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Chaperonins GroEL and GroES: Views From Atomic Force Microscopy
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ABSTRACT The Escherichia coli chaperonins, GroEL and GroES, as well as their complexes in the presence of a
nonhydrolyzable nucleotide AMP-PNP, have been imaged with the atomic force microscope (AFM). We demonstrate that
both GroEL and GroES that have been adsorbed to a mica surface can be resolved directly by the AFM in aqueous solution
at room temperature. However, with glutaraldehyde fixation of already adsorbed molecules, the resolution of both GroEL and
GroES was further improved, as all seven subunits were well resolved without any image processing. We also found that
chemical fixation was necessary for the contact mode AFM to image GroEL/ES complexes, and in the AFM images, GroEL
with GroES bound can be clearly distinguished from those without. The GroEL/ES complex was about 5 nm higher than
GroEL alone, indicating a 2 nm upward movement of the apical domains of GroEL. Using a slightly larger probe force, unfixed
GroEL could be dissected: the upper heptamer was removed to expose the contact surface of the two heptamers. These
resuits clearly demonstrate the usefulness of cross-linking agents for the determination of molecular structures with the AFM.
They also pave the way for using the AFM to study the structural basis for the function of GroE system and other molecular

chaperones.

INTRODUCTION

The Escherichia coli chaperonin GroEL is a member of the
heat shock protein cpn 60 family (Hendrix, 1979; Hem-
mingsen et al., 1988; McMullin and Hallberg, 1988; Trent et
al., 1991; Gao et al.,, 1992), and forms a double ringed
tetradecamer with a total molecular weight of 840 kDa
(Hutchinson et al., 1989; Hohn et al., 1979; Pushkin et al.,
1982; Harris et al., 1994; Schmidt et al., 1994a; Llorca et al.,
1994; Braig et al., 1994). The co-chaperonin GroES (Tilly et
al., 1981; Chandrasekhar et al., 1986), a member of the cpn
10 family, forms a single heptameric ring of only 70 kDa
(Chandrasekhar et al., 1986; Zondlo et al., 1995; Hunt et al.,
1996; Mou et al., 1996), and binds to GroEL in the presence
of ATP or one of its non-hydrolyzable analogs (Azem et al.,
1994; Langer et al., 1992; Harris et al., 1994; Schmidt et al.,
1994a; Llorca et al., 1994). Together, GroEL and GroES
constitute a fascinating molecular machine that facilitates
the folding of denatured proteins under various stress con-
ditions (for reviews, see Hendrick and Hartl, 1993; Landry
and Gierasch, 1994; Lorimer, 1994) with the GroES playing
a modulatory/regulatory role (Jackson et al., 1993; Todd et
al., 1994; Gray and Fersht, 1991; Schmidt et al., 1994b;
Todd et al., 1993; Todd et al., 1995; Kawata et al., 1995).
Chaperonins are essential components of a cell because of
their protective functions (Fayet et al., 1989). Although the
structure of both GroEL and GroES has been solved to
atomic resolution by x-ray diffraction (Braig et al., 1994;
Boisvert et al., 1996; Hunt et al., 1996; Mande et al., 1996)
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and their functions have been studied extensively with bio-
chemical and biophysical methods (for recent reviews, see
Hendrick and Hartl, 1993; Landry and Gierasch, 1994,
Lorimer, 1994), there are still essential questions that re-
main unanswered (Lorimer and Todd, 1996; Saibil, 1996;
Mayhew and Hartl, 1996). A molecular model of protein
folding with the GroEL/ES complex has not been firmly
established (Lorimer and Todd, 1996). Therefore, it is im-
portant to develop other, complementary structural ap-
proaches, in addition to x-ray diffraction and electron mi-
croscopy (EM), to address these complicated, yet
fascinating issues. From this point of view, atomic force
microscopy (AFM) appears to be a particularly attractive
approach, for its ability to acquire images under physiolog-
ical conditions (Hansma and Hoh, 1994; Shao and Yang,
1995; Shao et al., 1995). In addition to comparing structures
with that of x-ray diffraction (Mou et al., 1996), the chap-
eronin system can be imaged during its reconstitution. Low
resolution structures acquired by AFM can also be com-
pared with predicted structural features by other less direct
methods, such as neutron scattering (Thiyagarajan et al.,
1996).

However, high resolution AFM imaging was only
achieved with a limited number of biological specimens
(Yang et al., 1993, 1994a; Mou et al., 1995a, b; Hoh et al.,
1991; Schabert et al., 1995; Muller et al., 1995), despite the
much increased use of the AFM in biology (for recent
reviews, see Hansma and Hoh, 1994; Lal and John, 1994;
Shao and Yang, 1995; Shao et al., 1995). For soluble
proteins, AFM imaging in solution has only achieved mod-
erate or low resolution in most cases (Yang et al., 1994b; 111
et al., 1993; Ohnishi et al., 1992; Radmacher et al., 1994),
suggesting that the high molecular weight tetradecamer
GroEL and its complex with GroES could be a formidable
task for the AFM, although the smaller co-chaperonin



2214

GroES was recently successfully imaged at high resolution
(= 1 nm) with glutaraldehyde fixation (Mou et al., 1996).

In this paper, we report high resolution images of GroEL,
GroES, and their complexes obtained with the AFM in
solution at room temperature. Our results show that GroEL
can be directly imaged in solution without additional treat-
ment, such as fixation. However, for GroES, glutaraldehyde
fixation was effective in the resolution of the sevenfold
symmetry near the roof region (Mou et al., 1996). The
resolution with GroEL was also improved to some extent by
glutaraldehyde fixation. With nonfixed GroEL specimens,
we also found that the upper heptameric ring could be
dissected away with the AFM tip to expose the surface of
the equatorial domains, an ability rather unique with the
AFM (Hoh et al., 1991). Furthermore, we show that with
GroEL and GroES complexes in the presence of nucleotide,
glutaraldehyde fixation became essential for AFM imaging,
otherwise the bound GroES “cap” could be easily removed.
An important conclusion from these studies is that these
AFM structures are in excellent agreement with those from
x-ray diffraction and EM, providing a necessary basis for
the study of less well-characterized structures of the GroE
system. The high resolution and excellent specimen stability
also suggest that the AFM will be capable of resolving some
of the outstanding issues, such as the substrate binding site
and the connectivity of the two chambers in GroEL.

MATERIALS AND METHODS

Materials

All chemicals used in these experiments were reagent grade and were
obtained from Sigma Chemical Co. (St. Louis, MO). The cross-linker,
glutaraldehyde, was obtained from SPI Supplies (West Chester, PA) (mi-
croscopy grade). Deionized water (18 M{2) was used for the preparation of
various solutions. E. coli GroEL and GroES were obtained from Sigma
Chemicals, and the purity was better than 95% (SDS-PAGE). After the
lyophilized powder was reconstituted (0.25 mg/ml for GroES in 25 mM
Tris, 75 mM KC], 0.5 mM DTT and 1.25% trehalose, pH 7.5; 1 mg/ml for
GroEL in 50 mM Tris, 150 mM KCl, 10 mM MgCl,, 1 mM DTT, and 2.5%
trehalose, pH 7.5), both GroEL and GroES were first examined with EM
after the procedure of Engel et al. (1995), with a Philips CM200FEG (data
not shown). For GroEL, both end-up and horizontal orientations were
present, which was essentially the same as other EM observations of
GroEL (Engel et al., 1995; Harris et al., 1994; Langer et al., 1992; Schmidt
et al., 1994a). For the end-up orientation, a nominal diameter of 14-15 nm
was resolved as expected. The diameter of GroES was 7-8 nm in the EM
image, but the sevenfold symmetry was not resolved. In addition to
checking the quality of the materials, these EM images also serve as a
useful comparison with the AFM images.

Specimen preparation

For the preparation of AFM specimens, a small droplet of the protein
solution was directly applied to a freshly cleaved mica surface. After
incubation at room temperature (for 30 min or more), the specimen was
washed with deionized water or a low salt buffer for several times to
remove proteins that were not adsorbed. Normally, a full coverage can be
achieved with this method. The prepared specimen should not be dehy-
drated during handling. These specimens were either imaged directly by
the AFM in solution, or fixed with 2% glutaraldehyde before AFM imaging
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in a low salt solution. For the preparation of the GroEL/GroES complexes,
the GroEL was first adsorbed to a mica surface in 50 mM Tris, 50 mM
KCl, and 50 mM MgCl, at pH 8. After the specimen was washed with the
same buffer, the final solution was adjusted to include 3 mM AMP-PNP
(Azem et al., 1994; Langer et al., 1992; Harris et al., 1994; Schmidt et al.,
1994a; Llorca et al., 1994) before 20 pul of GroES at a concentration of 0.25
mg/ml were added to the solution covering the specimen, and incubated for
10-30 min at room temperature. The binding efficiency of GroES to
GroEL was also examined with negatively stained EM. In Fig. 1, a typical
image of GroEL/ES complexes is shown (with 15-min incubation). It is
seen that GroES binds to GroEL in both the symmetric and asymmetric
fashion (Harris et al., 1994; Schmidt et al., 1994a; Llorca et al., 1994), with
a nearly 100% occupancy. For the GroEL/GroES complexes, the specimen
was also fixed with 2% glutaraldehyde in a buffer containing both AMP-
PNP and Mg?*. If fixation was performed in a buffer without sufficient
AMP-PNP, most GroES was found dissociated from GroEL (EM and
AFM, unpublished observations).

AFM imaging

All AFM images were obtained with a NanoScope II AFM (Digital
Instruments, Santa Barbara, CA) in a homemade fluid cell (Yang et al.,
1993) with the contact mode. The AFM was suspended from the ceiling
without additional vibration isolation. Commercial cantilevers with oxide-
sharpened tips and a nominal spring constant of 0.06 N/m (Digital Instru-
ments, Santa Barbara, CA or Park Scientific, Sunnyvale, CA) were used.
Typical scanning speed was 5-10 Hz. The probe force was maintained at
<0.5 nN. All images contain 400X400 pixels, and are presented without
image processing, except flattening. The scales of the piezo scanner were
calibrated against a grid of known dimensions.

FIGURE 1
PNP obtained by transmission electron microscopy (TEM) via negative
staining. It is clearly seen that nearly all GroEL had one or two GroES
bound, indicating that a high occupancy of GroEL sites is achieved. This
result is consistent with previous observations (Harris et al., 1994; Engel et
al., 1995). For the end-up orientation, the binding of GroES could not be
differentiated.

An image of GroEL/ES complexes in the presence of AMP-
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RESULTS AND DISCUSSION
Structure of GroEL in solution

It is well established that GroEL forms a double-ringed
tetradecamer in vivo and in vitro, based on EM observations
and biochemical studies (Hendrix, 1979; Hemmingsen et
al., 1988; McMullin and Hallberg, 1988; Trent et al., 1991;
Gao et al., 1992; Hutchinson et al., 1989; Hohn et al., 1979;
Pushkin et al., 1982; Harris et al., 1994; Schmidt et al.,
1994a). The structure of the tetradecamer, both in the ab-
sence of nucleotide (Braig et al., 1994) or with ATPyS
(Boisvert et al., 1996), has been solved to atomic resolution
by x-ray diffraction, confirming the double-ringed architec-
ture. According to the x-ray model, the intact GroEL has an
outer diameter of 14 nm, a height of 15 nm, and a central
channel with a diameter of 4.5 nm (Braig et al., 1994;
Boisvert et al., 1996). The binding of ATPYS caused only
very moderate structural changes in GroEL (Boisvert et al.,
1996). Such tall, multi-subunit structures have been consid-
ered difficult to image with the AFM in the past (Yang et
al., 1994b; Ill et al., 1993).

With freshly cleaved mica, GroEL was found to adsorb
readily to the surface in most buffers, and most of them
appeared to have an end-up orientation. However, AFM
imaging in high ionic strength buffers turned out to be
difficult, and the central channel opening was only occa-
sionally resolved. In low salt buffer or deionized water, the
stability of the specimen and the quality of the images were
markedly improved. An example is shown in Fig. 2 a where
the image was taken in deionized water at room tempera-
ture. With these specimens, the sample was extremely del-
icate in that, very often, they could sustain the scanning tip
only once, and were thereafter either damaged or dissected
(see below). The diameter measured from these images was
13.4 = 0.9 nm, in good agreement with the x-ray model
(Braig et al., 1994; Sigler and Horwich, 1995), indicating
that the effect of tip broadening was rather insignificant.
The quality of these images is quite close to that of EM with
negatively stained specimens (Harris et al., 1994; Engel et
al., 1995). The height of GroEL, as measured from the edge
of closely packed patches (13—14 nm), is close to the known
value (15 nm), indicating that at least for large scale scans,
the vertical compression was not severe, consistent with a
recently proposed model (Yang et al., 1996; Shao et al.,
1996). To improve the stability of these large complexes,
various additives frequently used in other methods to pre-
cipitate or stabilize protein structures, such as polyethylene
glycol (PEG) and trehalose, were introduced into the imag-
ing buffer. We found that among the various sizes of PEG,
the one with the molecular weight of 1450 Da (PEG1450)
was somewhat helpful for improving the quality of the AFM
images, and no advantage with trehalose (up to 10 mM) was
found in these experiments, although the latter was thought
to have a stabilizing effect on the molecular structure (Har-
ris et al., 1994).

AFM of E. coli Chaperonins

FIGURE 2 AFM images of GroEL obtained in aqueous solution. (a) An
image obtained in deionized water, after GroEL was allowed to adsorb to
a mica surface. Individual GroEL tetradecamers, each with a central
channel, could be seen, but the specimen was very unstable. To obtain
these images, the probe force must be kept to the minimum, and in most
cases, only a strip of the image could show individual GroEL with a
reasonable resolution. With glutaraldehyde fixation, the molecular stability
was improved, and repeated scans, even at a slightly larger probe force, did
not appear to damage these molecules. (b) An image of GroEL with
fixation. It is seen that the specimen was in a quasi-closely packed form,
and nearly all molecules were in the end-up orientation. The central
channel was resolved in almost every GroEL. (c) A high resolution image
of GroEL in the absence of AMP-PNP. In this image, the seven subunits in
the upper heptamer are clearly resolved. It should be noted that such a
resolution was achieved without any image averaging. The contrast
achieved by the AFM is much higher than that of negatively stained EM.
(d) A high resolution image of GroEL in the presence of AMP-PNP. No
profound structural differences can be discerned, when compared with that
in the absence of AMP-PNP, which is consistent with the model based on
reconstructed images of EM (Chen et al,, 1994) and x-ray diffraction
(Braig et al., 1994). For some reason, the image quality was not as high as
that without AMP-PNP.

Because GroEL appeared seriously damaged by the AFM
tip after only one scan under the smallest probe force we
could manage, the molecular structure must be further
strengthened to achieve a resolution sufficient to resolve the
individual subunits. For this purpose, we have experimented
with the most commonly used fixation reagent, glutaralde-
hyde (Glauert, 1975), to chemically fix the molecules that
were already adsorbed to a mica surface. As reported earlier
with the gap junction plaques (Hoh et al., 1991), we also
found that prefixed GroEL did not adhere well to the sub-
strate, but that the adhesion was not affected significantly if
the molecules were already on the substrate surface. With
this type of in situ fixation, the quality of the AFM images
was significantly improved. In Fig. 2 b, the specimen is seen
closely packed with a flat clean surface. At a smaller scale
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(Fig. 2 c), the well-resolved subunit structure can be seen.
These specimens were prepared with 2% glutaraldehyde
fixation without nucleotides, and AFM imaging was per-
formed in deionized water. The signal to noise ratio shown
in Fig. 2 c is quite high and the image quality of AFM has
now exceeded that of negatively stained EM. It is particu-
larly interesting to notice that each subunit has an elongated
envelope, which compares well with that of x-ray diffrac-
tion if the surface profile is computed from the atomic
coordinates (data not shown) (Braig et al., 1994). Such
surface details could not be directly obtained in a projection
image, such as that from EM. From this point of view, AFM
images can also be used as a complementary comparison to
the surface envelope of the reconstructed three-dimensional
structure based on EM images (Chen et al., 1994). Mea-
surements with these AFM images show that the outer
diameter of GroEL is 13.3 = 0.6 nm which is the same as
that without fixation. Therefore, glutaraldehyde did not
cause significant structural alteration at the resolution
achieved. However, the channel opening has a somewhat
larger diameter (4.3 * 0.5 nm) when compared to that
without fixation. This might be because the structure near
the channel opening of unfixed GroEL was deformed more
severely, resulting in a smaller pore. It may be noted that the
channel diameter from x-ray diffraction is also 4.5 nm
(Braig et al.,, 1994). Because the fixed specimens could
withstand repeated scans of the AFM tip even with a
slightly increased probe force, we suggest that the improved
image quality was primarily due to the increased specimen
rigidity and stability. When the GroEL was imaged in the
AFM in the presence of AMP-PNP, it was found extremely
difficult to obtain clean images, perhaps due to the confor-
mational changes at the channel opening that resulted in an
increased flexibility (Chen et al., 1994; Langer et al., 1992;
Saibil et al., 1993). When 2% glutaraldehyde was used to fix
the adsorbed GroEL in the buffer containing AMP-PNP, the
image quality was much improved (see Fig. 2 d). The
overall structure is very similar to that without AMP-PNP
(see Fig. 2 ¢). However, the channel opening was found
somewhat smaller than that without bound AMP-PNP. This
observation is consistent with the suggested model based on
EM studies (Chen et al., 1994) and x-ray diffraction (Bois-
vert et al., 1996), although we must emphasize that the
possibility of a tip-related effect cannot be ruled out at
present. It is important to realize that with the available
technology, the size of the tip is basically uncontrollable,
not only because of the fabrication limitations, but also
because in situ contamination (Shao and Yang, 1995).

Molecular dissection of GroEL in solution

In the crystal structure, there are about 30 unresolved amino
acid residues within the equatorial domain of each GroEL
subunit (Braig et al., 1994). It is of interest, even at a lower
resolution, to determine the location of the missing mass,
because of its potential implications in the function of
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GroEL (Triyagarajan et al., 1996). It was recently suggested
that these missing residues formed a “plug,” so that the two
chambers in GroEL are disconnected (Triyagarajan et al.,
1996), contrary to the current view (Braig et al.,, 1994).
Direct imaging with single ring mutants should be a useful
approach to address this question (Viitanen et al., 1992;
Weissman et al., 1996). Alternatively, intact GroEL could
be dissected in a manner similar to that of the gap junctions
(Hoh et al., 1991). With unfixed GroEL specimens, such an
approach proved to be successful. In Fig. 3a, a closely
packed specimen was imaged; the height of the GroEL was
148 = 1.3 nm (measured from the edge of occasional

FIGURE 3 Removing of the upper heptamer of GroEL by the AFM tip.
(a) A nearly perfect closely packed specimen shows a flat surface. With
these specimens, individual GroEL molecules can be resolved at smaller
scan sizes, without fixation. (b) With the specimen shown in (a), repeated
scanning with an increased probe force can remove the upper heptamer,
although the lower heptamer remained bound to the mica surface. These
regions appeared as a surface defect. A surface plot is shown here and the
height difference is 7.5 nm, precisely the same as a single heptamer ring
based on x-ray diffraction (Braig et al., 1994). The height of the intact
GroEL measured from these specimens is 14.8 nm. The structural differ-
ence between the apical domain (high surface) and the equatorial domain
(low surface, denoted by *) can be seen (see Fig. 4 for more details). When
the specimen was fixed with glutaraldehyde, such dissection was difficult
to perform, and the resulting specimen was normally “dirty.”
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packing defects) and the specimen surface was uniformly
flat. After scanning with an increased probe force (=2 nN),
the upper ring was removed in the scanned area, appearing
as a surface “defect” (see Fig. 3 b). The height profile
indicates that the removed layer was about 7.5 = 0.5 nm
thick, which is the height of a single GroEL heptameric ring
(Braig et al., 1994; Harris et al., 1994; Schmidt et al., 1994a;
Langer et al., 1992; Chen et al., 1994; Saibil et al., 1993).
The exposed surface, therefore, is the contact interface
between the equatorial domains in the two heptamers. With
glutaraldehyde-fixed samples, such an operation became
more difficult, and the exposed surface was found with a
great deal of adsorbed debris.

At a higher resolution, the exposed equatorial domain
surface displayed a very different structure than that of the
apical domain surface, as shown in Fig. 4 a, but the seven-
fold symmetry is also clearly resolved at a resolution of 1-2
nm. A comparison with that of the apical domains is quite
interesting (Fig. 4 b). With the apical domains, a circular
opening is seen, with seven elongated domains radiated
outward. With the equatorial domains, the outer profile is
somewhat circular, but the sevenfold symmetry is more
profound within the opening. It is particularly interesting to
see the details of each subunit at the rim of the opening.
These observations are in agreement with those from the
x-ray model (Braig et al., 1994), including all dimensions.
Preliminary examination of the data indicates that an addi-
tional depression at the center of the opening of the equa-
torial domains could not be coensistently resolved (see inset
of Fig. 4 a for a sectional plot), suggesting that there may
not be a channel at the center, consistent with the results of
neutron scattering (Triyagarajan et al., 1996). However,
additional experiments and detailed data analysis are re-
quired to confirm this conclusion. These structural details of

15nm

FIGURE 4 High resolution structure of the contact interface between the
GroEL heptamers. (a) High resolution can be obtained of the exposed
equatorial domain surface without additional treatment of the specimen
after dissection. In this image, the sevenfold symmetry is well resolved,
and the dimensions and the surface morphology are consistent with that
from x-ray diffraction (Braig et al., 1994). The resolution achieved in these
images is about 1-2 nm. The same tip used for dissection was also used to
acquire these images. A central depression was not consistently resolved,
suggesting that the two chambers of the GroEL was not connected. /nser:
Cross-sectional profile along the line indicated; arrowheads are the corre-
sponding points. Notice the flat bottom inside the rim of the equatorial
domains. (h) As a comparison, the surface structure of the apical domains
is shown at the same scale. The structural differences are apparent.
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the equatorial domain could not be resolved by EM with
negative staining.

Structure of GroES in solution

Although GroES is a much smaller heptamer with only 10
kDa for each subunit (Chandrasekhar et al., 1986), AFM
imaging in solution was also successful. In Fig. 5 @, an AFM
image is shown with a sample prepared with direct adsorp-
tion on mica. It is seen that with such nearly closely packed
specimens, individual GroES heptamers were well resolved
with a diameter of ~8 nm, although the sevenfold symmetry
could not be identified. There is a hint of a protrusion at the
center of each GroES heptamer. The structure of GroES
revealed by AFM appeared rather different from that of
negatively stained EM of two-dimensional crystals after
image averaging, where a ring-like structure was resolved
(Harris et al., 1994). However, the failure to detect each
individual subunit in EM with two-dimensional crystals

10nm

FIGURE 5 AFM images of GroES in aqueous solutions. (@) An image of
GroES in deionized water without fixation. The diameter of GroES is 8.4
nm, in good agreement with the result from electron microscopy. The
central channel is not resolved, but a protrusion at the center can be seen.
This morphology is quite different from that of EM of negatively stained
two-dimensional crystals (Harris et al., 1994). (b) An image of GroES in
deionized water after 2% glutaraldehyde fixation. It is seen that the
subunits of the heptamer are now clearly resolved without image process-
ing, representing a higher resolution than that achieved with EM after
image averaging. The outer diameter of the GroES is the same as that
without fixation, and the central channel has a diameter of 1.1 nm. It is also
interesting to note that the seven fold symmetry is much more profound
near the channel opening. (¢) A stereogram of GroES, prepared with the
method of Shao and Somlyo (1995). In this stereo image, the overali shape
and the central protrusion are clearly presented. The structure obtained by
the AFM, including both vertical and lateral dimensions, is nearly identical
to that of x-ray diffraction (Braig et al., 1994).
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may indicate that only hexagonal packing was achieved in
these so-called crystals, but the angular orientation was
rather disordered. When glutaraldehyde fixation was ap-
plied to preadsorbed GroES, a significant improvement in
AFM resolution was observed. A typical AFM image is
shown in Fig. 5 b. In this image, the sevenfold symmetry
was well resolved with an excellent contrast (Mou et al.,
1996). The structure around the central channel demon-
strated a lateral resolution of 1 nm or more. This is so far the
highest resolution achieved by AFM of a soluble protein.
The channel appeared to have a diameter of 1.1 nm, which
is much smaller than that of GroEL. This is one of the
clearest examples where the AFM achieved a spatial reso-
lution that is higher than that of EM without crystallization.
One may also notice that there is a 4- to 5-nm wide protru-
sion (~0.8 nm high) near the central pore in the GroES

-

100 nm !’f -

50 nm

FIGURE 6 AFM images of GroEL/ES complexes in the presence of AMP-
PNP and Mg?*. After GroEL was already adsorbed to a mica surface, the
specimen was fixed after incubation with GroES. (a) With excessive GroES in
solution, the binding to GroEL is nearly 100%. The intermolecular distance is
the same as with GroEL alone, but the height of the complex, as measured
from region A where the adsorbed molecules were removed by the AFM tip
with large force scanning, is about 20 nm, about 5 nm higher than that of
GroEL. Without fixation, GroES could be easily displaced. But even with
fixation, repeated scanning can still remove the bound GroES, as seen in
region B. (b) At a higher resolution, individual GroEL/ES complexes were
resolved, and the central protrusion of the bound GroES could be discerned
directly, although further details of the GroES were not observed, perhaps due
to the reduced stability of the complex. The few GroEL without bound GroES
could also be seen with a central pore in these images. One should notice that
the center to center distance of the complexes was essentially the same as
GroEL alone. (¢) The height difference, with or without the bound GroES, is
clearly shown in the surface plot. The measured height difference is ~5 nm,
consistent with the results from (a). Because GroES alone is only 3 nm high,
the apical domains of GroEL must move upward by about 2 nm. These results
demonstrate that large conformational changes can be detected with the AFM
directly.
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heptamer (see Fig. 6¢ for a stereogram). The height of fixed
GroES is about 3 nm, as measured from the edge of closely
packed patches. Both the dimensions and the surface fea-
tures are found nearly identical to that of x-ray diffraction
(Hunt et al., 1996; Mande et al., 1996), suggesting that the
AFM is fully capable of high resolution structural studies.
Because these adsorbed GroES failed to bind GroEL in the
presence of AMP-PNP and Mg?*, the GroEL binding sites
were proposed to be on the other side (Landry et al., 1993;
Mou et al., 1996). The fact that the central protrusion in
GroES could be detected with AFM even without fixation
indicates that the roof region is rather stable.

Complexes of GroEL and GroES:
conformational changes

The AFM was also successful in imaging GroEL and GroES
complexes in solution. We first allowed the GroEL to be
adsorbed to a freshly cleaved mica surface, so that the
majority of the molecules could adopt an end-up orientation
(see Fig. 2). After the excess GroEL was removed, the
sample was examined by the AFM to make sure that the
GroEL coverage was adequate and uniform, before an ex-
cess amount of GroES in 3 mM AMP-PNP and 50 mM
Mg>* was added to the solution covering the sample sur-
face. After a short incubation, most GroEL should be GroES
bound based on our tests with EM and other published
results (Harris et al., 1994; Engel et al., 1995; Schmidt et al.,
1994a; Langer et al., 1992; Chen et al., 1994; Saibil et al.,
1993). However, when the excess GroES was removed, it
was difficult to obtain clean and high resolution images in
the buffer containing AMP-PNP with the AFM. Although
individual molecules were discernible from time to time, the
poor reproducibility and low resolution prevented any con-
clusion from being drawn. When the imaging buffer was
changed to a low-salt buffer, the quality of the AFM images
was somewhat improved, but most GroES were found dis-
sociated from the GroEL, because a clear pore in a molecule
with a diameter of 13—-14 nm could be seen on most of the
molecules and the height and morphology were essentially
the same as that of GroEL. This observation was also
consistent with our preliminary EM studies, where dilution
of the GroEL/ES in the AMP-PNP/Mg** buffer into a
low-salt, nucleotide-free buffer resulted in GroES dissocia-
tion from GroEL. Additives, such as PEG and trehalose, did
not appear to be sufficient to stabilize the complex structure.

However, when 2% glutaraldehyde was used to fix the
GroEL/ES complexes formed on a mica surface in 3 mM
AMP-PNP and 50 mM Mg?*, the stability of these com-
plexes was significantly improved. An example is shown in
Fig. 6 a, where the image was obtained in deionized water
after fixation. In this image, the adsorbed GroEL/ES com-
plex was scraped away by the AFM tip via large force
scanning (Fig. 6 center, denoted by A). The height of the
complex was determined from such “defects” to be 19-20
nm. Even with such fixation, prolonged scanning at sub-nN
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forces can still remove the bound GroES (see the region,
denoted by B). At a higher resolution (see Fig. 6 b), the
coverage was nearly 100%. The central protrusion of the
bound GroES could be discerned in this image, and the few
GroEL without the bound GroES could also be recognized
with a central pore. The height difference, with and without
GroES, is clearly demonstrated in the surface plot (Fig. 6 ¢),
and was measured to be ~5 nm. Because GroES is only 3
nm high, the additional 2 nm height measured from these
images indicates that the apical domains must move up-
ward, as suggested by EM observations (Chen et al., 1994;
Saibil et al., 1993; Langer et al.,, 1992). In fact, if the
dimensions from EM micrographs are calibrated with that
from x-ray diffraction, the amount of domain movement
measured with the AFM is the same as that determined from
EM. The resolution of the pore in GroEL also indicates that
the tip was in reasonably good condition. It is not clear why
details of the bound GroES were not resolved, but one could
argue that the rigidity of the complex must be less than that
of individual oligomers. The fact that GroES can indeed
bind to adsorbed GroEL with similar efficiency also dem-
onstrated that the interaction between the substrate (mica)
and the lower GroEL heptameric ring did not interfere with
the interaction between GroEL and GroES significantly. It
is also interesting to compare Figs. 6 b and ¢ with that
obtained by EM (see Fig. 1) (Engel et al., 1995; Chen et al.,
1994). With negatively stained EM, it cannot be distin-
guished whether GroES was present if GroEL had an
end-up orientation because of the difficulty to detect a small
mass difference in a projection. Although the mass differ-
ence could be detected with scanning transmission electron
microscopy of unstained specimens (Thomas et al., 1994),
the resolution was normally much lower (Engel et al.,
1995). Because AFM is strictly a surface imaging tech-
nique, this type of specimen is particularly suited for the
AFM. These studies also strongly suggest that by taking
advantage of the excellent vertical resolution in the AFM,
conformational changes can be detected even if the lateral
resolution is not sufficient. The requirement for glutaralde-
hyde fixation also suggests that the probe force in the
contact mode AFM is still larger than desired, so that
noncovalent association of macromolecules is not suffi-
ciently strong to sustain the disturbance of the probe. With
chemical cross-linking, the interaction between the subunits
is certainly strengthened, even if the elastic modulus was
only slightly improved. Whether the tapping mode AFM
(Hansma et al., 1994) can significantly improve the resolu-
tion in this case remains to be demonstrated. The resolution
achieved with these delicate molecular complexes indicates
that the question of the protein substrate binding, whether it
is cis or trans with regard to GroES (Saibil, 1996), may be
resolved with sequential reconstitution of the GroE system.

CONCLUSION

We have shown that AFM can be used to image the chap-
eronins GroEL and GroES in solution at a high resolution.
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With both GroEL and GroES, chemical fixation was found
effective for improving the molecular stability, resulting in
the resolution of the individual subunits without image
processing or enhancement. The resolution achieved is al-
ready higher than that from negatively stained EM with
two-dimensional crystals after image averaging. Chemical
fixation was also found necessary for the successful imag-
ing of GroEL/ES complexes with the AFM, because with-
out such fixation, the bound GroES was readily removed by
the AFM tip during imaging. These results clearly demon-
strate the usefulness of fixatives for structural determination
with the AFM at molecular resolution. Although chemical
fixation is not suitable for the study of conformational
changes in real time, one can overcome this difficulty by
fixing the specimen under different conditions (conforma-
tion) to understand the changes that have happened. There-
fore, it is still feasible to image the different steps in the
GroEL/ES reaction cycle with multiple specimens. The
successful dissection of GroEL also demonstrates that the
interior of a large molecular complex can be accessible to
the AFM to obtain useful structural information. The excel-
lent agreement between AFM and x-ray diffraction and EM
clearly establishes the validity of the methodology, provid-
ing a necessary basis for the study of the mechanism of
molecular chaperones. The high resolution achieved also
suggests that a detailed comparison of the AFM structures
with that from x-ray diffraction can be used to evaluate
surface deformation caused by the AFM tip and the extent
of structural preservation by chemical fixation. If the results
presented in this report are any indication, the AFM will be
a competent structural method in biology.
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