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Abstract. The Escherichia coli proteins GroEL and
GroES were the first chaperones to be studied in detail
and have thus become a role model for assisted protein
folding in general. A wealth of both structural and func-
tional data on the GroE system has been accumulated
over the past years, enabling us now to understand the ba-
sic principles of how this fascinating protein-folding ma-
chine accomplishes its task. According to the current
model, GroE processes a nonnative polypeptide in a cy-
cle consisting of three steps. First, the polypeptide sub-

strate is captured by GroEL. Upon binding of the co-
chaperone GroES and ATP, the substrate is then dis-
charged into a unique microenvironment inside of the
chaperone, which promotes productive folding. After hy-
drolysis of ATP, the polypeptide is released into solution.
Moreover, GroE may actively increase the folding effi-
ciency, e.g. by unfolding of misfolded protein molecules.
The mechanisms underlying these features, however, are
yet not well characterized.
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Introduction

Historically, the GroE proteins of Escherichia coli were
the first chaperone proteins to be studied on a molecular
level [1, 2]. In the early 1970s, temperature-sensitive, mu-
tant E. coli strains were isolated that were unable to sup-
port the growth of bacteriophage A [1]. Further analyses
revealed that apparently two host proteins, GroEL (57
kDa) and GroES (10 kDa), were required for the correct
assembly of the phage capsids. Both proteins were found
to be essential for the growth of E. coli [3]. At that time,
the cellular function of GroEL was unknown. The turning
point came in the late 1980s, when George Lorimer and
co-workers began to investigate whether the GroE pro-
teins could assist in the biogenesis of Rubisco expressed
in E. coli [4]. They observed that in wild-type cells the
formation of active Rubisco was severely compromised.
Upon overexpression of both GroEL and GroES, how-
ever, active Rubisco was produced. It was suggested that
GroE‘s primary function was to prevent the aggregation
of Rubisco during its folding [5], as could be demon-
strated later [6, 7].

In the past decade, a wealth of both biochemical and
structural data on the GroE chaperone has been accumu-
lated, making it the most thoroughly investigated chap-

erone system so far [8—12]. According to the model
emerging from this data, GroE-assisted protein folding is
a three-step process. An aggregation-prone folding inter-
mediate is first captured by GroEL and thereby becomes
protected from aggregation. Upon binding of ATP and
GroES to the GroEL/polypeptide complex, the polypep-
tide is ejected into a closed compartment formed by the
GroE chaperone, where folding is initiated. After hy-
drolysis of ATP, both GroES and the polypeptide are re-
leased. While this basic mechanism of GroE action is
now widely accepted, there are still a number of details
that remain controversial and require further experimen-
tal investigation.

Architecture of the GroEL protein

The mechanism of GroE-mediated protein folding is inti-
mately related with the oligomeric structure of the chap-
erone [13]. The GroEL molecule is a complex assembly
comprising 14 identical 57-kDa subunits. The transitions
between the different functional states of the chaperone
are triggered by a set of domain movements which in turn
are controlled by the binding of ATP and the cochaperone
GroES.
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The first images of the GroE chaperone were obtained by
electron microscopy [14, 15]. They showed cylindrical
particles containing a central channel, which could be oc-
cupied by a polypeptide substrate [16—18]. A more de-
tailed picture became available with the X-ray structure
of GroEL [19]. It confirmed that the GroEL molecule re-
sembles a barrel with dimensions of 137 A (diameter)
and 146 A (height). Its 14 subunits are arranged in two
rings stacked back to back (fig. 1A). The two rings en-
close two separate cavities (45 A wide) that serve as fold-
ing compartments for polypeptide substrates (fig. 1B).
Each GroEL subunit can be dissected into three distinct
domains (fig. 1A, C) [19]. The equatorial domains (re-
sidues 6—133 plus 409—-523) constitute the central part of
the cylinder and consist mainly of « helices. They serve
as the foundations of the GroEL oligomer, since they
mediate all interring contacts, and most of the intraring
contacts. They also contain the binding pockets for ATP
(fig. 1C), which are facing toward the inside of the cen-
tral cavity.

In contrast to the equatorial domain, the apical domain
(residues 191-376) is considerably less ordered. It is lo-
cated at the opening of the GroEL cylinder (fig. 1) and
contains the binding site for both GroES and the polypep-
tide substrate. Polypeptide binding occurs in a hydropho-
bic groove, which is formed by two helices facing the
central channel (fig. 1C) [20, 21]. This is in agreement
with results of an earlier analysis employing site-directed
mutagenesis [22]. The bound substrate is stabilized by
mainly hydrophobic interactions, but hydrogen bonds be-
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tween its peptide backbone and the surrounding polar
surface of the apical domain may contribute as well. Im-
portantly, this hydrophobic groove is also responsible for
the binding of GroES [23].

The intermediate domain (residues 134—190 plus 377—
408) serves as a molecular hinge connecting the apical do-
main with the equatorial domain. Accordingly, its main
function is the transmission of allosteric signals between
both domains, thus establishing a tight coupling between
nucleotide binding and GroES/polypeptide binding.

The interaction between GroES and GroEL

The cochaperone, GroES (fig. 2A), is a dome-shaped
heptamer with diameter of 75 A and a height of 30 A [24].
It consists almost exclusively of f§ sheets. Residues 16—
33 form the so-called mobile loops, flexible extensions
that dangle from the GroES molecule like the tentacles of
a jellyfish [25, 26]. Binding of GroES occurs at the api-
cal domains of the GroEL tetradecamer (fig. 2B) and re-
quires that the nucleotide binding sites of the respective
GroEL ring are occupied with either ATP or ADP [15, 27,
28]. Upon association, the mobile loops of GroES bind to
the hydrophobic peptide binding groove of GroEL and
become immobilized [23, 25]. Because of the common
seven-fold symmetry of both proteins, binding is thought
to be highly cooperative.

Upon binding of its cochaperone, the GroEL molecule
undergoes major structural rearrangements that are cen-

Figure 1. Structure of the GroEL chaperone from E. coli [19, 85]. (4) Side view of the GroEL tetradecamer. The particle is 137 A wide
and 146 A high. Subunits comprising the top ring are shown in color, subunits of the bottom ring are shown in gray. Each subunit can be
dissected into three domains: apical (orange), intermediate (yellow) and equatorial (red). (B) Top view of the GroEL tetradecamer. The di-
ameter of the central cavity is 45 A. The seven subunits of the ring are shown in shades of green. For one subunit, the apical and the inter-
mediate domains are highlighted in orange and yellow, respectively. (C) Ribbon representation of a GroEL subunit. The equatorial domain
(red) consists almost exclusively of a helices and contains the nucleotide binding site, which is occupied by ATPyS (blue). The intermedi-
ate domain (yellow) serves as a molecular hinge that connects the equatorial domain with the apical domain (orange). Binding of GroES
and polypeptides occurs in a hydrophobic groove formed by the two helices (white) facing the central cavity.
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tral to its functional cycle (fig. 2B, C) [23, 29]. First, the
apical domains of the cis ring, i.e. the ring to which
GroES binds, swing upward by ~60° and rotate outward
by ~90°. As a result, the diameter of the central cavity al-
most doubles, and its volume increases from 85,000 A3 to
175,000 A3. Second, the hydrophobic residues, which
form the peptide binding site of GroEL, are moved away
from the cavity surface and become buried within the
wall (fig. 2C). Thus, the surface of the cis cavity becomes
largely hydrophilic. Third, GroES now blocks the exit of
the cavity. As a result, the cis cavity is converted from an
acceptor site for hydrophobic polypeptides into a closed
microenvironment for protein folding.

Depending on the experimental conditions, two types of
complexes between GroES and GroEL have been de-
tected by electron microscopy. In the presence of ADP or
micromolar concentrations of ATP, GroES binds to only
one end of the GroEL cylinder forming asymmetric ‘bul-
lets’ (see fig. 2B) [15, 16]. At ATP concentrations in the
millimolar range, symmetrical ‘footballs’ have been ob-
served in which both ends of the GroEL particle are
capped with GroES [30—32]. It is assumed that the ‘ADP
bullet’, i.e. the GroES,- ADP,- GroEL,/GroEL, complex,
represents the ‘acceptor state’ of GroE [33], which cap-
tures an unfolded polypeptide. The footballs presumably
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reflect a transient species that is formed during the func-
tional cycle (section 6).

Polypeptide binding by GroEL

All molecular chaperones interact with unfolded or par-
tially folded polypeptides. In the case of GroEL, a study
using denatured proteins from cell extracts showed that
~40% of the E. coli proteins can bind to GroEL [34].
However, it is unlikely that GroEL participates in the
folding of all these proteins, because its cellular concen-
tration of ~ 1 uM is simply too small for that purpose [35].
A number of E. coli proteins that interact with GroEL in
vivo have been identified [36], but it is not clear yet how
many of them are stringently dependent on GroE in their
folding.

Polypeptide binding to GroEL is primarily based on the hy-
drophobic effect, as was shown by a thermodynamic analy-
sis of the binding reaction [37], although electrostatic in-
teractions may play a role as well [38, 39]. Unlike correctly
folded proteins, unfolded or partially folded polypeptides
usually expose hydrophobic surfaces that can associate
nonspecifically, forming higher-order aggregates [40, 41].
By binding to the hydrophobic groove in the apical do-

Figure 2. Structure of the GroE chaperone from E. coli [23, 24]. (4) Side view of the GroES heptamer. The individual subunits (in shades
of red) consist mainly of 3 sheets and form a dome with a diameter of 75 A. The flexible extensions on the bottom are the so-called mo-
bile loops that mediate binding to GroEL. (B) Cross-section of a GroE ‘bullet’. Each GroEL ring encloses a cavity that serves as a folding
compartment for a polypeptide substrate. Some residues of the equatorial domains have not been resolved in the crystal structure, giving
the wrong impression that the two cavities are contiguous. Binding of GroES (orange) to the top GroEL ring (blue) blocks the access to the
upper cavity and concomitantly induces an en bloc movement of the apical domains. (C) Changes in the GroEL structure upon binding of
GroES. In this top view, the seven subunits comprising one ring of GroEL are shown in shades of green and blue. The equatorial domains
have been omitted for sake of clarity. The hydrophobic residues in the apical domains important for binding of polypeptide and GroES are
shown in white. In the absence of GroES (top panel), these residues coat the inside of the central cavity and account for the high affinity
for unfolded polypeptides of this state. Upon binding of GroES (lower panel) the apical domains rotate outwards by ~90°. The hydropho-
bic patches become buried in the subunit interfaces, rendering the inner surface of the cavity mainly hydrophilic and causing the release of
a bound polypeptide. Concomitantly, the diameter of the cavity increases from 45 to 80 A.
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mains of GroEL (fig. 1C) these regions become shielded,
and the molecule is protected from aggregation. Since
most native proteins do not expose hydrophobic surfaces,
GroEL will not recognize them as substrates.

The structure of various substrate proteins has been char-
acterized while bound to GroEL. It appears that GroEL is
capable of interacting with different conformations rang-
ing from largely unfolded polypeptides to highly struc-
tured, stable folding intermediates [42—45]. It has long
been a matter of debate whether GroEL recognizes cer-
tain structure motifs in its polypeptide substrates [36, 46],
but most data suggest that this is not the case [47, 48].
Rather, it seems to be important whether structure forma-
tion in the polypeptide and binding to GroEL are syner-
gistic or antagonistic processes. This is illustrated by a
study using short peptides with identical amino acid com-
position but different sequence [49]. Only when the spac-
ing of the hydrophobic residues was such that an amphi-
pathic a helix could form, binding to GroEL was found
to be tight. In this case, the formation of structure (= he-
lix) and the formation of a high-affinity binding interface
(= hydrophobic surface) were synergistic. Similar results
were obtained for peptides mimicking f strands. It is
likely that both the partially folded polypeptide and the
binding site on GroEL undergo structural rearrangements
upon association in order to optimize the binding inter-
face [21, 50].

Allosteric interactions within the GroE chaperone

Though each GroEL ring consists of seven subunits, it
represents a single operational unit [10, 51]. This behav-
ior is the consequence of a framework of allosteric inter-
actions that coordinates the binding properties of the in-
dividual subunits. There are two levels of cooperativity
within the GroEL molecule. First, subunits of the same
ring are subject to positive cooperativity. As an example,
binding of ATP to one GroEL subunit promotes the bind-
ing of ATP to the other six subunits of the same ring [28,
52, 53]. Second, there is a negative cooperativity between
the rings, i.e. binding of ATP to one ring reduces the
affinity for ATP of the second ring [54, 55]. These ho-
motropic effects can be described by a model of nested
cooperativity (fig. 3) [56].

Each GroEL subunit can adopt one of two states: the (re-
laxed) R state, and the (tense) T state, which differ in their
affinity for nucleotide and protein ligands [57]. The R
state is characterized by a high affinity for ATP and a low
affinity for polypeptides, whereas the T state has a low
affinity for ATP and a high affinity for polypeptides.
Owing to the positive intraring cooperativity, each ring is
either in the R form or in the T form. Thus, the GroEL
tetradecamer can adopt the configurations TT, TR, and
RR (fig. 3). In the absence of nucleotides, GroEL is pref-
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Figure 3. Model of nested cooperativity in GroEL [57]. Each rec-
tangle (square or round) represents a single ring. Owing to the pos-
itive intraring cooperativity, all seven subunits within one ring
adopt the same state. In the absence of ligands, GroEL is predomi-
nantly in the TT state (left). In the presence of low concentrations of
ATP, the equilibrium is shifted towards the TR state (middle), be-
cause ATP preferentially binds to the R conformation. At higher
concentrations of ATP, transition to the RR state occurs.

erentially in the TT state. Low concentrations of ATP shift
the equilibrium to the RT state, in which the R ring is
completely occupied with nucleotide, whereas the T ring
is empty. Because of the negative interring cooperativity,
the transition to the RR state only occurs at higher ATP
concentrations (>100 uM). The cochaperone GroES, on
the other hand, seems to reduce the negative interring
cooperativity, since its binding to the RT state promotes
the transition to the RR state [57]. This is consistent
with the finding that in the ‘ATP bullet’” complex
(GroES;- ATP,- GroEL./GroEL,) the trans ring shows a
decreased affinity for polypeptides [58].

The functional cycle of the GroE chaperone

GroE-mediated folding requires the polypeptide sub-
strate to participate in a cycle which can be dissected into
three steps: capture, sequestration/folding and release
[59]. Depending on the nature of the polypeptide, multi-
ple rounds may be necessary for successful folding [60,
61]. The cycling ends when the polypeptide molecule has
reached a conformation that is no longer recognized by
GroEL. For some monomeric proteins like rhodanese,
this exit point may be the native state [33, 62]. In general,
however, it will be a committed state in which the protein
has not yet reached its native conformation, but no longer
requires the assistance of GroE [45, 63]. The reactions
that lead from there to the native state may include further
folding processes as well as oligomerization. Other mol-
ecules may adopt a conformation from which the native
state is kinetically inaccessible. These dead-end products
probably become degraded by cellular proteases [9].

The sequence of events during GroE cycling is best ex-
plained on the level of a single ring. The cycle starts when
a polypeptide is captured by GroE (fig. 4, step 1). As
mentioned above, a potential substrate is recognized by
virtue of its exposed hydrophobic surfaces. The acceptor
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Figure 4. Model of the functional cycle of the GroE chaperone. Although GroEL is composed of two rings, the functional cycle is best de-
scribed on the level of single rings, which represent the operational units of the chaperone. While both rings are active at the same time,
they are in different phases of the cycle. Processing of an individual substrate polypeptide requires two revolutions of the GroE cycle dur-
ing which the polypeptide remains associated with the same GroEL ring. For graphical reasons, the orientation of the GroE complex is re-
versed after step 4. The cycle of GroE-assisted folding can be dissected into three steps: capture, encapsulation/folding and release. Dur-
ing capture (1), a hydrophobic polypeptide is prevented from aggregation by binding to GroEL. The acceptor ring (bottom ring) is nu-
cleotide free and therefore has a high affinity for the polypeptide. Binding of ATP (2) and GroES (3) to this ring induces a set of structural
changes in GroEL. Most important, the affinity for the bound polypeptide is decreased, and it is released into the closed cavity where fold-
ing begins. Subsequent hydrolysis of ATP (5) induces a second conformational change in GroEL (top ring), which allows the bottom ring
to bind polypeptide and initiate a new cycle. Upon binding of ATP and GroES in the next round, GroES is displaced from the top ring, and
the substrate polypeptide is released (4). The formation of the symmetric complex shown in brackets is controversial.

state of GroE likely is the ‘“ADP bullet’, in which the trans
ring (i.e. the ring opposite of GroES) is in the high-affin-
ity T form. Subsequent binding of ATP and GroES to this
ring (fig. 4, steps 2 and 3) triggers a series of conforma-
tional changes in the GroEL molecule. As a result,

1) The affinity for both ADP and GroES in the frans ring
decreases, causing the dissociation of both ligands
(fig. 4, step 4) [64—66].

2) GroES covers the opening of the new cis cavity,
thereby creating a closed compartment which se-
questers the polypeptide substrate [33, 62].

3) The polypeptide binding site in the cis ring becomes
buried within the cavity wall, causing the discharge of
the polypeptide into the cis cavity.

4) The size of the cavity increases, giving the polypep-
tide sufficient room to undergo the structural re-
arrangements required for productive folding [23].

Once released from GroEL, the polypeptide will start to
fold. Since it is still trapped in the central cavity, aggre-
gation is no longer possible. In addition, the sterical re-
strictions resulting from confinement and the physical
properties of the cavity wall may alter the energy land-
scape of the folding reaction [67, 68].

The formation of the symmetric intermediate shown in
step 3 of the cycle is controversial. Though football-
shaped GroE particles have been detected using electron
microscopy (see section 2), it is not clear yet whether
these molecules represent off-pathway products [69], or
are indeed part of the chaperone cycle [70, 71]. The ‘foot-
ball’ intermediate is an attractive concept since it would
allow GroES to trap a ‘new’ polypeptide in the cis cavity,
and at the same time trigger the release of the ‘old’
polypeptide from the trans ring.

Hydrolysis of the bound ATP (fig. 4, step 5), which takes
~10 s at 25°C [55], represents the rate-limiting step in the
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cycle and thus serves as a timer for encapsulation [58].
Once the ATP is hydrolyzed, the chaperone has comple-
ted its cycle and the next round starts, in which now
the opposite ring will be charged with a polypeptide
substrate. The release of the encapsulated protein oc-
curs upon the subsequent binding of GroES/ATP (fig. 4,
step 4).

At this stage, the ejected polypeptide is thought to un-
dergo kinetic partitioning [64, 72]. Molecules that are not
recognized by GroEL (native, committed or dead-end, see
above) no longer participate in cycling. The remaining
molecules may rebind and undergo another round of the
GroE cycle, or bind to other molecular chaperones, or
fold/assemble in bulk solution. The relative fractions of
these species likely depend on the nature of the polypep-
tide as well as on the cellular context.

It is reasonable to assume that GroEL can process two
substrates at a time, as shown in figure 4. According to
this model, both rings (= operational units) are active, al-
though they are in different phases of the chaperone cycle
[58, 71]. As an example, the top ring after step 3 is loaded
with a polypeptide that already has undergone folding in
the cavity, and will become ejected in the next step. The
polypeptide bound to the bottom ring, on the other hand,
will be released into the cavity where folding is initiated.
Thus, binding of GroES in step 3 has a dual function: it
sequesters a ‘new’ polypeptide in the cis cavity, and it re-
leases GroES and the processed polypeptide from the
trans ring. In an alternative model, only one GroEL ring
at a time is loaded with a polypeptide, whereas the second
ring passes through the cycle in an empty state.

Owing to the limited volume of the cavity, GroE-mediated
folding as shown in figure 4 is restricted to polypeptides
smaller than ~ 60 kDa [73, 74]. Although larger proteins
can bind to GroEL, they cannot become encapsulated un-
derneath GroES. This is illustrated by the case of aconi-
tase from yeast mitochondria, a monomeric enzyme of 82
kDa. Strains in which mt-hsp60, the yeast homologue of
GroEL, was deleted were found to accumulate aggregated
aconitase. Further analyses showed that both GroEL and
GroES are required for the biogenesis of aconitase in vivo
[75]. However, aconitase did not become encapsulated
since GroES could only bind in #rans, not in cis [76]. More
important, GroES binding in trans was found to be essen-
tial for the release of GroEL-bound aconitase. It may thus
reflect a general mechanism GroEL uses to dispose of
substrates it cannot process [77].

GroE-mediated unfolding of proteins

A still open question is how GroE promotes the folding of
proteins that are trapped in nonnative conformations. It is
assumed that GroEL is capable of partially unfolding
these proteins, thereby setting them back on the right
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track to the native state [78]. Several mechanisms have
been suggested how GroEL accomplishes this task.

The most simple model, thermodynamic coupling [79], is
based on the idea that for some folding intermediates
structure formation and binding to GroEL may be antag-
onistic processes because they compete for the same (hy-
drophobic) residues. Since the amount of exposed hy-
drophobic surface generally decreases with the degree of
folding, GroEL will preferentially bind to more unfolded
conformations of a protein. Provided there is a rapid equi-
librium between the various conformations of the
polypeptide, GroEL will effectively unfold the protein by
the law of mass action. This capability of GroEL has been
demonstrated for a variety of relatively small proteins
[79—82]. The coupling mechanism, however, has one im-
portant shortcoming. It would not allow a polypeptide to
escape from a kinetic trap on its folding pathway, be-
cause, according to this model, all unfolding reactions oc-
cur in free solution at their intrinsic rates.

Based on experiments with Rubisco, it was also sug-
gested that GroE can actively unfold a bound polypeptide
[83]. According to this model, the movement of the api-
cal domains, which occurs upon GroES binding (fig. 2C),
may exert a mechanical stress on the bound polypeptide,
thereby virtually tearing its structure apart. Importantly,
this mechanism requires that the substrate be bound to
multiple apical domains simultaneously [84]. Active un-
folding, however, could yet not be observed with other
stringent substrate proteins of GroE [45].

Perspectives

While our understanding of the basic mechanism(s) un-
derlying GroE-assisted folding has increased consider-
ably over the past years, there are still a number of issues
that require further investigation. One of the most inter-
esting problems that remains to be solved is the confor-
mational changes a polypeptide undergoes when it is
processed by the chaperone. This concerns unfolding re-
actions that occur upon binding of a polypeptide to
GroEL as well as those unfolding events that may be as-
sociated with the subsequent binding of GroES (see
above). Of equal importance is the question of what hap-
pens to the polypeptide while it folds in the cavity. Is the
main purpose of sequestration to exclude other polypep-
tides and thus provide conditions of infinite dilution? Or
does the cavity play a more active role, e.g. by lowering
energy barriers on the folding pathway? Scientists have
already begun to address these issues experimentally. The
size of the GroE chaperone and the low conformational
stability of the folding intermediates, however, make this
a rather challenging undertaking.

Another issue concerns the general applicability of re-
sults obtained with a single ‘model’ substrate. Likely,
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GroE provides a variety of ‘tools’ that promote the effi-
ciency of protein folding, but not all of them may be ob-
served when GroE processes a certain polypeptide sub-
strate. This point is illustrated by the long-lasting debate
about what is required to release a polypeptide from
GroEL. In some cases, addition of ADP alone was found
to be sufficient, in other cases ATP was required, while
for a third set of protein substrates release was dependent
on both ATP and GroES. These differences may simply
reflect the heterogeneity of protein substrates GroE en-
counters in the cell. Thus, it will be crucial for our future
understanding to identify the E. coli proteins that depend
on GroE in their folding.
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