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Abstract

The incubation of chaperonins cpn60 (GroEL) and cpnl0 (GroES) from E. coli in the presence of Mg-ATP and KCl generates the formation, as
revealed by electron microscopy, of GroEL-GroES complexes with a symmetrical shape in which one toroidal GroES oligomer is bound to each
end of the tetradecameric GroEL aggregate (1:2 GroEL : GroES oligomer molar ratio). The symmetrical complexes are not observed in the presence
of ADP or the non-hydrolyzable ATP analog, ATPyS, where only asymmetrical complexes (1:1 GroEL : GroES oligomer molar ratio) are formed.
These results suggest that ATP hydrolysis is required for the formation of symmetrical complexes.
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1. Introduction

Chaperonins are members of the Hsp60 proteins in-
volved in the proper folding and assembly of a variety
of proteins [1-4]. The family comprises chaperonins of
bacterial origin, like GroEL [5,6], from eukaryotic or-
ganelles, such as the mitochondrial Hsp60 [7] or the ru-
bisco binding protein [8], from the eukaryotic cytosol,
such as the TCP-1 chaperonin [9], or from thermophilic
bacteria, such as TF55 from Sulfolobus shibatae [10]. The
best known member of this family is GroEL from E. coli.
GroEL is a 14-mer double toroid of approx. 800 kDa
[5,6] which exhibits a low ATPase activity [6], requiring
potassium ions [11], and this activity is inhibited in the
presence of the co-chaperonin, GroES, a small hep-
tameric ring of 70 kDa [12,13]. GroEL (from now on we
will refer to GroEL and GroES as the tetradecameric
and heptameric aggregates, respectively) has been found
to catalyze the folding of certain proteins in an Mg-ATP-
dependent manner [14,15]. For the folding of other pro-
teins, Mg-ATP and GroES are needed [14,16]. GroES
seems to modulate the function of GroEL by coupling
the K*-dependent hydrolysis of ATP to the exit from
GroEL of the folded or partially folded target protein
[11]. According to the most recently proposed mecha-
nism, GroES stabilizes GroEL in the ADP-bound state.
Binding of the unfolded protein within the GroEL cavity
triggers ADP and GroES exit. Upon exchange of ADP
for ATP, GroES binds again to GroEL and the hydroly-
sis of ATP releases the bound protein for folding. Par-
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tially folded protein can repeat this charge—discharge
cycle until folding is complete [17].

Using both electron microscopy and biochemical tech-
niques, GroES has been found to form a 1:1 asymmetric
complex with GroEL by binding to one end of the
GroEL double toroid [18,19]. The binding of GroES
would trigger conformational changes in the other end
of GroEL so that the binding of another GroES is ap-
parently impeded [19]. Here we describe the formation
of symmetrical GroEL-GroES complexes, with a ring
of GroES on each side of the GroEL oligomer
(GroEL:GroES, 1:2), as opposed to the already
described asymmetrical ‘bullet-shaped’ complexes
(GroEL:GroES, 1:1). This result is discussed
in the light of new data on the ATPase activity of GroEL
in the presence of GroES [20].

2. Materials and methods

2.1. Purification of GroEL and GroES

E. coli chaperonins were obtained from a pOF39 plasmid-harbouring
E. coli strain that over-expresses both GroEL and GroES [21]. Cells
were lysed with alumina at 4°C and suspended in buffer A (50 mM
Tris-HC], 2 mM EDTA, 0.02% NaN,, pH 7.7). The lysate was centri-
fuged at 15,000 x g for 30 min at 4°C. Supernatant was mixed with
0.4 M NaCl in buffer A (1:10, supernatant/buffer volume ratio) and
precipitated with 1% polyethylenimine (final concentration) for 30 min
at 4°C. After centrifugation at 15,000 x g for 30 min at 4°C, superna-
tant and pellet were separated. Pellet contained GroEL while superna-
tant contained GroES, and, therefore, they were purified separately.

The GroEL-containing precipitate was extracted overnight with 1 M
Nacl in buffer A at 4°C. Supernatant was precipitated with 60% am-
moniun sulfate and then centrifuged in a 5-20% sucrose gradient at
415,000 x g for 2.5 h at 4°C [22]. Fractions were analysed by SDS-
PAGE [23]. The fractions containing pure GroEL were pooled and
stored at ~80°C. The GroES-containing supernatant was precipitated
with 55% saturated ammonium sulfate. The precipitate was re-dis-
solved in a small volume of buffer A and dialysed overnight against the
same buffer (10-fold) at 4°C. After centrifugation at 15,000 x g for
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30 min at 4°C, the GroES-enriched supernatant was loaded onto a
hydroxylapatite column (Calbiochem) previously equilibrated with
buffer A. GroES was eluted with a 5-90 mM potassium phosphate
gradient. Fractions were analysed by SDS-PAGE and the fractions
containing GroES were pooled and dialysed overnight against buffer
A with 50 mM NaCl. The resulting solution was then applied onto a
DEAE-32 column (Whatman) equilibrated with 50 mM NaCl in buffer
A and eluted with a 50-300 mM NaCl gradient in the same buffer.
Fractions containing pure GroES were pooled and stored at —80°C.
GroES was more than 95% homogeneous as revealed by SDS-PAGE.

2.2. Rhodanese refolding assay

Rhodanese from bovine liver (Sigma) was denatured in 8 M guani-
dinium chloride and diluted 50-fold into buffer 50 mM Tris-HCI con-
taining 0.2 uM GroEL, 0.3 uM GroES, 2 mM ATP, 15 mM MgCl,,
5 mM KCl, 1 mM DTT and 70 mM Na,S,0,. Rhodanese final concen-
tration was 0.35 4M. Incubation was carried out at 37°C. Controls
omitting one of the chaperonins or the ATP were made to determine
rhodanese refolding requirements. Rhodanese activity was measured as
described [24]. 50 1l aliquots were removed from the incubation mixture
at0, 15, 30 and 60 min. 10 ul of 0.5 M EDTA was added to each aliquot
to stop the Mg-ATP-dependent chaperonin reaction. Aliquots were
then added to the standard assay mixture and the reaction product was
determined after 30 min incubation at 37°C.

2.3. Sample preparation and electron microscopy

GroEL (0.3 uM, final concentration) samples were incubated for 15
min at room temperature in 50 mM Tris-HCl, 15 mM MgCl,, 5 mM
KCl and 2 mM ATP at pH 7.7 (final concentrations). GroEL-GroES
complexes (1:1.5 and 1:5 oligomer molar ratio) were prepared by
mixing GroE and GroES in 50 mM Tris-HCI, pH 7.7, 10 mM MgCl,,
5 mM KCl and 2 mM ATP, 2 mM ADP or 2 mM ATPyS (Boehringer)
in each case (final concentrations). Complexes were incubated for 15
min at room temperature. GroEL and GroEL—GroES complexes were
negatively stained with freshly made 2% uranyl acetate on thin carbon-
coated collodion grids previously glow-discharged for 15 s, Transmis-
sion electron microscopy was performed in a JEOL 1200EX electron
microscope operated at 100 kV. Electron micrographs were obtained
under minimum electron dose conditions at a magnification of x 60,000
on KodaK film SO-163.

2.4. Image processing

Micrographs were digitized using a Eikonix IEEE-488 camera with
a pixel size equivalent to 0.7 nm in the specimen plane. All particle
projections corresponding to side views were selected. Then, 64 x 64
pixel single particles were extracted and translationally aligned by
cross-correlation with a circular mask. Population homogeneity was
tested by means of a neural network self-organizing Kohonen-based
map classifier [25,26]. When different populations were observed in the
classification map, each homogeneous groups was processed independ-
ently to obtain an average image using a reference-free alignment
method [22,27]. Resolution was estimated by the spectral signal-to-
noise ratio (SSNR) method [28].

3. Results and discussion

3.1. Characterization of functional assay conditions
Due to the complexity of the interaction of the differ-
ent factors involved in the process of protein folding
mediated by chaperonins, we focused our attention on
a simple assay that measures the folding of rhodanese in
the presence of GroEL and GroES [19,24]. Both pro-
teins, purified as described in section 2, are required for
the succesful folding of rhodanese in the presence of 2
mM ATP and 15 mM MgCl, (Fig. 1). We then studied
the morphology of the chaperonin complexes formed
under these conditions that led to active peptide folding.

O. Llorca et al. |IFEBS Letters 345 (1994) 181-186

80 A
3
E 60-
c
o
Q
8
S 40_
o
£
5
2
@ 20
1

o 20 40
Time (min)

x
2
Z
60

Fig. 1. Rhodanese refolding assay. Rhodanese was unfolded and re-
folded as described in section 2. Refolding was carried out in the
presence of GroEL, GroES and Mg-ATP (@), GroEL and Mg-ATP (),
GroES and Mg-ATP (x) or GroEL and GroES without ATP (A). The
final concentration of rhodanese in the mixture was 0.37 uM.
Rhodanese refolding is expressed as a percentage of the activity ob-
tained for 0.37 uM native non-denatured rhodanase under the same
conditions.

3.2. Structure of the GroEL-GroES complexes built up in
the presence of ATP

The interaction of GroEL and GroES in the presence
of ADP leads to the formation of an asymmetric complex
in which the GroES seems to interact with only one of
the two ends of the cylindrically shaped GroEL
[18,19,29]. This interaction also induces a number of
changes in the morphology of GroEL, some of them
similar to those produced by the interaction of GroEL
with ATP [29]. Electron microscopy of the complexes
formed under the conditions of the functional assay de-
scribed in Fig. 1 showed, besides the characteristic circu-
lar front views, the presence of side views that were
clearly different to those found in the absence of GroES
(Fig. 2A,B). Besides the so called ‘bullet-shaped’ side
views that have been described previously (Fig. 2B, ar-
rowheads), other images were consistently found that
showed more symmetrical profiles than the former (Fig.
2B, arrows). While at a 1:1.5 GroEL : GroES molar ratio
the symmetrical particles represented 50% of the total
GroEL-GroES complexes, they reached 95% at a 1:5
GroEL:GroES molar ratio.

In an attempt to distinguish classes among the ob-
served side views from the complexes, the population
was subjected to a Kohonen-based self-organizing map
[25,26]. Fig. 3 shows the presence of representative side
views that are either symmetrical (labeled S) or asymmet-
rical (labeled A). To further analyze these views, images
corresponding to each class were averaged (Fig. 4).
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Fig. 2. Representative fields of micrographs resulting from the incubation of (A) GroEL with Mg-ATP and K*, (B) GroEL, GroES, Mg-ATP and
K*, (C) GroEL, GroES, Mg-ADP and K*, and (D) GroEL, GroES, Mg-ATPyS and K*. In B two structural classes of side views are observed,
aparently corresponding to previously described asymmetric GroFL-GroES complexes (arrowheads) and to more symmetrical complexes (arrows).
In C and D only asymmetrical complexes and non-bound GroEL could be seen. Bar = 50 nm.

Asymmetrical side views were consistent with those pre-
viously described [18,19], with the additional mass (most
likely corresponding to GroES) clearly visible at one end
of the GroEL cylinder (Fig. 4A,B). On the other hand,
the other views are quite symmetrical, with two similar
regions at both ends of the rectangular projection of the
GroEL cylinder. The acceptable resolution of these aver-
ages (2-3 nm) allowed a close comparison between them,
revealing the similarity of the caps in both the symmetri-
cal and asymmetrical complexes (Fig. 4C), with the rest
of the structure being very similar to the already de-
scribed complexes. The morphology of the symmetrical
GroEL-GroES complex is consistent with the hypothe-
sis that these particles result from the interaction of one
GroES toroid at each end of the GroEL cylinder.

3.3. Structure of the GroEL-GroES complex formed in
the presence of ADP and non-hydrolizable ATP
The surprising finding of GroEL aggregates capped at

both ends with two GroES toroids in the presence of
ATP and magnesium posed the question of the eventual
role of these complexes in the chaperonin-mediated fold-
ing mechanism. As a first step, we checked whether ATP
was strictly needed for the formation of the symmetric
complex. GroEL and GroES were incubated under the
conditions described for the functional assay, except that
ADP was added instead of ATP. Electron microscopy of
the samples revealed side views corresponding to the
asymmetric class (Fig. 2C), that after averaging (Fig. 5A)
were similar to the asymmetrical ones found under ATP
incubation (Fig. 4B) or those previously described
[18,19].

Due to the absence of symmetric views in the presence
of ADP, samples of GroEL and GroES were incubated
in the presence of the non-hydrolyzable ATP analog,
ATPYS [30]. No symmetrical complexes were observed
in those preparations (Fig. 2D). The averaged image of
the asymmetric complex found under these conditions
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Fig. 3. Dictionary output vectors corresponding to a Kohonen-based image classification of side views obtained from samples of GroEL and GroES
incubated in the presence of Mg-ATP and K*. Two clearly different GroEL-GroES complexes are located at opposite corners in the classification
map. The top left-hand corner shows asymmetrical complexes (labeled A) while the bottom left-hand corner corresponds to symmetrical complexes

(labeled S).

was essentially identical to that found using ADP (Fig.
5B).

A common structural feature in the asymmetric com-
plexes found with ADP and ATPyS is the fact that the
GroEL end distal to the one interacting with GroES is
different to the one found in the complexes obtained
after ATP incubation (compare Figs. 4B, 5A, and 5B).
Although the difference is subtle, it is clear that in the
complex formed with ATP, both GroEL ends are more

similar (i.e. following a truncated cone profile, as de-
scribed for the isolated GroEL incubated with ATP [29]),
whereas in the asymmetrical complexes formed in the
presence of ADP or ATPyS, the end distal to the one
interacting with GroES is more similar to the flat cylin-
der end characteristic of the GroEL devoid of ATP. Due
to the fact that differences in this range have been de-
scribed already as possible classes reflecting an intrinsic
structural heteronegeity of GroEL-GroES complexes

Fig. 4. Average projection images of GroEL and GroEL-GroES complexes obtained after incubation in the presence of Mg-ATP and K*. (A) Average
side view from negatively stained GroEL. The length and width of the average image is 15 nm and 13 nm, respectively. (B) Average side view from
asymetrical complexes. This average is consistent with one GroES asymmetrically bound to just one end of the GroEL double toroid. The length
and width of the average image is 18.5 nm and 13 nm, respectively. (C) Average side view from symmetrical complexes. The length and width of
the average is 21.7 nm and 13 nm, respectively. This average image is consistent of GroES binding simultaneously to both ends of the GroEL double
toroid. The total number of particles used in the final average image were 237, 912 and 421, respectively. The final resolution obtained was 3.1 nm,

2.3 nm and 2.8 nm, respectively.
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Fig. 5. Average side views of GroEL~GroES complexes obtained after
incubation in the presence of K* and (A) Mg-ADP and (B) Mg-ATPyS.
Only asymmetrical GroEL-GroES complexes were observed in both
cases. The total number of particles used in the final average image was
169 and 102, respectively. The final resolution obtained was 3.0 nm and
3.2 nm, respectively.

[19], the real significance of these differences between
ATP, ADP and non-hydrolizable ATP demand further
analysis of more numerous particle populations to yield
higher resolution and to allow better classification proce-
dures.

Most of the current models for the chaperonin-assisted
folding mechanism are based on reaction cycles that in-
volve the sequential interaction of GroEL and GroES
correlating with cycles of ATP binding and hydrolysis
[17,20]. All these models rely on the functionality of
asymmetric GroEL-GroES complexes where one
GroES complex binds to one end of the GroEL cylinder,
although both ends are potentially capable of binding
GroES [17,31,32]. The finding that GroES can be assem-
bled at both ends of the GroEL cylinder under functional
conditions poses the question of a possible role of this
complex in the folding mechanism. Binding of one
GroES toroid to one GroEL oligomer gives rise to a
decrease in the ATP hydrolysis to 50% of the GroEL rate
[33]. Furthermore, there is a subsequent step in which the
ATP hydrolysis is completely inhibited, a step that can
be reversed, increasing the ATP/ADP ratio [20]. One
evident explanation for this change from 50% hydrolysis
to a total inhibition could be the interaction of a second
GroES toroid to the asymmetric GroEL-GroES com-
plex, thus leading to a symmetrical inhibited complex
that would have to be taken into account when describ-
ing the folding cycle (an hypothesis already suggested in
[20]).

The fact that symmetrical complexes are only present
under conditions leading to folding activity, and not
when ADP is used, explains why they have not been
detected in previous studies [19,29]. On the other hand,
the absence of these symmetrical complexes when the
incubation is carried out with a non-hydrolizable ATP
homolog suggest that ATP hydrolysis might be needed
to generate a stable complex, and further supports the
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possible functional relevance of these symmetrical com-
plexes.

Although additional studies will be needed to clarify
the role of the symmetrical complex in the chaperonin-
assisted folding mechanism of peptides, as well as its
relationship with the GroEL complex and the asymmet-
ric GroEL~GroES complex, the results presented in this
paper will drive other studies looking for these new com-
plexes in different experimental systems and under other
experimental conditions.
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