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FiG. 7. The GroEL/ES complex prepared at room temperature from a mixture containing a 1:1 molar ratio, conventionally negati\}ely

stained with 2% uranyl acetate. In (a), after 15 min incubation some symmetrical hollow ellipsoidal GroEL/ES complexes are present
(encircled), together with “bullet-shaped” asymmetrical complexes (large arrowheads), some free GroES (small arrowheads), and short
linear chains of molecules. In (b), after longer incubation (1 hr), aggregation of the GroEL molecules into many elongated chains occurs,
the interpretation being that single GroES molecules provide a cross-link between consecutive GroEL molecules. Scale bars, 100 nm.

could be supported, as can happen in regions con-
taining many closely apposed complexes and in re-
gions of deep negative stain (Figs. 9b and 10b).
Within the deeper negative stain, there is an inher-
ent variability between the side-on images of the
symmetrical GroEL/ES complexes, as would be ex-
pected from the slightly varying tilt positions a
three-dimensional ellipsoidal structure might adopt,
when positioned on its side. In general, the symmet-
rical images of the GroEL/ES complex presented
here (Figs. 8 to 10) show the complex to be ellipsoi-
dal in overall conformation, particularly when the
negative stain is rather deep. Within the complexes
the double band of protein, from the paired cpn60
central domains of the hollow cylindrical GroEL 2 X

7-mer is always predominant, whereas the cpn60
end-domain protein bands of the GroEL cylinder ap-
pear to have become structurally modified following
interaction with the GroES, to generate the two
curved ends. In shallower negative stain (Fig. 9a),
the linear outline of the ellipsoidal complexes is re-
vealed more distinctly, again with a predominant
central double band of protein (also, cf. the averaged
image of uncomplexed GroEL, Fig. 3c). The occa-
sional “bullet-shaped” complex has often been de-
tected in both the higher molar ratio conditions.
This may indicate that in our material there is a
small population of molecules which are thermody-
namically or structurally unable to react with GroES
at both ends.
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FIG.8. GroEL/ES complexes prepared at room temperature from a 1:2 molar ratio, conventionally negatively stained with 2% uranyl
acetate. Samples taken after 15 min incubation (a) contain numerous symmetrical hollow ellipsoidal complexes, together with short
linear aggregates (arrowheads). Free GroES is just detectable at this short incubation time. At longer incubation times (i.e., 1 hr to 1 day)
(b), larger linear aggregates are present, but in general these are somewhat smaller than those present in the 1:1 ratio of GroEL:GroES,
at comparable times. Little free GroES is detectable at the longer incubation times. Scale bar, 100 nm.

DISCUSSION

The two crystallographically averaged 2-D images
of GroEL we have presented agree very well with
those obtained by single particle image processing
(Saibil et al., 1993; Zwickl et al., 1990), clearly indi-
cating that the NS-CF crystallization technique
does not lead to molecular distortions. The side-on
image average of GroEL (Fig. 3c) within the p21
crystal form appears to be most similar to the cpn60
“3-D section” average of Saibil et al. (1993), un-
doubtedly because the 2-D crystals used for our im-
age processing were partly covered by relatively
shallow negative stain. Within our side-on recon-
structed image (Fig. 3c) there is no indication of ad-
ditional protein within the central hollow channel of
the molecule (cf. Saibil et al., 1993; Saibil and Wood,
1993). Technically, it should be possible to produce
imaged averages of protein molecules within crys-
tals that are embedded in progressively increasing
depths of negative stain. That such an approach may
provide useful structural information has been sug-
gested by Harris and Horne (1994).

The end-on image of GroEL (Fig. 4c) shows clearly
the characteristic sevenfold symmetry of the mole-
cule, despite the fact that there is again relatively

shallow negative stain, only partly covering the
molecules within the 2-D crystal. Very significantly,
no indication of domain plasticity is apparent within
this p21 crystal form (cf. Zahn et al., 1993). In all
probability the image obtained may be derived from
only the lower half of the dimeric (2 X 7-mer) mol-
ecule, which is more completely surrounded by neg-
ative stain. Despite this limitation, the heptagonal
reconstruction would appear to be a reasonably
valid projection image of the complete molecule, par-
ticularly as it is in general agreement with other
published data obtained from single particle analy-
sis of negatively stained cpn60 molecules.

It is to be noted that the 2-D crystals of GroEL
produced by the NS-CF technique in the presence of
PEG were found to be greatly superior to the 2-D
arrays produced from the Bordetella pertussis cpn60
homologue (the 22S antigen) in the absence of PEG
(Harris, 1982). Nevertheless, in the presence of PEG
both 2-D arrays of nucleating groups of molecules
and somewhat disordered quasi 2-D crystals are
found alongside genuine 2-D crystals (Harris, 1991;
Harris et al., 1993; Zahn et al., 1993). Thus, the cur-
rent NS-CF technique is also useful for defining the
very early stages of molecular association leading to
2-D crystal nucleation.
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F1G6. 9. GroEL/ES complexes prepared at room temperature from a 1:4 molar ratio, conventionally negatively stained with 2% uranyl
acetate. The complexes formed under these conditions possess predominantly symmetrical hollow ellipsoidal shapes, with little difference
between specimens prepared at increasing times of incubation. Free GroES is readily detectable, together with very short linear aggre-
gates (arrowheads), that contain two or three GroEL molecules, with curved “bullet-shaped” ends. These small linear complexes are
apparently stable over a period of days. In (a) the negative stain is relatively shallow and in (b) it is somewhat deeper. Scale bar, 100 nm.

It will be of interest to investigate further the 2-D
crystallization of GroEL in the presence of bound
ADP and ATP, again for comparison with the exist-
ing published data obtained by single particle anal-
ysis (Saibil et al., 1993; Langer et al., 1992), where a
significant change in molecular shape was shown. It
is clearly apparent that greater control of the depth
of the negative stain surrounding macromolecules
within 2-D crystals and indeed freely dispersed mac-
romolecules is required. Harris and Horne (1994)
have recently proposed that the inclusion of a low
concentration of surfactant octyl-g-D-glucopyrano-
side may assist stain penetration and tend to combat
any hydrophobicity associated with the carbon sup-
port film. In addition, it was proposed that trehalose-
negative stain mixtures may be beneficial by pro-
viding increased protein stability, and at the same
time a greater and controllable depth of negative
stain, for both single protein particles and 2-D pro-
tein crystals (J.R.H., unpublished observations). It
will therefore be important to be able to study the
2-D crystals of GroEL at low temperatures (eg.
—175°C) using trehalose-negative stain mixtures

and also when embedded in vitreous ice, for compar-
ison with the ongoing X-ray crystallography of this
protein (Spangfort et al., 1993; Svenssen et al.,
1994).

However, both the side-on and end-on 2-D crystals
with p21 symmetry are in principle suitable for fu-
ture 3-D reconstruction, which will give more de-
tailed information about the arrangement of sub-
units and domains within the GroEL molecule. In
contrast to single particle averaging, such 3-D re-
construction from 2-D crystals of GroEL has the ad-
vantage that no molecular symmetry has to be im-
posed during the image processing. Thus, there is no
loss of structural information during the image pro-
cessing from a 2-D crystal, which may occur from
single molecule averaging.

It will be of interest to investigate the variable
negatively stained images obtained from the ran-
domly dispersed GroES molecules, which are most
likely to be due to a number of varying orientations
of the molecule on the carbon support film (cf. hu-
man erythrocyte catalase, Harris and Holzenburg,
1989; Harris et al., 1993). A ring-like molecule
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FIG. 10. GroEL/ES complexes prepared at room temperature

from a 1:10 molar ratio, conventionally negatively stained with 2%

uranyl acetate. The complexes exhibit almost totally the hollow ellipsoidal conformation, with no apparent difference between specimens
prepared at increasing times of incubation. A large amount of free GroES is readily apparent and no short linear aggregates are present.
In (a) the negative stain is relatively shallow and most of the ellipsoidal complexes are orientated side-on, whereas with slightly deeper
negative stain (b) some complexes are oriented end-on. Even at this high molar ratio of GroEL:GroES, the occasional bullet-shaped

complex can be detected (arrowheads, a). Scale bar, 100 nm.

would not be expected to generate a large variety of
images (cf. Harris, 1969). However, deviation from a
strictly ring-like quaternary structure could readily
generate a number of different orientations for the
molecule during the 2-D crystallization and nega-
tive staining procedures, resulting in a number of
different projection images. There is no electron mi-
croscopical evidence to suggest that GroES has any
tendency to dimerize or form rod-like multimers, as
might be expected if it was a ring of seven 10-kDa
subunits. We have, however, shown that GroES is
able to create flexible linear aggregates. It is possi-
ble that the GroES molecule, although approxi-
mately circular, does possess an inherent rotational
asymmetry, as has been described for the E. coli
transcription terminating factor Rho (Gogol et al.,
1991) and is indicated in the images of the Limulus
polyphemus sialic acid- and phospholipid-specific
lectin (Fernéandez-Morén et al., 1968; and J .R.H., re-
cent unpublished observations).

This apparent lack of image uniformity expressed
by GroES could also be due to other possibilities.
The molecular quaternary structure may indeed be

variable due to damage produced during purification
and storage (Chandrasekhar et al., 1986), or during
the negative staining procedure, or, more likely, to
inherent instability or structural plasticity. Re-
cently, a mobile loop within the GroES 10-kDa sub-
unit has been described (Landry et al., 1993). Such
flexibility may be required in the subunits or loops
of the GroES 7-mer to enable them to bind, in the
presence of ATP, simultaneously to sites on seven
GroEL subunits, which also show molecular plastic-
ity (Zahn et al., 1993). The flexible arrangement of
GroEL and GroES subunit or domains may promote
the binding and/or release of substrate proteins and
may be a prerequisite for the surprisingly large sub-
strate promiscuity of the chaperone.

Future low dose-low temperature negative stain-
ing and cryoelectron microscopy of GroES single
molecules and 2-D crystals is planned, together with
single particle averaging, crystallographic image
processing, and correlation averaging, in an attempt
to obtain more accurate information concerning the
quaternary structure of this small protein. Improved
2-D crystals of GroES are clearly required, in order
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to obtain meaningful comparison of the EM data
with that derived from X-ray diffraction analysis
(Weaver et al., 1993).

The formation of filamentous GroEL aggregates
in the presence of a low molar ratio of GroES:GroEL
(1:1 and 2:1) suggests that these aggregates may
contain an alternating linear sequence of ES-EL—
ES-EL-ES. It must be emphasised that filaments of
this type have never been detected in the absence of
GroES and that they can be clearly distinguished
from the antibody-linked B. pertussis cpn60 linear
chains shown by Cejka et al. (1993). Often, the fila-
ments terminate with a curved “bullet-like” shape-
transformed end, but by no means always. This ob-
servation indicates that GroEL has the ability to
interact with GroES at both ends of the cylinder and
furthermore that at the low molar ratios of GroES:
GroEL, one GroES can be shared and thereby pro-
vide the cross-link between two GroEL molecules.
Once an excess of GroES greater than 2-fold is
present, our data suggest that the individual GroEL
molecules favor the binding of GroES at both ends,
thereby creating apparently stable (up to at least 3
days at room temperature) symmetrical complexes.
Nevertheless, even in the presence of a molar ratio
of 4:1 GroES:GroEL some very short linear GroEL—
GroES chains have been reproducibly encountered,
which terminate with two “bullet-shaped” ends, and
which are apparently stable (i.e., they do not have
any rapid tendency to dissociate, even though much
free GroES is present). At 10-fold molar excess of
GroES over GroEL, we observed predominantly the
symmetrical complex, indicating that this state is
preferred over the GroEL-GroES chains and the sin-
gle GroEL-GroES bullets, under these conditions.
Nevertheless, Langer et al. (1992) found an asym-
metrical protease protection of GroEL even at a 10-
fold molar excess of GroES over GroEL, when the
excess GroES was not removed. In view of the fact
that Martin et al. (1993) showed that both ends of
the GroEL cylinder can bind GroES, and that GroES
alternates dynamically between the two ends, the
existence of a transient intermediate is reasonable.
Under our experimental conditions, it is likely that
this symmetrical intermediate has been stabilized.

In summary, with increasing concentrations of
GroES relative to GroEL, there appears to be a shift
in the equilibrium of association from the asymmet-
rical “bullet-shaped” complex and the long GroEL—
GroES chains to shorter chains and the symmetrical
“football-shaped” complex. This concentration-
dependent binding of GroES by GroEL may explain
the differences in our results compared to those of
other groups. In contrast to others (i.e., Langer et al.,
1992), we used varying molar ratios, short, and pro-
gressively longer times of interaction, but did not
include a gel filtration step to remove free/unbound

GroES during our experimental procedure. The po-
tassium concentration, which has been shown to
regulate the inhibition of GroEL ATPase activity by
GroES (Todd et al., 1993), did not influence the com-
plex formation in our experiments. We conclude that
the symmetrical binding of two GroES molecules,
i.e., to both ends of the GroEL cylinder under our
conditions may give new insights into the mecha-
nism of chaperone function and may reflect a more
complete screening of bound substrate against other
nonnative proteins or proteases.
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