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Electron microscopy of a filamentous complex of 
GroEL and GroES has been performed on nega
tively stained specimens. The filaments have been 
formed when GroEL and GroES at relatively low 
molar ratios (e.g., 1:1 to 1:3) are incubated at room 
temperature in the presence of magnesium and 
ATP. At higher molar ratio, the symmetrical GroEL
GroES complex predominates. Within the GroEL
GroES filaments, the same structural rearrange
ments of GroEL were observed as in the ''bullet
shaped" or symmetrical GroEL-GroES complexes. 
In the absence of GroES, GroEL molecules have no 
tendency to form linear filaments. The sharing of 
one GroES by two GroEL molecules might indicate 
a high plasticity of the GroEL-GroES complex. Pre
liminary Fourier analysis of filaments of increasing 
length indicates that they possess an inherent he
licity. Using the negative staining-carbon film pro
cedure, two-dimensional (2-D) crystal nucleation in
duced by ammonium molybdate-polyethylene gly
col can create undulatory rows of side-on GroEL 
molecules, which are able extend as a p2 2-D crystal 
form, readily distinguishable from the filamentous 
GroEL-GroES aggregates. Crystallographic image 
processing indicates that the GroEL 2 x 7-mer itself 
possesses a dyad screw axis, in accord with existing 
higher resolution X-ray structure data. © 1995 Aca-

demic P r ess, Inc. 
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INTRODUCTION 

Interest in protein folding in general and in the 
function of molecular chaperones in particular has 
extended significantly in recent years (Gething and 
Sambrook, 1992; Martinet al., 1993; Hendrick and 
Hartl, 1993). Determination of the structure of Es
cherichia coli GroEL (cpn60/hsp60) at 2.8 A by X-ray 
crystallography (Braig et al., 1994) has provided a 
major advance in structural insight into this chap
erone and now enables correlation with the electron 
microscopical structural data on GroEL to be made. 

The crystallographic analysis of GroEL confirms 
the hollow cylindrical shape, constructed from two 
rings containing seven 60-kDa subunits stacked 
with dyad symmetry. The subunits contain three do
mains with the largest, the equatorial domain, re
sponsible for the construction of each heptameric 
ring and for the central intersubunit contacts be
tween the two stacked rings in the native molecule. 
A 25.7° rotation between the two rings occurs at the 
equatorial plane, creating dyad symmetry from the 
two asymmetrical 7 -mer units . The end regions of 
the cylinder are constructed by the apical polypep
tide-binding domains of the subunits, which are 
linked to the equatorial nucleotide-binding domain 
by a smaller intermediate domain. This intermedi
ate domain is interspaced by seven elliptical side 
windows, thereby creating a zone containing a lower 
mass thickness of protein. This detailed high-resolu
tion description of the subunit domains and their 
location within the intact 2 x 7-mer (Braig et al., 
1994) correlates well with the 2-D projection images 
from negatively stained specimens of GroEL and 
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other cpn60 oligomers (Zwickl et al., 1990; Zahn et 
al., 1993; Harris et al., 1994) and images from un
stained frozen-hydrated GroEL (Chen et al., 1994). 
The principal zones/rings of protein thickness con
form with the equatorial and apical subunit domains 
within both negatively stained and unstained vitri
fied images. 

GroEL has been shown to bind unfolded polypep
tide substrates by hydrophobic interactions (Fenton 
et al., 1994; Zahn and Phickthun, 1994; Zahn et al., 
1994b). Upon binding, the complete tertiary and sec
ondary structure is considerably destabilized (Zahn 
et al., 1994a; Robinson et al., 1994). Only stable in
termediates can dissociate from GroEL, thereby pre
venting irreversible protein aggregation reactions 
(Buchner et al., 1991; Zahn and Pliickthun, 1992). 
For release ofthe bound polypeptide and subsequent 
folding, many substrate proteins require the partic
ipation of GroES and/or ATP (Goloubinoff et al., 
1989; Laminet et al., 1990). The X-ray structure of 
GroES has not yet been determined, but from bio
chemical and electron microscopical data GroES ap
pears to be a ring-like molecule, possibly also pos
sessing sevenfold rotational symmetry (Chan
drasekhar et al., 1986; Harris et al., 1994). 

Claims that the GroEL-GroES complex contains 
GroEL and GroES in a strictly 1:1 molar ratio (2 x 
7-mer:1 x 7-mer) , thereby creating a "bullet
shaped" complex (Ishii et al., 1992; Saibil et al., 
1991, 1993; Langer et al., 1992) have been reinves
tigated following the detection of an ellipsoidal form. 
This symmetrical structure, which appears to form 
under conditions used for protein folding experi
ments, probably contains a heptamer of GroES 
bound at both ends of the GroEL cylinder (Azem et 
al., 1994; Harris and Horne, 1994; Harris et al., 
1994; Lorca et al., 1994; Schmidt et al., 1994; Todd et 
al., 1994). The exact conditions for symmetrical 
GroEL-GroES complex preparation vary somewhat 
from laboratory to laboratory, but it is now clear 
that it requires a sufficient excess of GroES to be 
present, along with magnesium and ATP, and that 
the incubation be performed at room temperature 
for a period of many minutes or hours rather than a 
few seconds. 

We have also shown that at low molar ratios of 
GroES:EL (i.e., 1:1 to 3:1) and short times of incu
bation the interaction does indeed promote the for
mation of the bullet-shaped GroEL-GroES complex 
and filamentous aggregates are also formed over a 
period of hours (Harris et al., 1994). We present here 
further structural analysis of the linear aggregates 
of GroEL and GroES and show that they are clearly 
distinguishable from the undulatory rows of side-on 
GroEL molecules in disordered two-dimensional (2-
D) arrays and 2-D crystals. 

MATERIALS AND METHODS 

Chemicals 

Biochemical reagents were routinely purchased from the Sigma 
Aldrich Vertriebs GmbH (Diesenhofen). Electron microscopical 
materials and reagents were purchased from Plano (W. Plannet 
GmbH), Marburg, Germany. 

Purification of GroEL and GroES 

GroEL and GroES were purified from Escherichia coli strain 
W3110, containing the plasmid pOF39, as previously described 
(Harris et al. , 1994). Protein concentrations were determined fol
lowing amino acid analysis. The ratio of GroEL to GroES is al
ways given for the oligomeric proteins. 

Formation of GroEL-GroES 
Filamentous Complexes 

Complexes of GroEL and GroES were prepared as previously 
described by Harris et al. (1994). Briefly, aliquots of purified 
GroEL (1 mg/ml: ca. 1.2 J.LM) and GroES were mixed in known 
molar ratios (1:1, 1:2, 1:3, 1:4, and 1:10) in 5 mM Tris-HCl buffer 
(pH 8.0) containing 1 mM ATP and 2 mM MgCl2 and incubated at 
room temperature for time periods extending up to 2 days. Most 
studies on the filamentous GroEL-GroES complexes were carried 
out at the two lower molar ratios, and samples were taken for 
specimen preparation by conventional negative staining with 
uranyl acetate at time periods of 1 and 2 hr after mixing. 

Preparation of Negatively Stained Specimens 

Negatively stained specimens were prepared by the single 
droplet procedure (Harris and Horne, 1991) u sing carbon films 
that had been treated for 20 sec by glow discharge in a partial 
atmosphere, to render them hydrophilic and adsorptive. Rou
tinely, 2% aqueous uranyl acetate containing 0.1% octylglucoside 
to improve spreading and stain penetration (Harris and Horne, 
1994) was used, although some studies were performed using 4% 
uranyl acetate containing 1% trehalose. 

Formation of 2-D Arrays and 2-D Crystals of 
GroEL on Mica 

The preparation of 2-D arrays and 2-D crystals of GroEL was 
performed on mica using the negative staining-carbon film pro
cedure (Horne and Pasquali-Ronchetti , 1974), in the presence of 
both ammonium molybdate and polyethylene glycol, as previ
ously described (Zahn et al., 1993; Harris et al., 1994). After car
bon coating and removal of the layer of carbon plus adsorbed 
protein, the negative stain was 2% uranyl acetate containing 
0.1% octylglucoside (Harris and Horne, 1994). 

Electron Microscopy 

Transmission electron microscopy was performed using the 
Zeiss EM 900 and the Jeol 120EX electron microscopes under 
conventional yet minimal bright-field illumination conditions. 
Low-temperature studies were performed at -175°C, using the 
Philips EM400 electron microscope with a Gatan cryoholder. 
Electron micrographs were recorded on Kodak type 4489 and S0-
163 and AGFA 23D56 EM film at instrumental magnifications 
between x30000 and x85000. Magnifications were calibrated us
ing thin crystals of bovine liver catalase (Wrigley, 1968). 

Image Processing 
Power spectra of the filamentous GroEL-GroES aggregates 

were produced from filaments individually cut from electron mi
crographs, using the CRISP software system. Helical image re
construction was not possible using this software. Crystallo-
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graphic analysis of the 2-D crystals of GroEL was performed us
ing the full application of the CRISP system (Hovmiiller, 1992), 
which selected a p2 plane group symiJ1etry for the crystal form 
under study (Ranis et al., 1994). 

RESULTS AND DISCUSSION 

At a 1:1 or 3:1 molar ratio of GroES:GroEL (22°C 
in the presence of 1 rnM ATP and 2 rnM MgC12 ) the 
oligomeric proteins form filamentous complexes over 
a period of hours and ultimately yield large para
crystalline precipitates (Harris et al., 1994). At 
shorter incubation times (e.g., 1 or 2 hr) the speci
mens prepared were found to contain individual fil
aments of varying length (Fig. 1), as well as small 
paracrystalline aggregates (see below). Although the 
time required for this macromolecular interaction 

might seem to be rather long, it is similar to tubulin 
polymerization into microtubules and is signifi
cantly shorter than the times required to produce 
reassociation of dissociated keyhole limpet hemocy
anin (Harris et al., 1995). Most of the filaments have 
curved ends, characteristic of the ends of the ca. 24-
nm symmetrical GroEL-GroES complex or the sin
gle curved end of the ca. 20-nm bullet-shaped com
plex (compare Figs. 1 and 2). Occasionally, a blunt
ended filament can be detected, probably due to the 
absence of a terminally bound GroES molecule. It 
also appears likely that the terminal GroEL mol
ecules may sometimes split equatorially (see arrow
heads, Fig. 1), with one of the pronounced equatorial 
domain rings of the GroEL then exposed at the end 
of a filament. Such splitting ofthe GroEL 2 x 7-mer 

FIG. 1. A survey electron micrograph showing negatively stained GroEL-GroES filamentous complexes of varying length , prepared 
with a molar ratio of ca. 1:3 GroEL:GroES. Negatively stained with 2% uranyl acetate containing 0.1% octylglucoside. Arrowheads 
indicate filaments that appear to terminate by equatorial splitting of a GroEL molecule. Scale bar, 100 nm. 
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FrG. 2. A survey electron micrograph showing numerous examples of the symmetrical GroEL-GroES complex, mean length ca. 24 nm: 
(a ) (molar ratio GroEL:GroES 1:10) (see also Harris et al. , 1994) which in (b) (molar ratio GroEL:GroES ca. 1:4) lie alongside some 
filamentous GroEL-GroES complexes (cf. Figs. 1 and 3). Note the presence of a considerable number of the ring-like images in (a), fewer 
in (b). These almost certainly represent vertically positioned symmetrical complexes rather than unreacted GruEL or single-ended 
"bullet-shaped" complexes, since there is no indication of any rectangular side-on unreacted GruEL molecules (length ca. 15 nm; Braig et 
al. , 1994) or any side-on bullet-shaped complexes. In both cases free GroES can be detected alongside the complexes. Negatively stained 
with 2% uranyl acetate containing 0.1% octylglucoside. Scale bar, 100 nm. 

into single 7-mers has occasionally been observed 
during the production of 2-D crystals of GroEL 
(J. R. H., unpublished observations), and indeed it is 
known that native mitochondrial cpn60 exists as a 
functional 1 x 7-mer (Viitanen et al., 1992). 

A gallery of filaments of increasing length is 
shown in Fig. 3a, together with three short clusters 
of parallel filaments. Larger clusters are nearly al
ways rather intensely stained, which prevents sat
isfactory imaging of their filaments. The power spec
tra of GroEL-ES filaments containing 4 and 11 
GroEL molecules and a short paracrystalline cluster 
are shown in Figs. 3b, 3c, and 3d, respectively. Pre
liminary inspection of these power spectra indicates 
that they possess oblique layer lines, characteristic 
of helical structures (Stewart, 1986), and all possess 
strong meridional reflections generated by the ca. 
18-nm repeat along the filaments. Characteristic of 
all negative stained specimens, superimposition of 
image features from the top and bottom of the fila
ments is to be expected, possibly combined with un
even or varying depth negative staining. More de
tailed analysis of these power spectra, together with 
2-D and 3-D image reconstruction, is planned for the 
near future . 

From the occurrence of the filaments at low 
GroES:GroEL ratios , we propose that a single 
GroES molecule provides a link between adjacent 
GroEL molecules within the filaments . Although the 
possibility that two GroES molecules might provide 
the link cannot be dismissed, it is unlikely from stoi
chiometric considerations and there is no evidence 
for dimerization of GroES (i.e., two 10-kDa 7-mers). 
The large "cavity" within GroEL created by the con
formational change following the interaction with 
GroES (Chen et al. , 1994; Langer et al., 1992) is also 
a repeating feature along the linear filaments, as are 
the paired equatorial GroEL domains. The interac
tion between GroEL and GroES within the GroEL
GroES repeating units in the filaments appears to 
be similar to the specific binding of GroES to the 
GroES binding sites of the single GroEL molecule. 
However, the "outside" of GroES on the bullet
shaped GroES-GroEL complex may bind to the 
available polypeptide binding site at the other end of 
a similar bullet-shaped GroEL-GroES, thus poly
merizing the complex. Reduction of a ca. 20-nm 
length of the bullet-shaped GroEL-GroES complex 
to generate the ca. 18-nm periodicity within the fil
aments is compatible with this model. Thus, the 
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FIG. 3. (a) A gallery of GroEL--GroES filaments (prepared from a 1:3 molar ratio of GroEL:GroES) of increasing length, extracted from 
electron micrograph regions equivalent to that shown in Fig. 1, together with small parallel clusters of filaments. The linear repeat within 
the filaments of the GroEL equatorial plane is ca. 18 nm. Scale bar, 100 nm. (b, c, and d) Power spectra of linear GroEL--ES filaments 
containing 4 and 11 GroEL molecules and a small parallel cluster, respectively, from the individual images indicated (• ). The strong (18 
nm- 1 ) meridional layer lines are indicated (cf. Fig. 5e). 

presence of bound polypeptide substrate within the 
GroEL molecules may prevent filament formation. 
This we propose to investigate by the addition of 
citrate synthase before and after filament formation. 
Furthermore, addition of excess GroES to the fila
ments may produce dissociation into symmetrical 
complexes. 

Direct visualization of the GroES molecules in the 
filaments is not possible at the level of resolution 
provided by conventional negative staining (ca. 2 
nm). Indeed, clear definition of the 70-kDa GroES 
alone by negative staining is not technically easy 
(Harris et al., 1994) and has not as yet provided 
unequivocal confirmation of a "simple" heptameric 
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ring structure. Direct immunolabeling of GroES 
within the filaments is a possibility for the localiza
tion of GroES (cf. Harris et al., 1993), but we have 
not pursued this approach to date, and GroES 
epitopes might not necessarily be accessible to 
monoclonal antibodies when incorporated within the 
filaments . It should be noted that the GroEL-GroES 
filaments we have created are readily distinguish
able from the linear chains of antibody-linked Bor
detella pertussis cpn60 (Cejka et al., 1993) and the 
smaller immune complexes of GroEL produced by 
Martinet al. (1994). 

It is clear that the linear interaction and period
icity of consecutive GroEL molecules within the 
GroEL-GroES chains is significantly different from 
that occurring during the nucleation and 2-D crys
tallization of the GroEL molecules in their side-on 
orientation on mica (Fig. 4). Here it is shown that 
within the rows, the GroEL molecules are more 
closely spaced (linear repeat ca. 15 nm) and undu
late with respect to one another, undoubtedly as a 
means of specifically incorporating a cylindrical mol
ecule with sevenfold rotational symmetry within an 
ordered monomolecular layer. When extended to the 
more highly ordered p2 side-on 2-D crystal ofGroEL 
(Fig. 5a), this undulatory feature remains (see be-

low; cf. Harris et al., 1994, Fig. 3), with the longitu
dinal space between successive individual GroEL 
molecules more clearly defined than is the case 
within the linear GroEL-GroES filaments . Never
theless, since our one-dimensional arrays of GroEL 
were produced on mica by the negative staining
carbon film technique, the possible production of a 
more strictly linear one-dimensional polymerization 
of GroEL molecules by other approaches cannot be 
dismissed, but this remains to be demonstrated. 

As mentioned above, the power spectra of the 
GroEL-GroES filaments shown in Fig. 3 strongly 
indicate that the filaments of GroEL and GroES pos
sess a helical symmetry, a feature also detectable 
within the GroEL 2 x 7-mer alone. Indeed, within 
the GroEL 2 x 7-mer, the equatorial domains from 
each of the two asymmetrical 7-mer units are ro
tated by 25.7° at the central plane (Braig et al., 
1994), thereby creating the dyad symmetry and a 
screw axis. However, the GroEL arrays shown in 
Figs. 4 and 5a do not contain long filaments, but 
individual molecules, and they do not show any con
tinuous helical feature. Any longitudinal/axial devi
ation from linearity of the subunit domains within 
each GroEL 7-mer, as indicated from the subunit 
shape and oblique angle within the cylinder wall 

FIG. 4. The nucleation of 2-D crystals of GroEL in the side-on molecular olientation on mica (a) and the creation of incomplete 2-D 
crystals (b), by the negative staining-carbon film technique. The flexible/undulatory linear chains of molecules (ca. 15-nm repeat) are 
clearly different from those shown within the GroEL--GroES filaments (Figs. 1 and 3). Negatively stained with 2% uranyl acetate. Scale 
bar, 100 nm. 
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FIG. 5. (a) A well-ordered 2-D crystal of GroEL with molecules in the side-on orientation, negatively stained with 2% uranyl acetate 
(cf. Harris et al., 1994, Fig. 3; this p2 2-D crystal has shallower negative stain than the one shown here). (b) The p2 crystallographic image 
reconstruction of the 2-D crystal (phase residual 9.3°). There is one molecule per unit cell, with a= 15 nm, f3 = 14 nm, and f3 = 103°. Note 
the zig-zag linearity of the rows of molecules within the crystal and compare with the rows of molecules and small 2-D arrays in Fig. 4. 
(c) The indexed power spectrum from an undistorted part of the p2 2-D crystal in (a). (d and e) The power spectra from single rows of 
side-to-side molecules (d) and end-to-end molecules (e) (note, this power spectrum is rotated by 90°) within the 2-D crystal shown in (a), 
as indicated by the paired arrowheads. Note the lack of clarity of the ca. (15 nm- 1

) layer lines (d and e) and compare with those in the 
power spectra of the GroEL--ES filaments shown in Figs. 3b-3d. Scale bar (a), 100 nm. 

(Braig et al., 1994), could further enhance this in
herent helicity. This feature is indeed suggested by 
the 3-D image reconstruction of negatively stained 
Rhodobacter sphaeroids cpn60 shown by Saibil et al. 

(1993), yet is not apparent in the more recent un
stained GroEL 3-D reconstruction from vitreous ice 
(Chen et al., 1994). Comparison of the six major 
eigenvector-eigenvalue side-on 2-D projection aver-
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ages of the Comamonas acidovorans cpn60 (Zwickl 
et al., 1990) also suggest that the subunits of the 
molecule possess domains arranged at an angle rel
ative to the sevenfold axis . A preliminary 3-D recon
struction of GroEL from a p2 2-D crystal tilt series 
(Zahn, 1994; data not shown), which is not consid
ered to be satisfactory due primarily to partial-depth 
negative staining, also indicates this oblique domain 
organization. The p2 side-on 2-D crystal of GroEL 
shown in Fig 5a possesses a somewhat greater depth 
of negative stain than that of an equivalent 2-D crys
tal presented by Harris et al., (1994). The 2-D image 
reconstruction from this p2 crystal (Fig. 5b) indi
cates more clearly the dyad symmetry of the mole
cule, as well as the zig-zag/undulatory nature of the 
end-to-end rows of molecules, in agreement with 
those participating in 2-D crystal formation, as 
shown in Fig. 4. Power spectra for the 2-D crystal 
shown in Fig. 5a together with single rows of side
by-side and end-to-end GroEL molecules are given 
in Figs. 5b, 5c, and 5d, respectively. The power spec
trum of the end-to-end GroEL molecules (Fig. 5d) is 
particularly noisy, but can still be seen to be signif
icantly different from those of the filamentous 
GroEL-ES complexes shown in Figs. 3b- 3d, in ac
cord with our overall visual interpretations made 
directly from the negatively stained electron micro
scopical images. 

It is pertinent that a helical molecular conforma
tion is known to exist within the cylindrical mollus
can hemocyanins (Mellema and Klug, 1972; Ge
bauer et al., 1994; Harris et al., 1993). This hemocy
anin often exhibits a stable dimeric form, as the ca. 
8-mDa didecamer with the decamer is the asymmet
rical unit, as well as an asymmetrically stacked-disc 
multidecameric form (Gebauer et al., 1994; Harris et 
al., 1993). Molluscan hemocyanins can also generate 
a continuou s (helical) tubular form (Mellema and 
Klug, 1972; Harris et al., 1995), either following lim
ited proteolysis or during in vitro subunit reassoci
ation. In addition to the well-known examples of 
microtubules and TMV, several other well
characterized macromolecules are known to be able 
to create helical filamentous and tubular structures, 
such as sickle cell hemoglobin (McDade and J o
sephs, 1993), a2-macroglobulin (Couture-Tosi et al., 
1986), catalase (Kiselev et al., 1967), glutamate de
hydrogenase (Mu nn, 1972; Josephs and Borisy, 
1972), glutamine synthetase (Frey, 1978), and cre
atine kinase (Schnyder et al., 1994). The salient 
comparative feature in most of these examples is 
that filament or tubule formation occurs by linear 
homooligomerization rather than heterooligomer
ization, as would appear to be the case within the 
GroEL-GroES filaments. However, microtubules 
are constructed from equal amounts of a and {3 tu
bulin, and they have the property of being able to 

bind microtubule-associated proteins (MAPs) and 
dynein. 

The apparent plasticity of the peripheral domains 
of the GroEL molecule during 2-D crystallization 
(Zahn et al., 1993) and when interacting with sub
strate proteins and GroES (Chen et al. , 1994; Langer 
et al., 1992; Saibil et al., 1993), a feature also indi
cated strongly by the crystal structure (Braig et al., 
1994), may explain the ability of two GroEL mole
cules to be linked by a single GroES molecule. This 
phenomenon does, nevertheless, remain difficult to 
explain dynamically and stoichiometrically, follow
ing the observation that the binding of the first 
GroES molecule by GroEL has a stronger interac
tion than the binding of the second GroES at the 
opposite end (Todd et al., 1994). In addition, it is 
generally envisaged that the 70-kDa ring-like 
GroES itself possesses top to bottom asymmetry, 
with only one side of the ring able to bind to GroEL 
in the "conventional" way. GroES would only be able 
to provide an inter-GroEL link if the interaction to 
the neighboring GroEL ring is different. The fact 
that GroES possesses the ability to link GroEL mol
ecules, under conditions of limited GroES availabil
ity and slightly extended time of interaction, sug
gests that GroES may itself possess considerable do
main mobility (Landry et al., 1993) or indeed 
undergo an even more dramatic rearrangement of 
its 10-kDa subunits within the linear polymer. 

We consider it unlikely that the filamentous 
GroEL-GroES produced by our procedures exists in 
vivo, but it nevertheless represents an unexpected 
type of linear polymeric complex, from which we 
have shown that it is possible to obtain further 
structural information on the interaction of these 
important macromolecules. 

Most EM studies were performed using the Zeiss EM 900, made 
available by Professor Dr. Albrecht Fischer, Institute of Zoology, 
University ofMainz. In addition, some work was performed using 
a Jeol120EX at the London School of Hygiene and Tropical Med
icine (courtesy of Dr. S. Croft) and a Philips EM 400 at the Insti
tute of Physical Chemistry, University ofMainz (courtesy of Dr. I. 
Voigt-Martin). Grateful thanks are given for the continuing sup
port and encouragement provided by Professor Dr. Jiirgen Mark!, 
Institute of Zoology, University of Mainz. R. Z. is supported by a 
postdoctoral fellowship (Liebig-Stipendium) from the Verband 
der Chemischen Industrie e.V. 
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