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Symmetric Complexes of GroE Chaperonins as 
Part of the Functional Cycle 

Marion Schmidt, Kerstin Rutkat, Reinhard Rachel, Gunter Pfeifer, 
Rainer Jaenicke, Paul Viitanen, George Lorimer, 

Johannes Buchner* 
The particular structural arrangement of chaperonins probably contributes to their ability 
to assist in the folding of proteins. The interaction of the oligomeric bacterial chaperonin 
GroEL and its cochaperonin, GroES, in the presence of adenosine diphosphate (ADP) 
forms an asymmetric complex. However, in the presence of adenosine triphosphate (ATP) 
or its nonhydrolyzable analogs, symmetric complexes were found by electron microscopy 
and image analysis. The existence of symmetric chaperonin complexes is not predicted 
by current models of the functional cycle for GroE-mediated protein folding. Because 
complete folding of a nonnative substrate protein in the presence of GroEL and GroES only 
occurs in the presence of ATP, but not with ADP, the symmetric chaperonin complexes 
formed during the GroE cycle are proposed to be functionally significant. 

Chaperonins are abundant, indispensable 
proteins that participate in protein folding 
in vivo and in vitro (1, 2). The Escherichia 
coli chaperonins comprise two proteins, 
GroEL and GroES. These proteins have a 
particular oligomeric structure, as detected 
by electron microscopy (3-6) and x-ray 
crystallography (7). Native GroEL (sub- 
units of -57 kD) is a cylindrical tetrade- 
camer composed of two stacked rings with 
sevenfold symmetry, whereas GroES (sub- 
units of -10 kD) is a single heptameric ring 
(8). GroEL binds nonnative proteins with 
little or no specificity (2, 9). Binding is 
thought to occur in the central cavity (6, 
lo), although nonnative proteins can still 
be cross-linked to GroES, are prone to 

proteolysis, and can interact with antibod- 
ies (I I). ATP induces changes in the quar- 
ternary structure of GroEL that lead to a 
rotation of the individual GroEL subunits 
(5). The K+-dependent hydrolysis of ATP 
occurs cooperatively (1 2-1 5). GroEL also 
binds ADP and nonhydrolyzable analogs, 
although with lower affinity (1 4, 15). As for 
GroES, it couples ATP hydrolysis with the 
ability of GroEL to refold nonnative pro- 
teins (1 2). Upon association of GroES with 
GroEL, cooperativity of ATP hydrolysis is 
enhanced (13-16), and the rate of ATP 
turnover is reduced to 50% (1 7), Under 
nonpermissive refolding conditions in vi- 
tro, GroES is essential for GroE-mediated 
protein folding (1 8). - 

In the presence of adenine nucleotides, 
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chemical data point to a stoichiometry of 
one GroES heptamer per one GroEL tet- 
radecamer (6, 14, 15, 20). However, stoi- 
chiometry does not define the mechanism, 
it only sets mechanistic constraints. We 
now show that in the presence of ATP, but 
not ADP (that is, under conditions neces- 
sary for GroE-mediated protein folding), 
GroEL and GroES form a symmetric parti- 
cle, which may represent an obligatory, 
although transient, intermediate in a func- 
tional cycle (1 7). 

The asymmetric complex of both chap- 
eronins formed in the presence of ADP is 
stable (17); however, it is not a fully func- 
tional complex, because ATP hydrolysis is a 
prerequisite for GroE-mediated protein 
folding (20-22). Therefore, the observed 
stoichiometry of GroES to GroEL cannot 
be used as a basis for a general mechanism 
of chaperonin function. To determine the 
structural basis for the functional cycle, we 
compared the association of the two chap- 
eronins in the presence of ATP (Fig. 1A) 
versus ADP (Fig. 1B). With ATP, four 
different GroEL structures were detected 
after negative staining (Fig. 1A): (i) top 
views of GroEL with sevenfold rotational 
symmetry and an electron-dense center; (ii) 
brick-like structures with four stripes, rep- 
resenting typical side views of GroEL, con- 
sisting of two stacked heptameric rings of 
subunits, each having two distinct do- 
mains; (iii) asymmetric bullet-shaped par- 
ticles corresponding to the association of 
one GroES ring with only one of the two 
GroEL rings; and (iv) symmetric football- 
like structures, formed upon binding of 
GroES rings to both GroEL rings. (The 
football shape refers to an American foot- 
ball.) Similar images can be obtained after 
cross-linking (23). The optimal ratio of 
GroES to GroEL, necessary to form sym- 
metric particles, was achieved with a sub- 
unit molar equivalency. Higher concen- 
trations of GroES did not increase the 
number of symmetric particles. These re- 
sults were consistent with the stoichiomet- 
ric association of two heptameric GroES 
rings with one tetradecameric GroEL par- 
ticle. In contrast, only asymmetric com- 
plexes were observed in the presence of 
ADP (Fig. 1B) (6). 

To obtain a clearer and more detailed 
structure of the symmetric complexes, we 
averaged 560 football particles after transla- 
tional and rotational alignment (24). A rep 
resentative structure is shown in Fig. 2A. The 
binding of two GroES heptamers to opposite 
ends of the GroEL cylinder conferred a pro- 
nounced alteration in &EL side views. The 
four stripes, characteristic of GroEL alone, 
were reduced to two. Although the inner 
domains of each GroEL ring were unchanged 
upon the binding of GroES, the outer do- 
mains were altered by the interaction with the 

Fig. 1. Electron micro- 
graphs of negatively 
stained GroEL-GroES 
complexes in the pres- 
ence of ATP or ADP. 
GroEL and GroES were 
purified to apparent ho- 
mogeneity (28) from the 
E. coli strain JM 109 
harboring the plasmid 
pOF39 (29), as judged 
by silver stained SDS 
gels (30). Subsequent- 
ly, the pH of GroEL- and 
GroEScontaining Sam- 
ples was rapidly shifted 
to pH 4.5. After applica- 
tion to a cationex- 
change column (Mono S, Pharmacia), GroES showed no tryptophan-containing contaminations 
as judged by fluorescence spectroscopy. GroEL was further incubated with 10 mM ATP, 10 mM 
MgCI,, and 10 mM KC1 for 30 min at room temperature before the protein was applied to a gel 
filtration column (Superdex 200, prep grade, Pharmacia) for separation of aggregated peptides 
from the GroEL-containing peak. Concentrations were determined as described (30). For 
electron microscopy, 0.77 pM GroEL (monomers) and 1.48 pM GroES were incubated in the 
presence of 50 mM MgCI,, 50 mM KCI, and 2.5 mM ATP (A) or ADP (B) in a buffer containing 50 
mM tris (pH 8) for 30 min at room temperature. In control reactions in the absence of nucleotides; 
GroEL and GroES were not able to form hetero-oligomeric complexes. GroEL and complexes of 
GroEL-GroES in the presence of various nucleotides were negatively stained with 3% uranyl 
acetate. Electron micrographs were recorded with a Philips CM 12 at nominal magnifications of 
~45,000 and ~60,000. The scale bar represents 100 nm. 

&peronin. Both end layers had a bulged 
appearance upon amciation with GroES. 
Most likely the tip of the bulged ends of 
bullets and foothalls represents the side view 
of the additional GroES; thus, GroES proba- 
bly binds to GroEL, creating a common sev- 
enfold axis. 

An unbiased statistical distribution of 
the di#erent complexes was obtained with 
eigenvector-eigenvalue analysis (25) after 
alignment. This mathematical procedure 
separates the images of particles into sub- 

classes, according to structural similarities. 
The dominant features (dominant eigen- 
vectors) were size and mass distribution of 
the complexes. With no additional infor- 
mation or restraints to create subclasses, we 
obtained six structurally distinguishable 
classes of GroE side views as a result of this 
analysis (Fig. 2, B to G). Partitioning of the 
complexes into more than six subclasses did 
not convey additional structural informa- 
tion. Two distinct classes, both of bullets 
and footballs, were observed on the basis of 

areas of electron micrographs described in Fig. 1A were d~gitized with an ElKONlX CCD camera 
with a step size of 15 pm. Individual side views, selected interactively on a display system, were 
aligned iteratively with respect to translation and orientation by using standard correlation 
techniques (24). To detect interimage structural variations, the aligned images were subjected to a 
classification procedure based on eigenvector-eigenvalue data analysis (25). (A) Representative 
averages of 580 football particles and (B to G)  averages of side views representing the six classes 
obtained by the described analysis: (B) unloaded GroEL side views, (C) bullets, (D) open bullets 
with defined masses in the center of the molecule, (E) the same structure as in (D) with diffuse mass 
distribution, (F) footballs with defined mass distribution, and (G) footballs with diffuse masses in the 
center of the GroEL particles. The dimensions of the particles were calcul rt 14 
nm. (C to E) 19.5 nm x 14 nm, and (F and G) 24 nrn x 14 nm. The lo f the 
additional GroES in the complexes was -7.2 nrn. The number of I: the 
subclasses were (B) 48, (C) 81, (D) 106, (E) 68, (F) 104, and (G) 50. 

ated to be 
ngitudinal I 
)articles a\ 
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the defined or dihse mass distribution in 
the center of the GroEL side view. The 
difTerent classes probably reflect some vari- 
ability of the particles in their orientation 
relative to the carbon support. However, 
we cannot rule out the possibility that they 
represent structurally different subclasses. 
Calculation of the relative proportion of 
the individual species showed that about 
55% of all side views and complexes were 
symmetric (Table 1). Because complex for- 
mation in the presence of ATP is highly 
dynamic, as a result of the repetitive release 
and rebinding of GroES that accompanies 
ATP hydrolysis (17, 20), we expected a 
heterogenous distribution of symmetric and 
asymmetric complexes. The proportion of 
symmetric particles may depend on the 
ADP-ATP ratio at the time of the prepara- 
tion for electron microscopy (26). 

Our results indicate that there are two 
potential GroES binding sites at opposite 
ends of the GroEL cylinder, which can be 
simultaneously occupied in the presence of 

Table 1. Distribution of chaperonin complexes in 
the presence of ATP. The statistical analysis is 
based on the averaging procedure presented in 
Fig. 2 (6 to G). We excluded top views from the 
analysis because we cannot distinguish whether 
such particles contain one, two, or no molecules 
of GroES. DeM, defined mass in the center of the 
GroEL particle; DiM, d i s e d  mass distribution in 
the center of the GroEL particle; 610 particles 
wwld be equivalent to 100%. Of these particles, 
27 (4.4%) could not be attributed unambiguously 
to one of the structural classes obtained by the 
analysis. 

Representative Percent of side 
classes' views 

Unloaded side views 3 (Fig. 28) 
Closed bullets 12.4 (Fig. 2C) 
Open bullets (DeM) 14.6 (Fig. 20) 
Open bullets (DiM) 11.5 (Fig. 2E) 
Footballs (DeM) 36.2 (Fig. 2F) 
Footballs (DIM) 17.9 (Fig. 2G) 

ATP. The association of two GOES mole- 
cules with one GroEL particle is supported 
by the observation that the chaperonin 
proteins of Themus thermophilus have also 
been shown to form symmetric particles in 
the presence of ATP (4, 27). 

Next we explored complex formation un- 
der conditions known to influence the aden- 
osine triphosphatase (ATPase) activity of 
GroE proteins (1 5) to further characterize the 
functional significance of symmetric particles. 
The ATPase activity of GroEL-GroES com- 
plexes can be completely arrested by excess 
ADP (15, 17). If the o k e d  symmetric 
particle in the presence of ATP is an inter- 
mediate in the catalytic cycle, it might be 
expected to disappear on addition of excess 
ADP, in accordance with the kinetic model 
(1 7). When ADP was added to a solution 
known to contain symmetric particles, only 
asymmetric particles were subsequently o b  
served (Fig. 3A). Furthermore, the chapem- 
nin ATPase is K+dependent, and at low K+ 
concentrations, ATP hydrolysis by the 
GroELGroES complex comes to a halt after 
very few turnovers (12, 15). Therefore, we 
investigated complex formation with 1 mM 
K+ instead of 50 mM K+. As expected, only 
asymmetric particles were o k e d  under this 
condition (21). Consistent with the kinetic 
model, these results support the idea that the 
symmetric football-shaped particles are pres- 
ent only under conditions where the GroE 
system is able to facilitate the refolding of 
nonnative proteins, that is, when it is actively 
hydrolyzing ATP. 

We then determined whether the forma- 
tion of the symmetric particle was induced 
by ATP binding or ATP hydrolysis. For this 
purpose the nonhydrolyzable analogs 5'-ad- 
enylyl-irnidodiphosphate (AMP-PNP) and 
ATP-y-S were used. Symmetric football- 
shaped particles predominated in the pres- 
ence of AMP-PNP (Fig. 3B); only a few 
asymmetric, bullet-like particles were visi- 
ble. Similar results were obtained with ATP- 
y-S (21). We conclude that the binding of 

after 30 min of incuba- 
tion at room temperature to make sure that football formation had occurred as expected. To a 
second sample 10 mM ADP was added. After another 30 min of incubation, this sample was applied 
to grids and negatively stained. (B) GroEL and GroES were allowed to form complexes as in (A), but 
with 2.5 mM AMP-PNP instead of ATP. The electron micrographs were recorded as in Fig. 1. The 
scale bar represents 100 nm. 

ATP was sufficient to create symmetric 
GroEL-GOES complexes. In agreement 
with the single turnover experiments (13, 
we suggest that ATP hydrolysis by this sym- 
metric particle leads to the dissociation of 
one of the two GroES rings from the com- 
plex, so as to create the asymmetric parti- 
cles. The distribution of asymmetric bullets 
and symmetric footballs might therefore re- 
flect the rate of ATP hydrolysis and the 
relative concentrations of ATP and ADP. 
That footballs accumulate during the cata- 
lytic cycle suggests that they precede the 
rate-limiting step in the cycle. 

It has been proposed that the functional 
state of GroEL-GroES com~lexes is the 
asymmetric bullet structure with an altered 
surface at the distal end of the GroEL parti- 
cle (that is, the ring opposite GOES), which 
prevents the binding of a second GroES and 
preserves structural and functional asymme- 
try (6). In contrast, under conditions where 
protein folding is facilitated (that is, in the 
presence of ATP) , we have shown here that 
a second GOES can bind and that the 
symmetric football and the asymmetric bul- 
let are probably both intermediates in the 
catalytic cycle. The functional significance 
of the open-bullet-like particles (Fig. 2, D 
and E) is unclear. Perhaps they represent 
another intermediate species in the cycle. It 
is also possible that the open surface at the 
distal end of the GroEL cylinder is caused by 
stain-induced disrupture of football-shaped 
complexes during the preparation of the 
proteins on the grids. 

In conclusion, our results suggest a func- 
tional role for symmetric complexes. A 
redefinition of the cvcle of GroE-facilitated 
protein folding, incorporating this species, 
would therefore appear to be necessary. A 
unifylng model consistent with these struc- 
tural and stoichiometric considerations has 
been developed (17). In support of this 
model and in agreement with cross-linking 
studies (23), we show that symmetric com- 
plexes can be observed, but only under 
conditions where the svstem is able to 
promote the refolding of nonnative sub- 
strate proteins. Formation of symmetric 
complexes follows the binding of ATP, 
whereas the dissociation of one ring of 
GroES follows ATP hydrolysis. TheVdy- 
namics of the system during ATP hydrolysis 
are reflected in the distribution of footballs 
and bullets. Both the asymmetric and the 
symmetric complexes are necessary to sus- 
tain the operation of the cycle. 
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Dynamics of the Chaperonin ATPase Cycle: GroES to one of the two rings of GroEL, 
which occurs only in the presence of ade- 

Implications for Facilitated Protein Folding nine nucleotide, creates an asymmetric 

Matthew J. Todd, Paul V. Viitanen, George H. Lorimer* 
The Escherichia colichaperonins GroEL and GroES facilitate protein folding in an adenosine 
triphosphate (ATP)Aependent manner. After a single cycle of ATP hydrolysis by the aden- 
osine triphosphatase (ATPase) activity of GroEL, the bi-toroidal GroEL formed a stable 
asymmetric ternary complex with GroES and nucleotide (bulletlike structures). With each 
subsequent turnover, ATP was hydrolyzed by one ring of GroEL in a quantized manner, 
completely releasing the adenosine diphosphate and GroES that were tightly bound to the 
other ring as a result of the previous turnover. The catalytic cycle involved formation of a 
symmetric complex (football-like structures) as an intermediate that accumulated before the 
rate-determining hydrolytic step. After one to two cycles, most of the substrate protein 
dissociated still in a nonnative state, which is consistent with intermolecular transfer of the 
substrate protein between toroids of high and low affinity. A unifying model for chaperonin- 
facilitated protein folding based on successive rounds of binding and release, and partitioning 
between committed and kinetically trapped intermediates, is proposed. 

Chaperonins are ubiquitous, indispensable strate protein must be discharged from the 
proteins that, facilitate protein folding in an binary 'complex in a state that allows commit- 
ATP-dependent manner (I), enhancing the ment to the native state, which usually re- 
yield (but rarely the rate of formation) of quires the complete chaperonin system of 
properly folded substrate protein under condi- GroEL, GroES, and the hydrolysis of ATP 
tions where spontaneous folding does not (4). Here, we describe how these three com- 
occur (2). Chaueronins are tvuified bv the two uonents interact with each other to assist 

\ , , . 
E. cob heat shock proteins GroEL (chapero- protein folding. We propose that, in contrast 
nin 60) and GroES (chaueronin 10) (1). to other models. the unfolded urotein sub- ~. , ~, 

GroEL forms a binary complex with many strate plays a passive role in this process. 
unfolded uroteins (3) and thus is uromiscuous GroEL (5) consists of two stacked heu- ~, ~, 

rather than selective. To achieve the native tameric rings of seven identical 57-kD sub- 
state under nonpermissive conditions, a sub- units each (6). GroES is a single homo- 

heptameric toroid of 10-kD subunits (7). 
E I. DuPont de Nemours and Company, Central Re- "OEL has a K+-dependent adenosine tri- 
search and Develo~ment De~artment. Ex~erimental Sta- phosphatase (ATPase) activity (one turn- . . 

tion, Wilmington, DE 19880, USA. over every 10 to 12 s) that is inhibited by 
*To whom correspondence should be addressed. GroES (6-1 2). The binding of one ring of 

(whlre ADP is adinosink diphosihate) (5: 
9). The stoichiometrv of this species has 
been inferred from kinetic measurements of 
GroEL ATPase activity (8-12) and ob- 
served directly by electron microscopy (1 3, 
14). GroES binding inhibits GroEL 
ATPase from 50 to loo%, depending on 
the concentrations of ATP, ADP, and K+ 
(9). At high K+ concentrations, half of the 
sites remain fully active, resulting in 50% 
inhibition. At low K+ concentrations, the 
ATPase activity of GroEL can be complete- 
ly inhibited by a single ring of GroES after 
as little as one-half of the GroEL protomers 
(seven sites) have turned over (9). This 
complete inhibition can be reversed by 
raising the concentration of either ATP or 
K+ or by removing the inhibitory ADP. 
Under such circumstances, ATP hydrolysis 
resumes at -50% of the uninhibited rate. 
The GroES inhibition reflects a decreased 
affinity of unoccupied sites of the asymmet- 
ric complex for ATP (relative to ADP) (9). 

Steady-state kinetics, however, do not 
provide an adequate description of the chap- 
eronin ATPase cycle. We therefore exploited 
the slow hydrolysis of ATP and the stability of 
the asymmetric complex to analyze the dy- 
namics of the chaperonin system. To examine 
the consequences of a single round of ATP 
hydrolysis (all seven sites on one ring of 
GroEL turning over once), we manipulated 
the concentrations of K+, ATP, and ADP to 
turn on or off the hydrolysis of ATP at will, 
while the integrity of the chaperonin proteins 
was maintained. 
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