translation (16). Yeast
strains lacking a class of cytoplasmic Hsp70s
that associate with translating ribosomes
show defects in protein synthesis, including
sensitivity to certain antibiotics that inhibit
translation. The growth defect of such strains
can be overcome by overproduction of a pro-
tein related to the translation elongation
factor EF1a, the protein responsible for bring-
ing the aminoacyl tRNA to the ribosome.
The binding of Hsp70 to the nascent poly-
peptide chain may be important for the
polypeptide’s movement out of the tunnel of
the 60S ribosomal subunit, in a way analo-
gous to the binding of mitochondrial Hsp70
in translocation of a polypeptide through
the membrane into the matrix. The lack of
Hsp70 could result in the nascent chain back-
ing up in the tunnel of the 60S subunit, thus
distorting the interactions of peptidyl and
aminoacyl tRNAs. The critical importance of
chaperones in protein synthesis, transloca-
tion across membranes, and folding likely has
ensured that the primary sequences of pro-
teins have evolved to contain chaperone bind-
ing sites in addition to sequence information
for attaining the proper tertiary conforma-
tion. Because chaperones can bind a variety
of peptide sequences, the need for chaperone
binding sites would not have unduly con-
strained the evolution of protein sequences.
The general outline of the interaction of
chaperones with newly synthesized proteins
is known. However, many questions remain

as to the mechanism of action of these ubig-
uitous proteins and to the precise nature of
their physiological roles in vivo. The answers
will be unveiled by a combination of genetic
analyses to uncover other components in-
volved in these processes, coupled in vitro
translation and folding systems to mimic the
in vivo situation, and more sophisticated bio-
chemical analyses of the chaperone-medi-
ated protein folding.
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To Fold or Not to Fold ...

David A. Agard

Molecular chaperones are cellular factors
that shepherd newly synthesized proteins
along the hazardous journey to the folded
state. Their discovery has taken the study of
protein folding from the arena of the bio-
physicist into the cell biological limelight.
The results of both in vivo and in vitro stud-
ies suggest that these molecular chaperones
are crucial for the folding and assembly of
many multi-domain and multi-subunit pro-
teins. In fact, it is through a combination of
biophysical and cell biological approaches
that the mechanism of action of the chaper-
ones is now becoming clear.

Protein folding, especially in the extremely
concentrated environment of the cell, must
be thought of as a kinetic competition be-
tween on-pathway reactions leading to the
folded state and off-pathway reactions lead-
ing to aggregation: A = U = F, where U is
the unfolded protein, F is the folded protein,
and A represents either reversible or irrevers-
ible aggregation. During the course of in vitro
refolding reactions, transient states are formed
that expose a substantial amount of hydro-
phobic surface. When such partially folded
states are present at moderate concentrations,
intermolecular aggregation can occur by way
of these hydrophobic patches.

What strategies might the cell use to pre-
vent aggregation? It could (i) block the ex-
posed hydrophobic patches; (ii) create an
isolated environment in which each protein
molecule can fold independently; or (iii) suf-
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ficiently accelerate the on-pathway folding
rate to kinetically out-compete aggregation.
In fact, nature has exploited each of these
approaches. The blockade of exposed hy-
drophobic patches requires a factor that can
reversibly bind to them. The molecular chap-
erone Hsp70 and its relatives [Hsc70, Dnak,
BiP, Kar2p, and Ssal—4p (I)] meet this re-
quirement and are ubiquitous monomeric
proteins found in the cytosol, endoplasmic
reticulum, and mitochondria. The Hsp70
class of chaperones binds to unfolded and
partially folded states of a variety of proteins
but shows little interaction with native, folded
proteins (2). Binding of Hsp70 stimulates
an endogenous ATPase, which causes the
release of bound protein. How is such prefer-
ential binding of unfolded molecules accom-
plished? The Hsp70s recognize a feature com-
mon to the denatured, but not the native,
states of proteins: an exposed, extended re-
gion of polypeptide rich in hydrophobic resi-
dues (3-5). This recognition of hydrophobic
peptides, which is relatively sequence-in-
dependent, could be accomplished by way
of a binding site similar to that of the peptide
binding domain of the major histocompat-
ibility complex class I molecule (6).
Although the binding of an Hsp70 chaper-
one may keep a partially folded protein from
aggregating, the same interactions will also
block folding because the hydrophobic re-
gions must be buried in the fully folded mol-
ecule. Completion of folding requires the re-
lease of the protein from the Hsp70 chaper-
one, at which point a partially folded protein
is again vulnerable to aggregation. Indeed,
rather than promote folding to the native
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state, Hsp70s appear primarily to prevent
aggregation or premature folding until the
substrate protein can assemble into the ap-
propriate multi-subunit complex (7), be trans-
located across a membrane (8), or be passed
on to a different chaperone, Hsp60 (9).
The completion of folding requires a fac-
tor that can sequester partially folded mol-
ecules from each other but still allow folding
to proceed. This requirement is fulfilled by
the Hsp60 class of chaperones, exemplified
by the protein GroEL (10, 11). The Hsp60s
are organized as large assemblies arranged in
two rings, each composed of seven 60-kD sub-
units. Transiently associated with the Hsp60
proteins is the protein GroES, a single ring of
seven 10-kD subunits (12). In vitro, the Hsp60
protein GroEL forms complexes with un-
folded proteins and facilitates their folding in
an ATP-dependent fashion. One, or at most
two, protein molecule can bind to each GroEL
(13) in or near the large central cavity of the
14-subunit protein (14). Aswith Hsp70, ATP
hydrolysis promotes the release of bound pro-
tein. Some proteins, such as rubisco, only
require GroEL and ATP hydrolysis to refold
(15), whereas others such as rhodanese,
which is extremely prone to aggregation, re-
quire both GroEL and GroES (16). The re-
folding of rhodanese requires the hydrolysis
of ~130 molecules of ATP per rhodanese
molecule (16), indicating that multiple cycles
of binding and release occur during folding.
This information can be integrated into a
simple functional model (see figure). The
central cavity of GroEL could provide a “box”
in which an individual polypeptide chain
would be free to fold without risk of aggrega-
tion. Partially folded proteins, perhaps deliv-
ered to GroEL by the Hsp70 chaperones (9),
would bind to the hydrophobic walls of the
box by means of exposed hydrophobic
patches. Binding stimulates ATP binding and
hydrolysis, causing a conformational change
in the box (17) and covering up the hydro-
phobic walls, thereby forcing release of the
bound protein. After release, the protein is
free to refold, and the GroEL reverts to its
normal state of exposed hydrophobic surface.
Once released from the walls, partially folded
molecules could diffuse out of the box and
perhaps aggregate. To prevent this process a
“lid,” potentially provided by GroES, is re-
quired. The binding of protein to the box
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causes the lid to close, allowing the protein
to be refolded through many cycles of bind-
ing and release within the protected envi-
ronment of the box. Once the protein is
folded, the box must open to release the pro-
tein. A key aspect of this model is that the
chaperone does not directly participate in
the folding reaction but merely creates an
environment of “infinite dilution” in which
the protein is free to fold by itself.

A third way to facilitate folding—increas-
ing the on-pathway folding rate—seems to
be used by many bacterial and eukaryotic
proteases that are synthesized as prepro-
proteins (a hydrophobic signal sequence
linked to a proregion linked to a mature pro-
tease domain). Although there are now many
examples of both amino- and carboxyl-ter-
minal pro regions, the best mechanistic stud-
ies have been those of a-lytic protease and
subtilisin. These small, bacterial serine pro-
teases have extended amino-terminal pro
regions of 166 (18) and 77 (19) amino acids,
respectively, that are not a part of the active
proteases. However, these pro regions are re-
quired for the proper folding of the mature
protease domains (20-22). In contrast to the
chaperones, they do not suppress aggregation
but directly facilitate folding. Indeed, folding
intermediates of a-lytic protease (21) and
subtilisin (23) have been isolated under
nondenaturing conditions by the omission of
the pro region from in vitro refolding reac-
tions. The a-lytic protease intermediate is
stable for weeks without aggregating or fold-
ing to the native state. The addition of the
pro region at any time leads to rapid folding
of the intermediate. Thus, the pro region is
required for folding without aggregation or
other off-pathway reactions. The a-lytic pro-
tease pro region directly stabilizes the folding
transition state (21), thereby accelerating
folding by a factor of at least 10. In contrast
to the chaperones, which use ATP hydrolysis
and can interact with a variety of substrates,
the a-lytic protease pro region does not re-
quire nucleotide triphosphates to promote
folding, is highly specific for its substrate,
and, most important, directly increases the
rate of the forward-folding reaction.

There is a large body of biophysical data
on protein refolding in vitro (24-26). Al-
though we now appreciate that folding with-
in the cell is vastly more complicated than
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these simple refolding reactions, the mecha-
nisms derived from in vitro studies are likely
to be physiologically valid. Not only are the
native states produced in vivo and in vitro
identical for almost all proteins, but the im-
portance of the chaperones suggests that the
starting points for folding may also be similar.
There had been concern that, in vivo, fold-
ing could start at the amino terminus and
proceed as the molecule is synthesized but
that, in vitro, only full-length molecules re-
folded. However, the binding of Hsp70 to
nascent chains (27) and its slow release of
bound proteins (4) indicate that in vivo the
temporal order of synthesis is unlikely to cor-
respond to the temporal order of folding.
Despite our limited understanding of
protein folding, the exciting synergism that
has developed between the cell biologist and
the biophysicist will lead to rapid progress.
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