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The Escherichia coli GroEL is the best known example;
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The chaperonin of the extremely thermophilic ar-
haeon Sulfolobus solfataricus has been imaged for
he first time under native conditions using the atomic
orce microscope. This technique allows to visualize
he structure of biomolecules in solution under phys-
ological conditions providing a nanometer resolution
opographic image of the sample. Single molecule
tudies can reveal fine structural details, providing a
owerful insight into the active conformation of a
acromolecule, and also allowing to detect different

onformational states corresponding to functional
hanges. © 2001 Academic Press

Key Words: atomic force microscopy (AFM); tapping
ode; chaperonin; TF55; Sulfolobus solfataricus;

rchaea.

Chaperonins are ubiquitous oligomeric protein com-
lexes essential for cell viability. They are barrel-
haped objects constituted by identical or different
olypeptide subunits depending upon the organism to
hich they belong. This particular shape is achieved by

he combination of two rings of subunits, each sur-
ounding a central cavity, stacked back to back (1). The
nal toroidal structure is essential for chaperonin func-
ion, namely assisting the folding of unfolded and
ewly synthesized polypeptides (2). Two different fam-

lies of chaperonins exist, with different amino acid
equences but similar in structure (2, 3). The first
amily includes the 60-KDa heat-shock proteins of the
acteria and mitochondria (hsp 60), and the chloro-
last chaperonins which are not heat-shock proteins.
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t is constituted by 14 identical subunits arranged in
wo seven subunit rings stacked on one another (4).

The second family, called CCT-TriC family, includes
he chaperonins of the archea and eukaryotes. They
lso form toroidal multimeric complexes, which how-
ver contain several different subunits. The chape-
onin of the thermophilic archaeon Sulfolobus solfa-
aricus (growing optimally at ;80°C) was formerly de-
cribed as a homomultimeric complex containing 18
opies of a 55-kDa polypeptide, termed TF55, arranged
s two stacked nine-subunit rings (5). It was later
iscovered that the complex contained two different
F55 subunits termed a-subunit and b-subunit (6)
ith similar molecular weight and related primary

tructure. Recent genomic sequencing data (7) suggest
he existence of a third subunit, gamma, which could
xplain why Sulfolobus chaperonin contains a nine-
ubunit ring instead of the 8-subunit ring found in
ther archaea. Sulfolobus chaperonin is already very
bundant under normal growth conditions and is over
xpressed upon heat shock, namely exposure to tem-
eratures above 86–88°C (8). In addition to the pro-
ein-folding activity, Sulfolbus chaperonin has proba-
ly other functions; indeed, it was shown to be an
NA-binding protein (9).
Atomic force microscope (AFM) (10) allows the direct

tudy of biomolecules in solution. By AFM, it is possi-
le to reconstruct a nanometer topography of proteins
nd other complexes, as well as to study the interac-
ions between macromolecules. When operating in tap-
ing mode, the AFM can scan macromolecules without
ny chemical fixation onto the surface (11), namely
nder conditions in which they retain their full biolog-

cal activity. In this operation mode, the cantilever
ith the tip is oscillated upon the sample at frequen-

ies of some KHz, and the probe touches the latter just
t the very end of its oscillation reducing at the mini-
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um the lateral stimulation (11). When scanned in
ontact mode, instead, the unfixed molecules can be
ushed around by the scanning tip, making it impos-
ible to obtain good images. If compared to other im-
ging techniques, such as cryo-electron microscopy or
-ray crystallography (12, 13) tapping-mode AFM does
ot require any particular sample preparation proto-
ol. So, although the resolution achieved is smaller if
ompared to those techniques or to contact-mode AFM
ith fixed samples, it is possible to visualize a macro-
olecule under conditions known to allow full activity

n in vitro biological assays (14).
Other chaperonins have already been imaged both

xed with glutaraldehyde (15, 16) and in native condi-
ions (14). Most efforts have been focused on E. coli
roEL, which has in fact been observed in all possible

onditions. Very good images have been obtained with
roteins simply adsorbed onto a surface, allowing to
istinguish well the toroidal shape and to study its
nteractions with other proteins (16, 17).

In this work we have performed imaging experi-
ents with Tapping Mode AFM on the chaperonin of S.

olfataricus without any fixation. We report single-
olecule images at good resolution. The images have

llowed us to analyze in some detail the structural
rganization of this chaperonin, and to compare the
resent data with those obtained by means of other
iophysical and biological techniques (12, 18).

FIG. 1. Tapping mode AFM image in which are shown chaper-
nins of Sulfolobus solfataricus simply adsorbed onto the mica sub-
trate. The toroidal shape is easy to recognize, they are present as
solated molecules not embedded within any two dimensional mono-
ayer what allows a detailed single molecule study.
259
Purification. S. solfataricus chaperonin was purified essentially
s described by Ruggero et al. (9). Briefly, the high-molecular weight
aterial, including ribosomes and chaperonin, was collected by high-

peed centrifugation from cell lysates (S-30 extracts). The intact 20S
haperonin complex was further purified by zonal centrifugation on
ucrose gradients, selective fractionation with 50% ammonium sul-
hate and a final gel-filtration step on Sephacryl S-300.
The purified chaperonin was finally collected by ammonium sul-

hate precipitation, resuspended and stored in Tris/HCl 20mM pH 7
ontaining 5% glycerol.

Sample preparation. TF55 original solution (10 mg/ml) was ini-
ially diluted 100 times to a final concentration of 0.1 mg/ml in the
eposition buffer (25mM Tris pH 7.5, 10 mM MgCl2, 10 mM KCl)
hen 10 ml of it were deposed onto freshly cleaved mica for about 30
in at room temperature. Then, to remove any protein excess, the

ample was gently rinsed with the same buffer and was immediately
ut into the fluid cell for imaging in order to avoid drying.

FIG. 2. Section analysis of a chaperonin showing that it is a
ingle isolated protein on the surface. Lateral dimensions measured
t the top of the complex are 16.8 nm in agreement with data
eported in literature; the measured topography of the complex
hows the typical enlargement due to the effect of the tip convolution.
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Before deposition, mica was fixed on the support by melted wax;
nce solid, this is hydrophobic and does not allow any water to
enetrate between sample and support.

FIG. 3. Height of the chaperonins complexes meaasured by T
re measured by the section analysis of the topographic image and th
he distribution of the heights measured in one image. The vertical d
he mica substrate. Two close but separated peaks are present,
haperonin.
260
AFM experiment. Images were collected using a nanoscope III
Digital Instrument, Santa Barbara, CA) operating in Tapping mode
n liquid. The probes used where commercially available DI Nano-

ping mode AFM. In a and b, the heigth of two single proteins
are, respectively, 17.0 6 0.1 nm and 17.5 6 0.1 nm. In c, is reported
ension was measured in comparison with exactly the same region of
ch can represent the two different conformations of the archeal
ap
ey
im
whi
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ips grown by (Nanotools Gmbh, Lenting, Germany) onto the former.
he cantilevers were oscillated at the frequency of 9.00 KHz and the
et-point was regulated in order to have the minimum possible force
xerted on the sample.
The cantilever used was always the short and thin one with a

ominal spring constant of 0.32 N/m. The scan rate was kept be-
ween 2 and 3 line per second.

Image analysis. Raw data where just flattened; section analysis
nd bearing analysis were performed with the software of Nano-
cope III.

ESULTS

Sulfolobus chaperonin is often present as a single
olecule onto the mica surface. Isolated complexes are

uite easy to find when scanning the sample. Even if
solated molecules are usually difficult to image be-
ause of their high mobility on the substrate, we were
ble to achieve a good resolution when the proteins
ere not embedded into a two dimensional layer. The

mages of Fig. 1 show some individual chaperonin com-
lexes: it is easy to distinguish the characteristic toroi-
al structure with the central cavity. As shown by
ection analysis (Fig. 2) the complexes were mainly
urrounded by mica. Lateral dimension like internal
nd external diameter, measured at the top of each
olecule, were in good agreement with data from other

echniques: 16.8 6 0.5 nm for the external, 4.5 6 0.5
m for the cavity (19). In Fig. 2 it is possible to see
hese lateral dimensions for one molecule, as well as
he enlargement due to tip convolution which appears
hen diameter is measured below the top of the com-
lex. In fact, it is well known in literature that AFM
mages are the convolution of the sample surface and
he tip shape (20).

The cavity depth is also influenced by the shape of
he tip, since a larger probe will penetrate less within
he hole.

The height of the toroid has been measured for each
olecule compared to the near surface. This is a very

mportant point of the work, because, usually, mole-
ules are present on the surface as more or less closely
acked arrays (unpublished results); in these condi-
ions the height is difficult to measure because the tip
annot reach the substrate surface. However, it is still
ossible to measure the height of the proteins located
n the outside of the array or to estimate it by indirect
omparisons.

Figure 3 shows the height measured for two isolated
haperonins together with the distribution of the
eights measured in the same full image. The mean
alue of the distribution is 17.3 6 0.1 nm. A notable
eature, however, is the presence of two close but well
esolved peaks, which suggest the existence of two
istinct conformations of the chaperonin complex un-
er the conditions employed. Indeed, Sulfolobus and
ther chaperonins are known to adopt two different
261
onformations, termed “open” and the “closed,” re-
ealed biochemically by electrophoresis on non-
enaturing gels, whose relative amount depends on
he environmental conditions (19). The two different
eights we observe for the complex are suggestive of a
ertain flattening of the toroid associated with the con-
ormational transition, although it is not possible to
ecide whether the “shorter” barrel corresponds to the
pen or the closed conformation. The Cryo-EM data of
choen et al. (21) support our observation, reporting
he contemporary presence of the conformations at
oom temperature with difficulties in shifting toward
ne of them because of the reduced ATPase activity of
he protein below 50°C

In some cases a higher density of proteins has been
ound resulting in a tighter packing of the complexes;
n this case a bearing analysis, which makes a statistic
n the heights present within an image, shows without
ncertainty the contemporary presence of both double-
ing and single-ring chaperonin complexes. Therefore
wo well defined maximums are present in the plot of
ig. 4, corresponding to the heights of 17.5 nm and 8.5
m of the two different association states. The splitting
f the double ring chaperonin into two single-ring com-
lexes has also been documented under certain physi-
logical conditions (19).

ISCUSSION

In this work we have imaged for the first time the
haperonin of the thermophilic archaeon Sulfolobus
olfataricus under native conditions by atomic force
icroscope. The structure of single chaperonin com-

lexes has been observed at good resolution without

FIG. 4. Bearing analysis of an image where the chaperonins
ere present in higher concentration, the distribution of heights

hows two peaks corresponding to the height of the single ring and of
he complete double ring.



employing any preparation techniques that could alter
t
s
s
w
h
t
w
c
c
t
i
e
F
p
a
t
f
m

A

R
d
W
t

R

7. She, Q., et al. (2001) The complete genome of the crenarchaeon

1

1

1

1

1

1

1

1

1

1

2

2

Vol. 288, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
he structure or the function of the protein. The dimen-
ions of Sulfolobus chaperonin in solution thus mea-
ured were in perfect agreement with those obtained
ith other techniques. Importantly, by performing
eight measurements we could also obtain evidence for
he presence of two distinct structures of the complex,
hich probably correspond to the “open” and “closed”

onformations proposed to exist on the basis of bio-
hemical experiments. Finally, our data lend support
o the surmise, also advanced on the basis of biochem-
cal studies, that Sulfolobus chaperonin in solution
xists as both single-ring and double-ring complexes.
urther studies with native AFM will allow us to ex-
lore the conditions promoting conformational changes
nd determining the prevalence of a given conforma-
ion, as well as to investigate the interaction of Sul-
olobus chaperonin with other proteins and/or RNA
olecules.

CKNOWLEDGMENTS

This work was made possible with the financial support of the
oche Research Foundation and the Swiss National Science Foun-
ation (NRP 36, Project 4036-044059 and Project 2100-063746.00/1).
e thank Dr. Laura Nicolini of ISS (Istituto Superiore di Sanità) for
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