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The GroE chaperone system consists of two ring-
shaped oligomeric components whose association
creates different functional states. The most remark-
able property of the GroE system is the ability to fold
proteins under conditions where spontaneous folding
cannot occur. To achieve this, a fully functional sys-
tem consisting of GroEL, the cochaperone GroES, and
ATP is necessary. Driven by ATP binding and hydro-
lysis, this system cycles through different conforma-
tional stages, which allow binding, folding, and re-
lease of substrate proteins. Some aspects of the ATP-
driven reaction cycle are still under debate. One of
these open questions is the importance of so-called
“football” complexes consisting of GroEL and two
bound GroES rings. Here, we summarize the evidence
for the functional relevance of these complexes and
their involvement in the efficient folding of substrate
proteins. © 2001 Academic Press

INTRODUCTION

GroEL is an oligomeric complex of 14 identical 57-
kDa subunits, arranged in 2 seven-membered rings
sticking back to back. The crystal structure of GroEL
determined at a resolution of 2.8 A shows a hollow,
cylindrical complex 135 A in diameter and with a
height of 145 A (Braig et al., 1994). The openings at
each end of the cylinder form the entrance to the
central cavity with a diameter of 45 A. Nonnative
polypeptides are bound at these openings as shown by
electron microscopy (Langer et al., 1992; Braig et al.,
1993; Chen et al., 1994; Ishii et al., 1994).

The GroEL monomer consists of 547 amino acids
arranged in three distinct domains (Fig. 1). The
equatorial domain is responsible for the inter- and
intra-ring interactions of the protein complex. Fur-
thermore, this domain contains the ATP binding
site, which is located on the inner sides of the GroE
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cylinder. The apical domains form the substrate and
GroES binding sites. The intermediate domain con-
nects the equatorial and apical domains of each sub-
unit and transfers the ATP-induced conformational
changes from the equatorial to the apical domain
(Braig et al., 1994; Xu et al., 1997).

GroES is a seven-membered ring structure com-
posed of identical 10-kDa subunits and binds in the
ATP-driven chaperone cycle to one or both ends of
the GroEL cylinder. GroES exhibits a dome-shaped
structure with outside dimensions of 70-80 A in
diameter and a height of 30 A and inside dimensions
of 30 A in diameter and 20 A in height (Hunt et al.,
1996; Mande et al., 1996). Each subunit has a p-bar-
rel structure with two B-hairpins loops, one of which
is directed outward at the top of the dome, enclosing
the structure. The other, unstructured loop is lo-
cated at the bottom rim of the GroES heptamer. This
highly flexible loop is responsible for the interaction
of GroES with GroEL and becomes ordered in the
X-ray structure of the GroEL14/GroES7/ADP7 com-
plex (Xu et al., 1997).

STRUCTURAL ASPECTS OF GroE FUNCTION

The GroE chaperone machinery mediates the fold-
ing of a large number of proteins in vivo and in vitro
(Viitanen et al., 1992; Houry et al., 1999). Following
the landmark paper by Goloubinoff et al. (1989), the
reaction cycle of GroE has been dissected in vitro in
past years. Three different functions of the GroE sys-
tem can be distinguished in this context: (i) GroE pre-
vents the aggregation of nonnative polypeptides by
forming complexes with them, thus lowering the con-
centration of aggregation-prone proteins in solution
(Buchner et al., 1991). (ii) Release of bound substrates
into the central cavity of GroE complexes allows fold-
ing in a protected environment without intermolecular
interactions (Weissman et al., 1995, 1996; Mayhew et
al., 1996). (iii) GroE seems to be able to unfold kinet-
ically trapped folding intermediates, thus giving them
a new chance to fold correctly (Todd et al., 1994; Spar-
rer et al., 1997; Shtilerman et al., 1999).

To perform the tasks of polypeptide binding, un-
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equatorial

FIG. 1. Schematic representation of GroEL and GroEL in complex with GroES and ADP. (A) Representation of GroEL without bound
ligands. The apical, intermediate, and equatorial domains are shown in blue, light gray, and dark gray. The substrate binding sites in the
apical domains are highlighted in black. ATP binding sites in the equatorial domains are shown as white circles. (B) GroEL in complex
with GroES and ADP. GroES is shown in black. The apical domain with bound ADP is highlighted in orange. (C) Schematic representation
of the direction and magnitude of the domain movement within the cis ring (adapted from Xu et al., 1997).

folding, release of bound polypeptides into the cen-
tral cavity of GroE, and the ejection of sequestered
proteins into solution, GroEL must adopt different
conformations during the ATP-driven reaction cycle.

1. Polypeptide binding. GroEL binds a broad spec-
trum of unfolded or partially unfolded proteins but
exhibits only low affinity for native polypeptide chains.
Binding occurs mainly via hydrophobic interactions
(Fenton et al., 1994; Braig et al., 1994). This explains
the low substrate specificity and the high selectivity
for unfolded substrate proteins, because in native pro-
teins hydrophobic residues are usually buried inside
the core. To some extent electrostatic interactions also
contribute to substrate binding (Richarme and Ko-
hiyama, 1994; Katsumata et al., 1996; Perrett et al.,
1997). Polypeptide binding occurs at the inner top rim
of the apical domains as shown by electron microscopy,
mutagenesis, and X-ray crystallography (Braig et al.,
1993; Fenton et al., 1994; Chatellier et al., 1999; Chen
and Sigler, 1999). Polypeptides bind in the groove
formed by a pair of parallel «-helices of the apical
domain. The structure of this region is flexible as in-
dicated by high-temperature factors (Braig et al., 1994,
1995; Boisvert et al., 1996) and differences in the struc-
tures of unliganded GroEL, GroEL/peptide complexes,
or GroEL in complex with GroES and ADP (Xu et al.,
1997; Buckle et al., 1997; Chen and Sigler, 1999). This
flexibility of the substrate binding site seems to be a
prerequisite for the tight binding of a broad spectrum
of different proteins. Importantly, the cooperative
binding of a substrate polypeptide or of GroES to more
than one apical domain binding site seems to increase

the affinity between GroEL and its binding partner
significantly (Chen and Sigler, 1999; Chatellier et al.,
2000).

2. Nucleotide and GroES binding. In the presence
of nucleotide and GroES, GroEL shows a complex
allosteric behavior (Yifrach and Horovitz, 1995), due
to conformational changes in the GroEL domains.
ATP binding to one GroEL ring occurs very fast
(diffusion controlled) with positive cooperativity and
allows subsequent GroES binding. The structure of
the GroEL/GroES/ADP complex shows that the in-
termediate domain moves slightly inward and the
apical domain moves 60° upward with a 90° torsion
(see Fig. 1; Xu et al., 1997). This lowers the affinity
for nonnative polypeptides in this ring drastically
because the substrate binding sites move from the
inner rim of the apical domains toward the top of the
GroEL cylinder. The conformational changes result
in the doubling of the volume of the GroEL cavity
(Xu etal., 1997) and the release of a bound substrate
protein into the cavity, and, at the same time, they
enable the binding of GroES to the former substrate
binding sites (Xu et al., 1997). Thus, a bound sub-
strate protein becomes sequestered in the central
cavity of a GroEL14/GroES7/ATP7 complex, a so-
called “cis complex” or “cis bullet” (Fig. 1). This
complex is a folding active species in the GroE cycle

2 «cis” refers to the localization of the other ligands of a GroEL/
GroES double-ring complex. If the ligands are attached to the
same ring as GroES, they are in cis; if they are on the opposite
ring to a bound GroES molecule, they are “in trans.”
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FIG. 2. Proposed model for the GroE cycle in the presence of substrate (cf. Rye et al., 1999, and text). In this cycle the conversion of
the ATP bullet (apical domains highlighted in red) with sequestered substrate inside to the ADP bullet (apical domains highlighted in
orange) is the rate-limiting step. The switching of the folding active cis complexes between the rings is efficiently coupled to polypeptide
binding by a structural transition of the cis ADP complex, resulting in an “activated” cis ring. Subsequently, ATP binding in trans triggers
the release of GroES and substrate from the cis ring and allows binding of GroES to the trans ring in a concerted action (indicated by
brackets). The substrate protein (irregular symbol and circle) can fold inside the cis chamber and can be released either in a committed
or native state (circle) or in a folding state (irregular symbol) (adapted from Rye et al., 1999).

(Weissman et al., 1995, 1996; Mayhew et al., 1996). During this rearrangement the walls of the cavity
The association of GroES to a GroEL/ATP7 ring is change their character from hydrophobic to hydro-
very fast (>4 x 10’ M~ * s™%) (Burston et al., 1995). philic, thus giving polypeptides the chance to fold
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without intermolecular interactions (Xu et al,,
1997). Furthermore, negative cooperativity between
the two GroEL rings prevents the binding of ATP
and GroES to the opposite ring as long as ATP is
bound in one ring (Yifrach and Horovitz, 1995; Bur-
ston et al., 1995). The binding of a substrate protein
to the trans ring is not affected.

3. ATP binding and hydrolysis. ATP hydrolysis is
potassium dependent (Viitanen et al., 1990) and oc-
curs in an asymmetric GroEL14/GroES7/ATP7 com-
plex at a rate of 0.12 s~ %, leading to the formation of
a GroEL14/GroES7/ADP7 complex. ATP hydrolysis
triggers these complexes to move on in the GroE
reaction cycle because the negative cooperativity for
ATP binding in the second ring is abolished. This
leads to the formation of GroEL7/ATP7/GroEL7/
GroES7/ADP7 complexes.

4. GroES and ADP release. The release of bound
ADP and GroES is induced by the binding of ATP to
the opposite GroEL ring (Burston et al., 1995; Rye et
al., 1997; Kad et al., 1998). Thus, ATP binding in-
duces conformational changes, which are trans-
ferred to the other ring via the equatorial domains.
These rigid body movements in the GroE complexes
seem to be rate limiting in the GroE ATPase cycle
leading to the subsequent release of GroES and ADP
with an apparent rate of 0.042 s~ ! (Burston et al.,
1995; Rye et al., 1997, 1999; Kad et al., 1998). Rye et
al. (1999) presented evidence for an additional fast
step in the GroES release of the cis bullet (k = 2
s~ ). It was suggested that the slow, rate-limiting
step is a structural transition of the ADP bullet and
the following fast step should correspond to the re-
lease of GroES. Furthermore, Sparrer and Buchner
(21997) showed that the binding of ATP to the trans
ring of a preformed ADP bullet occurs very fast
(diffusion limited) and is promoted by GroES in the
opposite GroEL ring. However, the conformational
switch of the trans ring from a high-affinity state for
substrate binding to the low-affinity state is slow,
with a rate of 30 s~* (Sparrer and Buchner, 1997).
Thus, the binding of a substrate protein to a trans
ring with high substrate affinity should occur well
before the conformational switch to the low-affinity
state.

Completion of the ATPase cycle takes about 15 s at
room temperature (Todd et al., 1994; Burston et al.,
1995). Thus, ATP hydrolysis can be regarded as a
timer function leading to the discharge of polypep-
tides every 15 s, irrespective of their folding states.
The ATPase activity of the GroE system increases
linearly with temperature (Mendoza et al., 1996;
Grallert et al., 2000). This leads to an acceleration of
the timer function at physiological temperatures.

ASSOCIATION OF GroES AND GroEL

The association of GroES with GroEL follows the
diffusion-controlled binding of ATP at a rate of >4 X
10° M~ s, This reaction is concentration depen-
dent and in the range of the association rate con-
stants for substrate binding to GroEL (Burston et
al., 1995). In contrast, the association of GroES with
an asymmetric GroEL14/GroES7/ADP7 complex is
not identical to that of unliganded GroEL. The ki-
netics of GroES binding to the trans side of a
GroEL14/GroES/ADP7 bullet is now concentration
independent and occurs with an apparent rate for a
unimolecular reaction of approximately 1 s~*, sug-
gesting that a unimolecular process, most likely in
the ADP bullet itself, is rate limiting (Rye et al.,
1999). This is in good agreement with the finding
that the negative cooperativity between the two
GroEL rings strongly increases in the presence of
GroES. Interestingly, the presence of bound sub-
strate in trans does not influence the binding of ATP
and GroES to that ring but accelerates the release of
GroES and ADP from the opposite GroEL ring, so
that ATP hydrolysis becomes the rate-limiting step
in the GroE ATPase cycle (Rye et al., 1999). It should
be noted that based on the rate constants deter-
mined in these experiments the second GroES at-
taches to the trans ring only when the GroES bound
to the cis ring has already departed.

IMPLICATIONS FOR THE GroE CYCLE

In previous models for the GroE reaction cycle,
two ATP hydrolytic steps, one in each ring, were
thought to be necessary to perform one reaction
cycle (Burston et al., 1995). More recent experiments
have shown that for the release of GroES and ADP
from GroEL14/GroES7/ADP7 complexes, the bind-
ing of ATP to the opposite ring is sufficient (see Fig.
2; Kad et al., 1998; Rye et al., 1999). ATP hydrolysis
in a GroEL14/GroES7/ATP7 complex occurs at a
rate of 0.12 s~ *. In a former model the slowest step
in the GroE cycle was supposed to be the release of
GroES from the resulting GroEL14/GroES7/ADP7
complex, which occurs after ATP binding to the op-
posite ring (Burston et al., 1995). The experiments
by Rye et al. (1999) suggest that a structural tran-
sition of the ADP bullet after ATP binding to the
trans ring is the slowest step in the cycle (0.042 s™ %),
which is followed by a fast release of GroES (2 s™%).
The association of GroES with the trans-sided ATP
ring occurs with a rate constant very similar to that
of the GroES release in the opposite GroEL ring (1-2
s~ 1) (see Fig. 2).

In the presence of substrate protein in the trans
position, the rate of cis complex dissociation is
strongly accelerated. GroES is released from cis at a
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FIG. 3. Processed electron microscopic images of GroE complexes with or without substrate in the central cavity. (A) Bullet without
substrate in cis and an open conformation in trans. (B) Bullet in a closed conformation in trans. (C) Symmetric GroEL14/(GroES7)2
“football” complex. (D) Bullet with substrate in the cis cavity. (E) Football with one substrate in each cis cavity (adapted from Beil3inger

et al., 1999; and Grallert et al., 2000).

rate of 1-2 s~* (Rye et al., 1999). In this case, bind-
ing of a polypeptide to the trans side seems to accel-
erate the structural changes in an ADP bullet. As a
consequence, ATP hydrolysis becomes rate limiting
in the cycle. As substrate binding to the trans ring
occurs before GroES binding, the transition from
one folding active cis complex to the next is ensured
(Sparrer and Buchner, 1997; Rye et al., 1999).

It has been suggested that the transition from one
asymmetric GroEL14/GroES7/nucleotide7-complex
to another bullet proceeds mainly via free GroEL
rings unliganded with GroES (Hayer-Hartl et al.,
1995). The formation of a symmetrical GroEL7/
GroES7/ADP/GroEL7/GroES7/ATP7 intermediate
seemed to be unlikely, due to the rate constants of
the partial reactions (Fig. 2) (Burston et al., 1995;
Rye et al., 1997, 1999; Kad et al., 1998).

An alternative model for the GroE cycle involves
complexes consisting of GroEL with two GroES
rings bound (Todd et al., 1994; Azem et al., 1994,
1995; Sparrer and Buchner, 1997; Sparrer et al.,
1997). This model is based on the analysis of GroE
particles by electron microscopy and on folding ex-
periments performed with stringent substrate pro-
teins. These studies show clearly an increased effi-
ciency of folding only under conditions where
symmetrical GroE complexes are detected. These
football complexes are transient intermediates in
the reaction cycle, which are not strictly obligatory
but necessary for maximum efficiency in GroE-as-
sisted folding (see below and Fig. 5) (Azem et al.,
1995; Diamant et al., 1995; Sparrer et al., 1997;
BeilRinger et al., 1999).

FOOTBALLS AND BULLETS

Electron microscopy and image processing showed
that in the presence of ADP, asymmetric, bullet-
shaped particles are formed (Langer et al., 1992;
Llorca et al., 1994; Schmidt et al., 1994). In the

presence of either nonhydrolyzable ATP analogues
or ATP, both asymmetric and symmetric GroE com-
plexes were detected (see Fig. 3; Harris et al., 1994;
Schmidt et al., 1994; Llorca et al., 1994, 1996; Azem
et al., 1994, 1995). Subsequently, using analytical
ultracentrifugation it was shown that the two
GroEL rings bind GroES simultaneously (Behlke et
al., 1997). This is in agreement with the notion that
football complexes are only apparently symmetric.
The number of football complexes detected by elec-
tron microscopy and image processing amounts to
up to 80% of processed GroE particles (Schmidt et
al., 1994; Harris et al., 1994; Azem et al., 1994;
Llorca et al., 1996). Football complexes are signifi-
cantly populated under a variety of solvent condi-
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FIG. 4. Variation of the GroES to GroEL ratio in MBP folding
experiments (BeiRinger et al., 1999). The MBP to GroEL ratio was
2:1. The kinetics show the increase of folding amplitudes at a
GroEL to GroES ratio of either (m) 1:1 or (@) 1:2. The GroE-
assisted folding reaction was started after 60 s by the addition of
ATP and subsequently quenched after one reaction cycle by the
addition of apyrase. For details of the experiment see Beifdinger et
al. (1999). (¥) shows the control of the GroE catalyzed MBP
folding in the absence of the apyrase quench (adapted from
BeiBinger et al., 1999).
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FIG. 5. Football-bullet model for the reaction cycle of GroE. A cis-bullet particle with GroES, ADP, and nonnative protein (irregular
symbol; U’) attached to one GroEL ring binds a second folding intermediate to the high-affinity binding site of the trans ring (step 1). In
the next step, ATP and a second GroES associate to form a football-shaped particle (step 2), encapsulating two folding intermediates.
Hydrolysis of ATP in the lower GroEL ring releases GroES, ADP, and protein from the upper ring (step 3), thus completing the cycle and
restoring a new high-affinity acceptor state, which is now in a rotated state. The released nonnative protein (which folded from U’ to U
in cis; step 1) can either fold to the native state (N; step 7) or rebind to the chaperone (step 1). Reaction steps 4—6 are equivalent to steps

1-3 (adapted from Sparrer et al., 1997).

tions such as different salt concentrations or tem-
peratures (Azem et al., 1994; Diamant et al., 1995;
Llorca et al., 1996; Sparrer et al., 1997; BeilBinger et
al., 1999; Grallert et al., 2000). Notably, bricks (un-
liganded GroEL) were present only at a few percent
in these studies. This is in agreement with the find-
ing that GroES alternates dynamically between the
two ends of GroEL (Martin et al., 1993). An initial
caveat concerning the significance of football parti-
cles was that the conditions used in the experi-
ments, especially pH and Mg?* concentration, were
not physiological (Engel et al., 1995). However, in
subsequent electron microscopic studies it was
shown that symmetric complexes can also be de-
tected at physiological pH values and in the pres-
ence of low Mg?" concentrations. Under these con-
ditions, 58% of the complexes were football-shaped,
whereas no bricks were detected (Beil3inger et al.,
1999). Further studies by Llorca et al. (1996) re-
vealed that the number of footballs strongly depends

on the K* concentration and on the ATP to ADP
ratio. Low K™ concentrations as well as an excess of
ADP over ATP disfavor the formation of symmetric
complexes. However, in the presence of sufficient
ATP and K*, symmetric complexes were formed
even at a GroEL to GroES ratio of 4:1. Taken to-
gether, these studies led to the conclusion that foot-
ball particles form readily under a large variety of
experimental conditions, whereas bricks are not
populated (Schmidt et al., 1994; Azem et al., 1994,
1995; Llorca et al., 1996; BeilBinger et al., 1999).
These results strongly suggest that the GroE folding
cycle does not switch from one asymmetric complex
to another via GroEL particles unliganded with
GroES but via GroEL molecules liganded with two
GroES molecules. This suggestion was further sup-
ported by the demonstration of symmetric com-
plexes with encapsulated substrate proteins in both
cavities (Llorca et al., 1997; Sparrer et al., 1997). It
should be noted that football complexes are only
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apparently symmetric as they differ in the nucleo-
tide composition in the GroEL rings. One ring has
ATP bound while the other is in the ADP state. This
is in agreement with fluorescence anisotropy studies
analyzing the binding stoichiometry of pyrene-la-
beled GroES to GroEL in the presence of mixed
nucleotides. These experiments showed that only
one GroES molecule binds tightly to GroEL in the
presence of ADP or AMP-PNP. However, in the pres-
ence of a mixture of these nucleotides, both GroEL
rings can be titrated with GroES molecules (Goro-
vits et al., 1997). The same result was obtained in
the presence of ATP. Analysis of the stability of ADP
bullets and the exchange of the bound GroES with
GroES in solution led to the conclusion that also in
the presence of only ADP, the exchange of GroES
occurs via transiently formed symmetric GroE com-
plexes (Horowitz et al., 1999).

Kinetic studies on GroE-mediated refolding of
substrate proteins have shown a correlation be-
tween the efficiency of refolding and the occurrence
of symmetric GroEL14/GroES14 complexes (Azem et
al., 1995; Sparrer et al., 1997; Ben-Zvi et al., 1998;
Beil3inger et al., 1999). Direct evidence for the in-
volvement of football complexes in GroE-dependent
folding was obtained using a folding mutant of mal-
tose binding protein (MBP) as a substrate for GroE.
The folding process of this mutant is decelerated
compared to the wild-type protein (Chun et al.,
1993). It turned out that the GroE system acceler-
ated the folding process up to 30-fold (Sparrer et al.,
1997). Importantly, maximum catalysis was ob-
tained only at GroES to GroEL ratios at which foot-
balls were maximally populated (Sparrer et al.,
1997). This correlation between the increase in fold-
ing efficiency and the GroES concentration can be
explained only by the faster and more efficient con-
version of asymmetric cis complexes via symmetric
complexes. Further studies on the folding of MBP
revealed that within one GroE cycle the folding of up
to 75% of the MBP molecules was accelerated in the
presence of football particles (BeiBinger et al., 1999).
In the presence of bullets only, it is impossible to fold
more than 50% of the bound MBP in one round (see
Fig. 4; cf. Beillinger et al., 1999). This result high-
lights the importance of symmetric particles in the
GroE cycle (Fig. 5). The binding of two substrate
proteins simultaneously ensures an efficient
flip—flop mechanism of binding, release in the cavity,
and ejection into solution, with the two rings of
GroEL simultaneously active in protein folding
(Sparrer et al., 1997). Folding studies using barnase
as a substrate protein also led to the conclusion that
in the presence of GroES:GroEL ratios higher than
1, symmetric complexes that increase the efficiency
of folding were formed transiently (Corrales and

Fersht, 1996). Further analysis of the folding of bar-
nase and mMDH showed that the maximum rates of
folding for these proteins could be achieved at molar
ratios of GroES:GroEL oligomers of 2:1 and greater
(Ben-2vi et al., 1998). Thus the involvement of sym-
metric complexes seems to represents a general
mechanism for efficient folding of stringent sub-
strate proteins.

FOOTBALLS IN VIVO

Interestingly, most of the studies concerning the
involvement of symmetric GroE complexes in the
folding of substrate proteins were done under non-
permissive folding conditions (Azem et al., 1995;
Sparrer et al., 1997; BeiBinger et al., 1999). Since the
negative cooperativity between the two GroEL rings
decreases with increasing temperatures (Llorca et
al., 1998; Terada and Kuwajima, 1999) the release of
GroES from GroEL is decelerated (Llorca et al.,
1998). This implies that the association of a second
GroES with an asymmetric GroEL/GroES complex
is more likely at higher than at lower temperatures.
The physiological growth temperature of Esche-
richia coli is 37°C. Therefore the strong negative
cooperativity between the two GroEL rings that dis-
favors the formation of symmetric GroE complexes
should be decreased in vivo. Furthermore, the con-
centration of GroEL in the cell is high, around 2.5
uM (cf. Lorimer, 1996). Given the rate constants for
the formation of GroE complexes (Behlke et al.,
1997; Gorovits et al., 1997), these concentrations are
clearly sufficient to allow association of two GroES
molecules to GroEL. Interestingly in E. coli, the
groEL and groES genes are arranged in an operon
from which they are transcribed in a coordinated
manner, resulting in a 1:1 ratio of expressed sub-
units or a GroEL14 to GroES7 ratio of 1:2 (cf.
Lorimer, 1996). Furthermore, the nucleotide and
salt concentrations in E. coli correspond well to
those employed in the in vitro studies. Taken to-
gether, structural and Kinetic studies over the past
years have provided compelling evidence that foot-
ball particles are transient intermediates of the
GroE chaperone cycle mediating the switch from one
bullet to another.
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