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ABSTRACT We propose a mechanism for the role of the
bacterial chaperonin GroEL in folding proteins. The principal
assumptions of the mechanism are (i) that many unfolded
proteins bind to GroEL because GroEL preferentially binds
small unstructured regions of the substrate protein, (ii) that
substrate protein within the cavity of GroEL folds by the same
kinetic mechanism and rate processes as in bulk solution, (iii)
that stable or transient complexes with GroEL during the
folding process are defined by a kinetic partitioning between
formation and dissociation of the complex and the rate of
folding and unfolding of the protein, and (iv) that dissociation
from the complex in early stages of folding may lead to
aggregation but dissociation at a late stage leads to correct
folding. The experimental conditions for refolding may play a
role in defining the function of GroEL in the folding pathway.
We propose that the role of GroES and MgATP, either binding
or hydrolysis, is to regulate the association and dissociation
processes rather than affecting the rate of folding.

The bacterial chaperonin GroEL is probably the best studied
of all the proteins that are involved as accessory proteins for
correct substrate protein folding. A member of the Hsp60 class
of proteins, it is composed of 14 identical subunits arranged as
two stacked heptameric rings. As determined from electron
microscopy (1) and crystallographic (2, 3) studies, each ring
contains a large cavity into which a substrate protein binds and
subsequently folds. Even though the crystal structure is known
and numerous site-directed mutants have been made (4), there
is not much information about the molecular processes in-
volved in GroEL-mediated folding. Thus, a series of questions
remain unanswered. (i) Why do so many unfolded proteins
bind to GroEL? A survey of the literature (as exemplified by
the chaperonin web page’) indicates at least 40 proteins that
form stable complexes with GroEL. Many of these proteins are
not even from bacterial systems. For example, of those sub-
strate proteins that have been examined most closely, several,
like rhodanese and o-lactalbumin, are mammalian proteins
whereas others, like barnase, are not from Escherichia coli. (ii)
What is the mechanism of protein folding in the presence of
GroEL? Many studies examining folding do so on the basis of
recovery of enzymatic activity. Although these results show
that the efficiency of activity recovery is increased in the
presence of GroEL or that stable complexes may form with
GroEL, they give little information about the mechanism of
the folding process. A few studies (5-7) have examined the
kinetics of refolding in the presence and absence of GroEL, but
the conditions or proteins used were not always conducive to
determining mechanism. (iif) What is the nature of complexes
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formed between GroEL and substrate protein? Most studies
discuss the formation of stable complexes, and although, for
example, murine dihydrofolate reductase (DHFR) does form
a stable complex, we have shown that (under the same solution
conditions) the E. coli DHFR forms only a transient complex
with GroEL (8). When stable complexes are formed they may
be relatively unstructured or structured depending on which
substrate protein is being studied. Recent results (9-11), for
example, suggest that a substrate protein in such a complex can
be significantly protected against exchange of amide protons
when compared with other protein substrates such as cyclo-
philin (12), barnase (13), or a-lactalbumin (14) that show
extensive amide proton exchange when bound to GroEL. (iv)
Does GroEL interact with native protein or with some pre-
existing isoform in equilibrium with the native form? Some
controversy exists in the literature with Fersht and coworkers
(e.g., ref. 15) suggesting the former mechanism while others
propose the latter (e.g., ref. 16).

We have recently been studying the folding of several
structurally homologous DHFRs both in the presence and
absence of GroEL. DHFR has been used as a model protein
for complex formation with the bacterial chaperonin GroEL
(17), but an examination of the literature showed that it was the
mammalian enzyme, rather than the E. coli enzyme that was
used in these studies. Indeed, we found that the E. coli DHFR
does not form a stable complex with GroEL at temperatures
below 25°C (8). This observation led to investigation of the
differences between the E. coli and mammalian forms of
DHFR. Superimposition of the E. coli (18) and human (19)
DHFR-folate binary complex structures suggested that al-
though most of the structure was similar between the two
enzymes, three external loops existed in the mammalian
protein that were not present in the E. coli protein. By
site-directed mutagenesis, we inserted each of two loops into
the E. coli protein (20). This allowed the examination of four
structurally similar proteins: the wild-type E. coli DHFR, the
murine DHFR (which has essentially the same sequence as the
human enzyme), and two mutant proteins, each containing a
loop similar to that found in the mammalian protein but not
in the E. coli protein. Although our comments may be biased
because of the studies with DHFR, the results from these and
other studies now allow us to make specific proposals about the
mechanism of protein folding in the presence of GroEL.

Promiscuity
As mentioned above, numerous proteins, both prokaryotic and

eukaryotic, form stable complexes with GroEL. A seemingly
unrelated result may explain this observation. GroEL contains

Abbreviation: DHFR, dihydrofolate reductase.
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no tryptophan residues (21) yet the usual preparations show
significant fluorescence emission typical of tryptophan. This
suggests that tryptophan-containing peptides are tightly bound
to GroEL and are not removed during protein preparation. We
have examined, by electrospray ionization mass spectrometry,
the molecular weight distribution of species in a sample of
protein that shows substantial fluorescence. Although there
are species whose molecular weights are below 350, surpris-
ingly, there are no observed masses between these low mo-
lecular weight species and that of the GroEL itself (~57,200)
(22). This result shows the contaminating, presumably tightly
bound, material to be very low molecular weight, certainly no
larger than tripeptidest. Although larger peptides (23, 24) and
small amounts of numerous proteins (P. Horowitz, personal
communication) have been shown to interact with GroEL, the
most tightly bound species could be very small and unstruc-
tured segments of the substrate protein. Indeed, single amino
acids have been shown to bind, although somewhat weakly
(25), to GroEL. In this regard, it is of interest to calculate the
concentration of a single molecule in the GroEL cavity. From
crystallographic studies, the cavity within a single ring-like
structure may be about 125,000 A3 (2). Within a cavity this size,
a single molecule may have a concentration of more than 10
mM. We propose, therefore, that the reason GroEL binds to
many different proteins is that the binding site(s), which
appears to contain many hydrophobic residues (26), recognize
unstructured regions, but with some specificity toward hydro-
phobic residues such as tryptophan. It has been proposed on
the basis of site-directed mutagenesis (4) and equilibrium
binding studies (27) that hydrophobicity is an important factor
in protein binding to GroEL. Many possible intermediates of
a single protein substrate may form stable complexes because
the apparent concentration within the cavity is so high. Con-
clusions from such experiments, however, may be misleading.
In our studies of structurally homologous DHFRs, it is clear
that it is the complex formed just prior to the final folding step
that defines complex stability (8).

The Mechanism of Folding

Much of the literature refers to the action of GroEL as
assisting or increasing the efficiency of folding and even
catalyzing folding. We believe none of these concepts is strictly
correct. Our studies on the refolding of the four structurally
similar monomeric DHFRs show that the kinetics of the
refolding process is the same in the presence or absence of
GroEL (8). Thus the large cavity that exists in GroEL must be
similar to bulk solution. Of course, since only a few (one to
two) molecules are contained within this cavity, the chance of
aggregation is slight. Consequently, the chaperonin increases
the probability of the protein refolding correctly by decreasing
the probability of aggregation that may occur in the bulk
solution. The observation with respect to the DHFRs is not an
isolated one: similar kinetics with and without GroEL have
been observed by others (28). We propose, therefore that this
is the general case, i.e., that folding in the cavity of GroEL
occurs by the same mechanism as in bulk solution and that it
occurs at the same rate until a stable complex is formed. Ellis
(29), in describing the concept of the Anfinsen cage, has also
suggested that folding within the GroEL cavity is the same as
in bulk solution.

¥We note that many of these contaminating species, including essen-
tially all the fluorescent ones, may be removed from GroEL by use
of a Reactive Red 120-agarose column (20) and that this is important
in the studies described herein with the DHFRs. The Reactive Red
column or a similar procedure that removes low molecular weight
contaminants should always be used in any quantitative study involv-
ing binding of proteins or peptides to GroEL.
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The Nature of the Stable Complex

As mentioned above, there are conflicting data in the litera-
ture concerning the extent of protein substrate structure that
is present in the GroEL—-protein complex. Those results indi-
cating a highly structured intermediate are consistent with our
observations made with DHFR (8). In this case, since the
kinetic behavior in the presence of GroEL is the same as in its
absence, it is unlikely that a stable complex is formed early in
refolding. That the protein substrate in the stable complex is
an intermediate directly preceding the formation of the native
structure is suggested both from the kinetic data and from the
observation that the same complex is formed when starting
with unfolded or native protein (8). In the latter case, the
kinetic data show that complex formation is a consequence of
GroEL binding not to the native structure itself but to a species
that interconverts to the native structure (8). This indicates
that at least one conformation or a region within the native
structure may be similar to a partially unfolded form. However,
in general, the nature of the substrate protein within the stable
complex is really a function of a kinetic partitioning between
the association and dissociation of the substrate protein with
GroEL and the forward and reverse rate constants for forma-
tion of a specific intermediate. Thus the stability of a particular
complex may be simply a matter of defining a slow step in the
folding process as well as the affinity of an intermediate for
GroEL. For protein substrates that are oligomeric in solution,
but not within the GroEL cavity, the slow step in the formation
of an active enzyme may well be the association of competently
folded subunits and in such cases any stable complex would be
with an intermediate close to the final folded form of the
subunit.

Stability of the Complex and What it Means

With these thoughts in mind we need to consider only a portion
of the folding process to define the nature of the stable
complex. We can write a general scheme as follows.
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Scheme I

The unfolded protein, U, may fold through the formation of
one or more intermediates prior to forming the native state. In
this mechanism the species [; is the last intermediate state prior
to forming the native structure. The species ELI; is written as
if there is only a single molecule of protein substrate in the
cavity, but it is certainly possible that the stoichiometry of
substrate protein to GroEL may be greater than one. This will
not affect the discussion, although the rate constants described
in this case may be more complex than indicated in the above
scheme. Additionally, the scheme does not include the possi-
bility of conformational changes within GroEL that could
affect association or dissociation rates without changing the
folding mechanism. According to the scheme, intermediates
may dissociate from GroEL at any point along the folding
pathway, but if dissociation occurs early, the dissociated in-
termediates may aggregate, presumably due to exposed hy-
drophobic regions of the protein, rather than refold to a
correct structure. This may be the case for a protein like
rhodanese (30) or citrate synthase (31). In any case, the
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stability of any of the complexes is clearly defined by the
relative magnitude of rate constants leading into and out of the
complex. Transient formation of the final complex may occur
if binding of I; to GroEL is weak and/or if the formation of the
native structure from I; is fast. This is what is observed for
wild-type E. coli DHFR at temperatures below 25°C (8).
Indeed, this is what one would want to happen for E. coli
proteins under normal growth conditions. For if, under such
conditions, a stable complex were formed, the cells would not
continue to grow. This, in fact, is the heat shock response: an
overproduction of GroE protects the viability of the cell by
forming stable complexes with proteins.

The formation of a stable complex can also be defined in
terms of these rate constants. If the binding of I; to GroEL is
reasonably tight and/or if the rate constant for the process N
— I; is large, the complex formed will be stable. The finding
that many stable complexes are formed with nonbacterial
proteins may simply be a question of the relative values of rate
constants leading into or out of that complex, as shown in
Scheme I. In this regard, it is of interest that mouse DHFR
does not appear to form a stable complex with yeast Hsp60 at
25°C (32), whereas it does with GroEL at the same tempera-
ture (8). Wild-type E. coli DHFR does form at stable complex
with GroEL as the temperature is raised above 30°C (unpub-
lished data). This temperature dependence is exactly what
would be expected for a heat shock response and has to do with
the relative values of the rate constants shown in Scheme I.

The role of the kinetic partitioning between binding to
GroEL and folding rates may play a part in the different results
obtained for different protein substrates. Typical refolding
experiments are, of course, performed by dilution of the
chemical denaturant, either urea or guanidine hydrochloride.
The rate of refolding is found to be dependent on the final
denaturant concentration relative to the midpoint of the
denaturation curve, increasing at lower final denaturant con-
centrations. On the other hand, the binding or dissociation of
the substrate protein (or any intermediate) to GroEL is
probably not very sensitive to the final denaturant concentra-
tion under refolding conditions. Thus the issue of the nature
of the stable complex or the tendency of the substrate protein
to aggregate may be a function of the conditions of the
procedure used in the refolding experiment.

The Role of GroES and ATP

Some proteins require the presence of GroEL, GroES, and
MgATP to fold properly (e.g., refs. 33 and 34) but others may
require only MgATP in the presence of GroEL to form the
final folded structure (17, 35-37). Since folding occurs within
the GroEL cavity obviously neither GroES nor MgATP alone
has chaperone activity. Rather, these components serve only
to regulate the rate constants involved in the formation or
dissociation of the GroEL-substrate protein complexes. This
regulation may be quite complex (38—40) involving cooperat-
ivity between the two heptameric rings of GroEL and certainly
related not only to MgATP binding but also to MgATP
hydrolysis (34) as well as capping of the GroEL cavity (either
cis or trans to the substrate protein) by GroES (41, 42). Even
though formation of the substrate protein—-GroEL complex
may involve conformational changes within GroEL, the mech-
anism of the folding process is probably unchanged. We would
expect that the observation of a temperature dependence of
stable complex formation with wild-type E. coli DHFR reflects
what would happen in vivo but that the temperature depen-
dence would be regulated by the presence of GroES and ATP.

Conclusion

We propose that the mechanism and rate constants for folding
of a protein are the same in the presence or absence of GroEL.

Proc. Natl. Acad. Sci. USA 94 (1997) 5537

Preferential binding of small unfolded structural units is
responsible for the lack of specificity in forming the initial
complex with GroEL. At any point along the folding pathway
the protein may dissociate from the GroEL, but if this occurs
early, aggregation may result. The ability of GroEL to fold
proteins correctly without aggregation is a consequence of the
stability of the complex formed between GroEL and the
protein conformation just prior to the final folding step. The
stability of this complex is defined by rate constants involved
in complex formation or dissociation compared with the rate
constants for folding to or unfolding from the native protein
as well as the experimental conditions used for the refolding
experiment. Thus, rather than ask whether a given protein
binds to GroEL, the relevant question would appear to be at
what point in the folding pathway a given protein associates
and dissociates from GroEL.
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