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Reversible Interaction of f3-Actin Along the Channel of the TCP-1
Cytoplasmic Chaperonin
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ABSTRACT The cytoplasm of eukaryotes contains a heteromeric toroidal chaperonin assembled from the t-complex TCP-1
and several other related polypeptides. The structure of the TCP-1 cytoplasmic chaperonin and that of the binary complex formed
between this chaperonin and unfolded ,B-actin have been studied using electron microscopy and image processing techniques.
Two-dimensional averaging of front views reveals a circular stain-excluding mass surrounding a central stain-penetrating region
in which the stain is excluded upon actin binding. Sections of a three-dimensional reconstruction of the chaperonin show that
the inner core is an empty channel that becomes filled upon binary complex formation with unfolded P-actin. Upon incubation
with Mg-ATP, the ,B-actin:chaperonin complex discharges the actin such that the chaperonin central cavity reappears. Side views
from different forms of TCP-1 reveals that upon Mg-ATP binding, the cytoplasmic chaperonin undergoes a structural rear-
rangement that is confirmed using a new classification method.

INTRODUCTION

Chaperones are a family of proteins or protein complexes that
are involved in promoting the correct folding or assembly of
polypeptides (Hemmingsen et al., 1988, Bockhareva et al.,
1988, Cheng et al., 1989; Ellis and van der Vies, 1991). The
best known members of this family are the chaperonins, com-
posed of proteins with a molecular weight close to 60 kDa
which, in common with other chaperones, inhibit the im-
proper folding of a large number of proteins (Zeilstra-Ryalls
et al., 1991; Gething and Sambrook, 1992; Hartl and Martin,
1992). Their structure has been studied at low resolution by
electron microscopy and is generally composed of two
stacked rings. Chaperonins have been classified into two
groups: one contains those chaperonins of bacterial origin
like GroEL (Hendrix, 1979; Hohn et al., 1979) or from eu-
karyotic organelles (such as the mitochondrial Hsp6O
(Viitanen et al., 1992) or the Rubisco binding protein from
chloroplasts (Barraclough and Ellis, 1980)). The second
group contains chaperonins from thermophilic bacteria such
as TF55 from Sulfolobus shibatae (Trent et al., 1991) or
S. solfataricus (Marco et al., 1994), and the eukaryotic cy-
tosolic TCP-1 (Ursic and Culberston, 1991; Gao et al., 1992;
Yaffe et al., 1992; Lewis et al., 1992; Frydman et al., 1992).
The heteromeric cytoplasmic chaperonin TCP-1 (chapero-

nin or cytoplasmic chaperonin) is assembled from t-complex
polypeptide 1 (TCP-1), which is homologous to TF55 from
S. shibatae (Trent et al., 1991), and also from other homolo-
gous polypeptides with a molecular mass ranging from 55 to
62 kDa (Gao et al., 1992; Yaffe et al., 1992; Lewis et al.,
1992; Frydman et al., 1992). This chaperonin has been found
to promote the in vitro folding of ,B-actin (Gao et al., 1992)
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and a- and ,B-tubulin (Yaffe et al., 1992; Gao et al., 1993),
although in the last case two additional factors are also
needed (Gao et al., 1993). It has recently been reported that
the cytoplasmic chaperonin is capable of promoting the fold-
ing of actin and tubulin in vivo (Sternlicht et al., 1993). The
TCP-1 chaperonin is not restricted to the cytosol of mam-
malian cells, since an homologous complex has been isolated
from etiolated oat seedlings (Mummert et al., 1993). The
molecular aggregate formed by this protein is capable of
stimulating the refolding of denatured phytochrome to a pho-
toactive form in the presence of Mg-ATP. However, in spite
of the amino acid sequence similarity between the t-complex
polypeptide 1 and this protein, the morphology (as seen by
electron microscopy) of the aggregates assembled from each
of these proteins is very different (Gao et al., 1992; Lewis
et al., 1992; Mummert et al., 1993). In this work, we report
a comparison of the two-dimensional images of the cyto-
plasmic chaperonin and the complex formed by this chap-
eronin with the unfolded ,B-actin, together with changes in
the quaternary structure promoted by Mg-ATP binding.
These changes are confirmed by use of a newly devised
classification method that has proved useful in separating
populations containing slight structural differences.

MATERIALS AND METHODS

Specimen preparation
Uncomplexed chaperonin and ,3-actin:chaperonin complex, a kind gift of
Dr. N. Cowan, were prepared from rabbit reticulocyte lysate as described
by Gao et al. (1992). Actin was released from the binary complexes by
incubation with 10 mM MgCl2 and 10 mM ATP for 1 h at 30°C in 20 mM
MES, pH 6.9, 0.1 M KCl, 1 mM EGTA, 1 mM dithiothreitol. When needed,
uncomplexed chaperonin was also incubated with 10 mM Mg-ATP in the
same buffer.

Electron microscopy and image processing
Aliquots of the samples were applied to carbon-coated collodion grids and
stained with 1% uranyl acetate. Images were recorded on Kodak film SO-
163 using a JEOL 1200EX-II electron microscope operated at 100 kV with
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a low-dose kit. Micrographs were recorded at 0° and at a magnification of
50,OOOX. Micrographs were digitized using a Eikonix IEEE-488 camera
with a sampling window corresponding to 4.7 A/pixel. Image processing of
individual particles was carried out as described by Carrascosa et al. (1990),
except that average images were calculated using an improved alignment
algorithm (Penczek et al., 1992; Marco et al., 1993). In the case of actin
binary complex preparations, particles having a central stain-filled domain
were separated from those showing a stain-penetrating central region using
a Kohonen-based self-organizing map classifier (Kohonen, 1990; Marabini
and Carazo, 1994). The number of output code vectors was 25 and they were
placed following a hexagonal topology. The rest of the parameters were the
same as those used in Marabini and Carazo (1994). The same method was
used in the classification of side views. The resolution was calculated using
the spectral signal-to-noise ratio method (Unser et al., 1987). Three-
dimensional reconstructions were carried out from micrographs of nega-
tively stained uncomplexed chaperonin and ,3-actin:chaperonin complex
recorded at 550 and 00, at a magnification of 50,OOOX, using the random
conical tilt series method (Radermacher et al., 1987).

RESULTS AND DISCUSSION

When negatively stained chaperonin particles were observed
in the electron microscope (Fig. 1 A), two types of structure
were clearly seen: a doughnut-shaped particle (Trent et al.,
1991) and a less common barrel-shaped structure (Phipps
et al., 1993), with two prominent striations across the central
portion. Because of their similarity to front and side views
of the Escherichia coli chaperonin GroEL, we call these im-
ages front and side views, respectively, of this chaperonin.
When front and side views were independently averaged
using the alignment procedure described in Materials and
Methods, their characteristic features, similar to those found
in the chaperonins from archaebacteria (Trent et al., 1991;
Phipps et al., 1993), were more clearly evident. The average
front view obtained after processing 394 particles (Fig. 2A)
reveals a stain-filled region in the center surrounded by a
complex stain-excluding layer. The diameter of the particle
is around 16 nm, while that of the channel is around 6 nm.
The mass is distributed radially showing the presence of 8
slightly asymmetrical mass units. This result contrasts with
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FIGURE 1 Electron micrographs
of uncomplexed chaperonins (A), ac-
tin:chaperonin complexes (B), and
chaperonins (C) after the release of,
bound actin. Most of the particles are re

front views, but side views can also be
seen inA and C (arrows). Scale bar=
100 nm. :,

*C

FIGURE 2 Average image of front views of uncomplexed cytoplasmic
chaperonin (A), actin:chaperonin complex (B), and chaperonin (C) after the
release of bound actin by incubation with Mg-ATP. Scale bar = 10 nm.

the symmetrical distribution of the mass units in the average
image obtained for the related thermophilic chaperonin from
Pyrodictium occultum (Phipps et al., 1993), probably be-
cause of the higher complexity of the cytoplasmic chaperonin
(Rommelaere et al., 1993). The average side view obtained
after processing 393 particles (Fig. 4, A and C) shows the
barrel-shaped structure described above, with dimension of
15 X 16 nm and four parallel striations that, unlike those of
P. occultum (Phipps et al., 1993) andP. brockii (Phipps et al.,
1991), are very similar in thickness.
A three-dimensional reconstruction carried out from 193

negatively stained particles using the random conical tilt se-
ries method (Radermacher et al., 1987) (Fig. 3 A) confirmed
the presence of a channel that is open throughout the particle.
The dimensions of the average side and front views and the
non-rectangular side view suggest a model in which the cy-
toplasmic chaperonin is composed of two rings juxtaposed
face-to-face, in a similar way to the stacking of the paired
rings in GroEL (Langer et al., 1992).

It has been shown that the cytoplasmic chaperonin forms
a stable binary complex with denatured actin (Gao et al.,
1992). To locate the actin binding site within the chaperonin
particle, f-actin:chaperonin complexes were prepared and
observed in the electron microscope (Fig. 1 B). In these
preparations, two different populations could be distin-
guished: the first (50% of the total population) showed the
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ticles observed by electron microscopy revealed the typical
front and side views (Fig. 1 C), with the front views clearly
showing the stain-filled region in the center of the particle.
The average image of front views after processing of 361
particles (Fig. 2 C) is very similar to the uncomplexed chap-
eronin views (Fig. 2 A) and confirms the presence of the
empty channel that reappears upon release of the folded ac-
tin. These results reinforce the notion that the central cavity
is the binding site of unfolded actin within the cytoplasmic
chaperonin, and that the particle returns to its original
structure after actin liberation.
The effect of binding of ATP (in the presence of magne-

sium) on the structure of the cytoplasmic chaperonin has also
been studied. The average side view obtained from 452 im-
ages of the chaperonin incubated in the presence of Mg-ATP
showed some different features from that obtained from 393
particles of the uncomplexed chaperonin (Fig. 4). The overall
structure of the chaperonin shows a a barrel-shaped outline
(Fig. 4, A and C), while after incubation with Mg-ATP the
projection profile changes toward something compatible
with two truncated cones (Fig. 4, B and D). Together with
this change in the profile, the stain-filled cavities also appear

FIGURE 3 Sections through the three-dimensional reconstruction of
uncomplexed cytoplasmic chaperonin (3.6 nm resolution) (A) and actin:
chaperonin complex (4.2 nm resolution) (B). Distance between successive
sections is 0.47 nm. Scale bar = 10 nm.

stain-filled central region observed in front views of uncom-
plexed cytoplasmic chaperonin, whereas the second lacked
the stain-filled central domain. This probably reflects a het-
erogeneous population consisting of uncomplexed chaper-
onins and ,B-actin:chaperonin complexes generated when un-

folded ,B-actin is presented to chaperonin in the absence of
Mg-ATP. When the two populations were separated using
the newly devised Kohonen-based classifier (Marabini and
Carazo, 1994) and 437 of the particles lacking the stain-filled
central domain were processed, the average view obtained
(Fig. 2 B) revealed that the channel is filled with a stain-
excluding mass, specially in the center of the channel, remi-
niscent of the images of complexes formed between alcohol
oxidase or rhodanese and GroEL or GroEL-GroES com-

plexes (Langer et al., 1992). Recently, experiments carried
out with dihydrofolate reductase (DHFR):GroEL complexes
in which the unfolded DHFR was labeled with 1.4 nm gold
clusters, located the unfolded protein in the front portions of
the channel (Braig et al., 1993). This result is consistent with
a three-dimensional reconstruction carried out with f-actin:
chaperonin complexes (188 particles), which shows that sec-

tions of the three-dimensional map contain a stain-excluding
mass all along the channel (Fig. 3 B). The low resolution of
this reconstruction (4.2 nm), especially in the direction per-

pendicular to the plane of the rings, makes the area occupied
by the unfolded actin larger than it probably is, thus pre-

venting an accurate location of the folding peptide.
When f3-actin:chaperonin complexes were incubated with

Mg-ATP, actin was released (Gao et al., 1992) and the par-

C D

FIGURE 4 Average image of side views of uncomplexed cytoplasmic
chaperonin (A) and chaperonin incubated with Mg-ATP (B). (C) and (D):
corresponding gray-level images ofA and B. (E): difference map obtained
after dividing the difference between the average images A and B by the
standard error of the difference (obtained from the variance within each
average). Student's t-test (Brandt, 1970) was used to assess the significance
of the differences, with tm. = 14.5 and tn.,j = -26.9, showing that the
differences are highly significant. Scale bar = 10 nm.
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FIGURE 5 Dictionary output vectors corresponding to a Kohonen-based
image classification of a mixed population of chaperonins incubated with
or without Mg-ATP. The number shown at the bottom right of the code
vector images corresponds to the number of particles represented by each
vector.

different, probably as a consequence of the rearrangement
generated in each of the two rings that is reflected in a dif-
ferent relative orientation of the longitudinal and transverse
domains. Several methods were used to check whether the
averages were from different populations and not due to
sample fluctuations from the same population. A significant
difference map was obtained (Fig. 4 E) after dividing the
difference between the average images from the uncom-
plexed chaperonin (Fig. 4 A) and the chaperonin incubated
with Mg-ATP (Fig. 4 B) by the standard error of the dif-
ference (obtained from the variance within each average). A
similar result is obtained after quantitative substraction of
both average images, following a substraction algorithm de-
vised by Carrascosa and Steven (1978) (results not shown).
Although these differences were found to be significant for
different sample batches and processing experiments, a dif-
ferent method was also used to make a more objective as-
sessment of each population. Populations incubated with
Mg-ATP (represented by the average image of Fig. 4 B)
or without Mg-ATP (represented by the average image of
Fig. 4 A) were mixed and subjected to a Kohonen-based
self-organizing map. Fig. 5 shows a dictionary of output vec-
tors after the classification, in which most of the Mg-ATP
bound chaperonins have been placed in the bottom right vec-
tors and those not incubated with ATP in the top left vectors.
Central vectors show the particles of both populations that
could not be classified. This result clearly indicates that the
Mg-ATP bound chaperonins can be separated from those that
heeantbeen incubathe with MgAtha uingeapppia

casamlefiuctationstechniquessand pointsatoona significantsrcua

difference between each population. This is confirmed by the
fact that when Mg-ATP bound chaperonin was incubated in
the presence of excess ADP and side views of this sample
were processed, the average image obtained shows similar
features to those found in the original uncomplexed particles
(data not shown). Structural differences induced in chaper-
onins upon Mg-ATP binding have already been described for
the chaperonin from Rhodobacter sphaeroides (Saibil and
Wood, 1993) and suggest that upon Mg-ATP binding, the
cytoplasmic chaperonin undergoes a large structural rear-
rangement that is reflected in the shape of each of the toroids
and in the way both interact. The hypothesis of a structural
rearrangement generated by the presence of Mg-ATP is re-
inforced by the finding that the average image of side views
of f-actin:chaperonin complexes incubated with Mg-ATP
clearly resembles that of the chaperonin not incubated with
Mg-ATP (data not shown). In this case, although the actin:
chaperonin complexes have been incubated with ATP,
this is rapidly hydrolyzed to release the folded substrate
(Gao et al., 1992; Yaffe et al., 1992).

Studies at higher resolution will be needed to further un-
derstand the nature of the interactions between the chapero-
nin and the unfolded polypeptide. Nonetheless, our data
clearly define the central core of the cytoplasmic chaperonin
as the domain where facilitated folding takes place and reveal
a conformational change in the quatemary structure of the
two rings of the cytoplasmic chaperonin upon interaction
with ATP.
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