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Crystal Structure of the Native Chaperonin
Complex from Thermus thermophilus Revealed
Unexpected Asymmetry at the cis-Cavity

GroEL-GroES complex exhibits a large deviation from
the 7-fold symmetry. As a result, the GroEL-GroES
interface differs considerably from the previously re-
ported E. coli GroEL-GroES complex, including a pre-
viously unknown contact between GroEL and GroES.
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Chaperonins are essential proteins that mediate theTokyo Institute of Technology
folding of newly translated polypeptides in an ATP-Yokohama 226-8503
dependent manner (Bukau and Horwich, 1998; Hartl andJapan
Hayer-Hartl, 2002; Sigler et al., 1998; Thirumalai and3 ATP System Project
Lorimer, 2001). In eubacteria, mitochondria, and chloro-Exploratory Research for Advanced Technology
plasts, two ring-shaped chaperonins, GroEL (cpn60) and(ERATO)
the co-chaperonin GroES (cpn10), act together. GroELJapan Science and Technology Agency
from Escherichia coli (Ec-GroEL) is the best-character-Yokohama 226-0026
ized chaperonin and comprises two heptameric ringsJapan
stacked back to back, each containing seven identical4 Graduate School of Science
57 kDa subunits (Braig et al., 1994, 1995). Ec-GroEL hasOsaka University
three domains: an equatorial domain containing an ATP/Toyonaka, Osaka 560-0063
ADP binding site, an apical domain with the binding siteJapan
for both nonnative proteins and GroES, and an interme-5 Precursory Research for Embryonic Science
diate domain that has a hinge region connecting theand Technology (PRESTO)
equatorial and the apical domains (Braig et al., 1994).Japan Science and Technology Agency
E. coli GroES (Ec-GroES) is a dome-shaped structure4-1-8 Honcho, Kawaguchi
containing seven identical 10 kDa subunits that bindsSaitama, 332-0012
to one of the Ec-GroEL rings (Hunt et al., 1996).Japan

GroEL binds a wide spectrum of nonnative proteins6 Division of Biomedical Sciences
at hydrophobic sites on the apical domains (Fenton etImperial College London
al., 1994; Houry et al., 1999; Sakikawa et al., 1999; Viita-London SW7 2AZ
nen et al., 1992). Binding of ATP to one of the GroELUnited Kingdom
rings induces a positive cooperative upward movement
of the intermediate and apical domains, leading to stable
binding of GroES (Xu et al., 1997). Negative cooperativity

Summary between the two GroEL rings with respect to ATP bind-
ing (Yifrach and Horovitz, 1995) results in an asymmetric

The chaperonins GroEL and GroES are essential medi- GroEL-GroES (GroEL/ES) complex, in which the GroEL
ators of protein folding. GroEL binds nonnative pro- ring that binds GroES is referred to as the cis-ring and
tein, ATP, and GroES, generating a ternary complex the opposite ring as the trans-ring. The majority of GroEL
in which protein folding occurs within the cavity residues involved in GroES binding are also involved in
capped by GroES (cis-cavity). We determined the crys- binding nonnative protein (Fenton et al., 1994). As a
tal structure of the native GroEL-GroES-ADP homolog result, GroES binding encapsulates the nonnative pro-
from Thermus thermophilus, with substrate proteins tein within the enlarged cavity inside the cis-ring capped
in the cis-cavity, at 2.8 Å resolution. Twenty-four in vivo by the dome of GroES (the cis-cavity) (Mayhew et al.,
substrate proteins within the cis-cavity were identified 1996; Weissman et al., 1995). The nonnative protein in-
from the crystals. The structure around the cis-cavity, side the cavity initiates folding to the native state without
which encapsulates substrate proteins, shows signifi- risk of aggregation (referred to as cis-folding). After ATP
cant differences from that observed for the substrate- hydrolysis in the cis-ring, the subsequent binding of ATP
free Escherichia coli GroEL-GroES complex. The api- to the trans-ring triggers the release of GroES, ADP, and
cal domain around the cis-cavity of the Thermus the folded or partially folded substrate protein from the

cis-ring (Rye et al., 1997, 1999).
The structure of the GroEL-GroES-ADP7 complex from*Correspondence: taguchi@k.u-tokyo.ac.jp (H.T.); s.iwata@ic.ac.uk

(S.I.) E. coli (Xu et al., 1997) has revealed important features
7 Present address: Second Department of Biochemistry, Jikei Uni- of the complex: the large en bloc movement of the inter-
versity School of Medicine, 3-25-8 Nishi-shinbashi, Minato-ku, mediate and apical domains in the cis-ring, the enlarged
Tokyo 105-8461, Japan.

cis-cavity, the hydrophilic surface of the cis-cavity, and8 Present address: Department of Medical Genome Sciences, Grad-
the binding of the mobile loop in GroES to helices Huate School of Frontier Sciences, The University of Tokyo, Kashiwa,

Chiba 277-8562, Japan. and I of GroEL. However, this Ec-GroEL/ES complex
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Figure 1. Substrate Proteins of the Native Tth-Chaperonin Complex Obtained from Crystals

A 1D gel of the crystals is shown with a list of 24 identified substrate proteins as well as Tth-GroEL and Tth-GroES. A star denotes substrate
proteins of known structure. A double star denotes substrate proteins which have a homolog of known structure.

was obtained by reconstitution of individually purified among those encapsulated inside the Tth-chaperonin
complex. Moreover, a comparative study with the recon-Ec-GroEL and Ec-GroES with ADP. Dissociation of Ec-

GroEL and Ec-GroES during purification prevented iso- stituted Ec-GroEL/ES complex reveals significant differ-
ences between the two protein complexes, particularlylation of the native Ec-GroEL/ES complex. As a result,

this complex contains no substrate protein and thus around the cis-cavity, where substrate protein is encap-
sulated.may not represent any real intermediates in the GroEL-

ATPase cycle. Indeed, an exclusive role for ATP (not
ADP) in productive cis-folding has been reported Results and Discussion
(Chaudhry et al., 2003; Motojima and Yoshida, 2003),
suggesting a different conformation for GroEL when the Identification of In Vivo Substrate Proteins

The Tth-chaperonin complex was purified in buffer con-reaction is initiated by ATP from that observed in the Ec-
GroEL/ES complex. The following findings also suggest taining no nucleotides to avoid exchange of Tth-GroES

(Shimamura et al., 2003; Taguchi et al., 1991; Taguchithere are some interactions between the cis-cavity and
the substrate proteins during the catalytic cycle of the and Yoshida, 1998). In addition, the buffer contained

Triton X-100, which has been shown to remove the poly-GroEL/ES complex; (i) the GroEL-ATPase cycle is accel-
erated several fold in the presence of nonnative proteins peptides bound to the trans-ring of the Tth-chaperonin

complex (data not shown). The addition of Triton X-100(Yifrach and Horovitz, 1996; Rye et al., 1999; Aoki et al.,
2000, Taguchi et al., 2001). (ii) It has been proposed that does not affect the stability of the complex. The Tth-

chaperonin complex crystals were solubilized and theGroEL forces the unfolding of substrate proteins in a
GroES- and ATP-dependent manner (Shtilerman et al., proteins separated by SDS-PAGE. In addition to the

strong bands corresponding to Tth-GroEL (�58 kDa)1999). (iii) Folding of some proteins in the cis-cavity is
faster than spontaneous folding in bulk solution (Brinker and Tth-GroES (�11 kDa), there were many faint bands

observable on the gel (Figure 1). Using MALDI-TOF masset al., 2001). (iv) Changing the surface of the cis-cavity
wall from hydrophobic to hydrophilic affects protein spectrometry and Edman degradation, we succeeded

in identifying 24 of the most abundant proteins (Figurefolding (Wang et al., 2002). To understand the interaction
between the cis-cavity and substrate proteins, it is es- 1). This analysis also revealed that all bands larger than

58 kDa are likely to be aggregated and/or crosslinkedsential to obtain the structure of the GroEL-GroES-sub-
strate complex. GroEL.

The list of identified proteins reveals no sequence norIn this paper, we report the crystal structure of the
native chaperonin complex from Thermus thermophilus motif similarity, as well as no preference for pI. Only

three (Upp, ThiD, and RpoA) have so far been known to(Tth), an eubacterial homolog of E. coli chaperonin (Ec-
GroEL/ES) complex. We identified 24 substrate proteins be Ec-GroEL-interacting proteins (Houry et al., 1999) and
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There are 13 nonconserved regions (I–XIII in Figure 3)Table 1. Data Collection and Refinement Statistics
between the Ec-GroEL/ES and Tth-chaperonin complex

Data Collection sequences. Except regions III and XIII, all these noncon-
Wavelength (Å) 0.933 served regions are located on the outside of the central
Resolution (Å) 2.8 cavity (Figure 2B). In contrast, residues facing the cis-
Measured reflections 647,041 cavity are highly conserved and mainly charged (Figure
Unique reflections 429,625 3). These residues are also conserved in other chaper-
Completeness (%)a 81.3 (65.9)b

onins (data not shown), suggesting that the location ofRmerge (%)c 7.6 (55.5)
these residues could be important for the efficient fold-Space group P1

Unit cell (Å) a � 140.4, b � 156.4, c � 273.2 ing of the substrate in addition to the previously sug-
� � 82.9�, � � 85.4�, � � 68.5� gested role of maintaining the hydrophilicity of the wall

(Xu et al., 1997). Interestingly, the inside surface of theRefinement
cis-cavity is very acidic (Figure 2C).

Resolution (Å) 40–2.8 (2.9–2.8)
Although biochemical analysis clearly showed theRwork (%)d 23.9 (40.5)

presence of substrate protein in the cis-cavity, we couldRfree (%)e 27.9 (37.6)
only observe very disordered electron densities on theRmsd from ideal value

Bond lengths (Å) 0.008 surface of the cis-cavity. This is expected, as, in the
Bond angles (�) 1.23 crystal structure, we are observing an averaged electron
Dihedral angles (�) 20.5 density distribution of more than 24 different substrate
Improper torsion angles (�) 0.77

proteins. Despite this, it is still possible to observe aRamachandran statistics
general effect of the substrate in the cis-cavity to theMost favored region (%) 85.7
Tth-chaperonin complex structure, which will be dis-Additional allowed region (%) 14.0

Generously allowed region (%) 0.0 cussed in the following sections.
Disallowed region (%) 0.2

a Values in parentheses are for the highest resolution shell.
The cis-Ringb Due to strong anisotropy, the completeness of the last shell Rmerge

is low. GroES and the GroEL cis-ring form the large cis-cavity
c Rmerge � �i |I(h)i � |/�i |I(h)i|, where is the mean intensity of equivalent for the encapsulation of substrate proteins. In spite of
reflections. the similarity of the structures of each subunit and do-
d Rwork � �|Fo � Fc|/�|Fo|, where Fo and Fc are the observed and main, the overall shape of the cis-ring rim in the Tth-
calculated structure factor amplitudes, respectively.

chaperonin complex, composed of the apical domains,e Rfree � �|Fo � Fc|/�|Fo|, calculated using a test data set, 3% of total
is strikingly different from the Ec-GroEL/ES complexdata randomly selected from the observed reflections.
(Figure 4A). The shape of the cis-ring rim in the Ec-
GroEL/ES complex is almost circular, whereas the rim
of the Tth-chaperonin complex has an irregular oval

Tth-chaperonin substrate proteins. Among the identified shape deviating from the molecule’s 7-fold symmetry.
proteins, the structures of ThiD and the 50S ribosomal Both molecules in an asymmetric unit show similar devi-
protein L22 have been solved. In addition, the structures ation from 7-fold symmetry (Figure 4A). Such large devi-
of ten homologous proteins (more than 30% sequence ation from 7-fold symmetry is observed only in the apical
identity) from different bacteria have been solved. All domains of the cis-ring but not in other parts of the
of them contain �/� folds as suggested for Ec-GroEL- molecule. This deviation of the cis-ring rim from the
interacting proteins (Houry et al., 1999), although this is 7-fold symmetry is not a direct effect of the crystal con-
a very common structural feature. As we have many tact because the same distortion pattern of the ring is
bands corresponding to shown proteins as well as the observed for both of the two chaperonin molecules in
24 substrate proteins shown here, we await further anal- the crystallographic asymmetric unit, which form differ-
ysis in order to fully elucidate common structural fea- ent crystal contact patterns (Figure 4B). The apical do-
tures among chaperonin substrates. main in Tth-GroEL has high temperature factors as was

observed in the Ec-GroEL structures (Braig et al., 1994;
Xu et al., 1997); however, this cannot explain such aOverall Structure of the T. thermophilus

Chaperonin-Substrate Complex large deviation from 7-fold symmetry. Indeed, the con-
formational variety of the GroEL subunit in the cis-ringThe structure was determined at 2.8 Å resolution (Table

1). Because of the averaging using the 14-fold NCS, is much higher in the Tth-chaperonin complex (rmsd
�2.7 Å) than that in the Ec-GroEL/ES complex (rmsdelectron density was clear in most regions including the

side chains. The overall structure of the Tth-chaperonin �0.2 Å) (Xu et al., 1997) or the uncomplexed Ec-GroEL
structure (rmsd �0.5 Å) (Braig et al., 1994).complex is similar to the Ec-GroEL/ES complex (Figure

2A), reflecting the high sequence similarity (64% for The Tth-GroEL subunits in the cis-ring can be roughly
classified into two types (type I and type II) accordingGroES and 71% for GroEL) (Figure 3). This complex

binds seven ADP molecules to the cis-ring but not to to the degree of twist of the apical domain against the
intermediate domain due to the conformational flexibili-the trans-ring (Figure 2A). The structures of individual

subunit and domain are also similar, with root-mean- ties of the N and C terminus of the apical domain (Figure
4C). The apical domain of the type I subunit is moresquare deviations (rmsd) of C� atoms of 0.7–1.2 Å (do-

mains) and 1.1–1.6 Å (subunits), except for the GroES twisted into the cis-cavity. The conformation of the Ec-
GroEL subunit is more similar to the type II conformationmobile loop (rmsd 3.0 Å), the binding region to GroEL.
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Figure 2. The Structure of the Tth-Chaper-
onin Complex

(A) The structure of the complex in a side (left)
and top (right) view. The trans-ring, the cis-
ring and GroES are colored red, green, and
yellow, respectively. ADP molecules and Mg
ions are shown as pink and orange, respec-
tively. The sizes of the Ec-GroEL/ES complex
(1AON) (Xu et al., 1997) are shown in paren-
theses.
(B) Locations of the nonconserved regions.
A protomer is shown. Nonconserved regions
(see Figure 3) are shown in red.
(C) The surface of the wall of the cis-cavity.
Three subunits of both Tth-GroEL in the cis-
ring and Tth-GroES are shown. Electrostatic
potentials were calculated with the program
GRASP (Honig and Nicholls, 1995). The polar
surfaces are colored blue (positively charged)
and red (negatively charged).

than type I. The cis-ring is, in principle, composed of Positive Cooperativity
Positive cooperativity in ATP binding and the associatedthree pairs of type I and type II subunits, and one type

II subunit (Figure 4A). This means that every other sub- conformational change observed in the GroEL subunits
are essential for the binding of GroES and facilitatesunit is twisted into the cis-cavity in the native Tth-chap-

eronin complex compared with the reconstituted Ec- the catalytic cycle of chaperonin (Sigler et al., 1998;
Thirumalai and Lorimer, 2001). It has been proposedGroEL/ES complex. The interface of the GroEL subunits

is adjusted by residues 296–317 (Figure 4C). Residues that the signal is transmitted through both rings in the
Ec-GroEL14 complex, but only through the trans-ring in296–317, and the N and C termini of the apical domain

both contain several conserved glycine residues (Gly191, the Ec-GroEL/ES complex (Yifrach and Horovitz, 1995;
Inbar and Horovitz, 1997). It seems that a specific inter-Gly296, Gly297, Gly305, Gly317, Gly373, and Gly374)

(Figure 3). subunit salt bridge between Glu386 and Arg197 plays
a major role in the cooperativity (Ma et al., 2000; RansonThe large asymmetry observed in the cis-ring of the

Tth-chaperonin complex suggests that positive cooper- et al., 2001; Yifrach and Horovitz, 1994). Indeed, the
Ec-GroEL R197A mutant showed significantly reducedativity of the upward movement of the intermediate and

apical domains is not strong enough to maintain 7-fold cooperativity in ATP hydrolysis (Yifrach and Horovitz,
1994). A cryo-EM study suggested that this Glu386 ex-symmetry. However, the observed ring structure seems

quite stable because the two molecules in the crystallo- changes the salt bridge partner from Arg197 in the apical
domain to Lys80 in the equatorial domain upon ATPgraphic asymmetric unit show the same pattern of dis-

tortion. It is possible that a ring structure with perfect binding (Ranson et al., 2001). ATP binding induces the
conformational change of the intermediate domain that7-fold symmetry, as observed in Ec-GroEL/ES complex,

and the distorted ring structures observed in Tth-chap- contains Glu386, and also Asp398, a residue essential
for hydrolysis of ATP (Rye et al., 1997; Xu et al., 1997);eronin complex are in equilibrium; possible mechanisms

of transition are discussed below. this switch of the intersubunit salt bridges was proposed
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Figure 3. Sequence Alignment of T. thermophilus Chaperonin and E. coli Chaperonin

The equatorial, intermediate, and apical domains are underlined with blue, green and red lines. Identical and similar residues are shown in
red and pink, respectively. Nonconserved regions are shown in boxes I–XIII. Residues facing the cis-cavity are indicated with cyan stars.
Black stars indicate residues in the mobile loop interacting with GroEL.

to be a signal for positive cooperativity (Ranson et al., folded (but ordered) in the trans-ring but folded in the
cis-ring, and the conformations of these helices are dif-2001; White et al., 1997). Recently, Danziger et al. sug-
ferent (rmsd 1.7 Å) between the cis- and trans-rings (i.e.,gested that an intrasubunit salt bridge between Asp155
with and without bound GroES mobile loop). In contrast,and Arg395 in Ec-GroEL is important for stabilizing the
in the Tth-chaperonin complex, these helices are foldedintersubunit salt bridge between Glu386 and Arg197 be-
in both rings: this is the case for the structure of thecause the Ec-GroEL D155A mutant shows an ATP-
isolated apical domain (minichaperone) from T. ther-induced break in the intraring symmetry (Danziger et al.,
mophilus (Hua et al., 2001). Consequently, the confor-2003).
mation of these helices of the cis- and trans-ring andSurprisingly, the Tth-chaperonin complex lacks both
of the minichaperone are very similar and superimposethese salt bridges between the equivalent residues
with an rmsd of 0.3 Å (Figure 6). This result stronglyGlu385 and Lys196, and Asp154 and Arg394 in the trans-
suggests that they are less flexible than those in the Ec-ring (Figure 5). Instead, Arg394 forms an intrasubunit
GroEL/ES complex despite the broad substrate speci-salt bridge with Glu390. This is due to conformational
ficity as discussed in the previous section. Indeed,differences at the N termini of helix G containing Asp154,
replacement of residues around helices H and I of Ec-and helix M containing Glu385, Glu390, and Arg394 in
GroEL by those of Tth-GroEL are known to increase thethe intermediate domain (Figure 5). A 1 residue deletion
stability of the apical domain by improving hydrophobicbefore Asp154 in Tth-GroEL affects the conformation of
packing, and optimizing hydrogen bonding and struc-the N terminus of helix G (Figure 3). The distances be-
tural rearrangement (Wang et al., 1999). As a result, thetween Glu385 and Lys196 and between Asp154 and
groove between helices H and I of Tth-GroEL seemsArg394 are �5.5 and �4.7 Å, respectively. Considering
more hydrophobic than that of Ec-GroEL. Indeed, inthe average coordinate error at this resolution (�0.5 Å),
the Tth-GroEL minichaperone structure solved at 1.78 Åit seems unlikely these residues interact. These results
(Hua et al., 2001), there are no corresponding watersuggest that the intersubunit salt bridge between Glu385
molecules found in an Ec-GroEL minichaperone struc-and Lys196 may not be essential for signaling of positive
ture (Ashcroft et al., 2002). These results indicate thatcooperativity in the Tth-chaperonin complex.
Tth-GroEL forms stronger hydrophobic interactions with
the substrate protein than Ec-GroEL. Then, we mea-

Peptide Binding Site, Helices H and I sured binding kinetics of Tth-GroEL for reduced �-lactal-
Helices H and I of the GroEL apical domain bind sub- bumin at 25�C using the surface plasmon resonance
strate protein in the trans-ring and the GroES mobile (BIAcore) (Table 2). As expected, Tth-GroEL exhibited
loop in the cis-ring mainly by hydrophobic interactions slower dissociation rate (koff) and lower dissociation con-
(Buckle et al., 1997; Chen and Sigler, 1999; Xu et al., stant (KD) for reduced �-lactalbumin than Ec-GroEL
1997). These helices are known to be flexible particularly (Murai et al., 1995). The affinity would be higher at the
at the C termini (Ashcroft et al., 2002; Chen and Sigler, physiological temperature of T. thermophilus (�80�C),
1999) and are thought to adjust their conformation in as hydrophobic interactions become stronger as tem-
response to the bound peptide (Chen and Sigler, 1999). perature increases. These results suggest the highly
Such conformational plasticity is suggested to account hydrophobic nature of the groove of Tth-GroEL may
for the ability of GroEL to bind a wide range of sequences compensate for the lack of plasticity of these helices
and structures (Chen and Sigler, 1999). In the Ec-GroEL/ upon the substrate binding. The structure of the Tth-

GroEL minichaperone is thermostable (Tm � 100�C) andES complex structure, the C terminus of helix I is un-
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Figure 4. The Structure of the cis-Ring

(A) The conformation of the cis-ring around
the apical domains of Tth-GroEL (left) and Ec-
GroEL (right) viewed from the top. The sub-
units indicated by stars were used for the
superposition. The two Tth-chaperonin com-
plex molecules in an asymmetric unit are
overlapped as colored blue and orange. The
types of Tth-GroEL subunits are indicated in-
side the ring as I and II.
(B) Crystal packing of the two molecules in
the asymmetric unit around the apical do-
mains viewed from the top. In each molecule,
different subunits are involved in the crystal
contacts (green). The types of the Tth-GroEL
subunits are indicated inside the ring as I and
II. The number and the disposition of the sub-
units involved in the contacts are different
between the two molecules in the asymmetric
unit: one type I and four type II subunits in
one molecule (left), and three type I and one
type II subunits in the other molecule (right).
(C) Stereoview of the various conformations
of Tth-GroEL subunits in the cis-ring. Only the
apical and intermediate domains are shown.
Fourteen Tth-GroEL subunits in an asymmet-
ric unit are superimposed. The type I and II
conformations of Tth-GroEL are colored cyan
and pink, respectively. Residues 296–317 of
the type I and II are colored blue and red,
respectively.

no significant secondary structural change was de- 1997). In the Tth-chaperonin complex structure, the
overall shape of Tth-GroES has an approximate 7-foldtected up to Tm (Hua et al., 2001). Therefore, it is likely

that helices H and I stay folded at the physiological symmetry, while the cis-ring rim of Tth-GroEL deviates
from the molecule’s 7-fold symmetry. However, all seventemperature of T. thermophilus.
Tth-GroES subunits are involved in the interactions with
Tth-GroEL. In order to maintain the contacts with the Tth-Mobile Loop

GroES binds to GroEL via a mobile loop that is disor- GroEL cis-ring, Tth-GroES changes the conformation of
the mobile loop slightly between subunits (rmsd �0.6 Å).dered in uncomplexed GroES structure (Hunt et al.,

1996), but ordered upon binding with GroEL (Xu et al., This suggests the affinity of Tth-GroES for Tth-GroEL
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Figure 5. Stereoview of the Residues around
the Intermediate Domain in the trans-Ring

A Fo � Fc omit map, which is calculated after
removing the labeled residues from the
model, are shown in blue (contoured at 3	).
Two adjacent Tth-GroEL subunits (red and
orange) are shown. Ec-GroEL (gray) are over-
lapped. The residue names are of Tth-GroEL.
Lys196 belongs to the apical domain, while
the others to the intermediate domain. The
hydrogen bonds are shown as a pink dotted
line.

differs between subunits. In contrast, the mobile loop This could explain why the native Tth-chaperonin com-
plex can be purified, whereas the Ec-GroEL/ES complexof Ec-GroES shows no conformational variation in the

Ec-GroEL/ES complex (rmsd �0.2 Å). dissociates during purification. However, residues 305–
310 in the Ec-GroEL/ES complex may interact with Ec-The mobile loop of Tth-GroES (residues 19–42) and

Ec-GroES (residues 14–37) show high sequence homol- GroES during the functional ATPase cycle, considering
an Ec-GroEL mutant L309K increased the rate of Ec-ogy (58.3%) (Figure 3) with a conserved GGIVL sequence

that interacts with helices H and I of Ec-GroEL (Xu et GroES exchange and was unable to rescue GroEL-defi-
cient E. coli cells (Fenton et al., 1994).al., 1997). Despite these similarities, the Tth-GroES and

Ec-GroES mobile loops show significantly different con- Residues 305–310 in Tth-GroEL may not be involved
in substrate binding, since these residues are locatedformations (Figure 7). Moreover, Tth-GroES contacts

with residues 305–310 in the adjacent Tth-GroEL subunit outside the central cavity in the trans-ring (region VIII in
Figure 2B). This suggests Tth-GroES could bind to theas well as helices H and I, while Ec-GroES interacts

only with helices H and I of Ec-GroEL (Figure 7). Pro33, Tth-GroEL cis-ring together with substrate proteins.
There has been some debate whether substrate proteinsAsp34, and Thr35 on the mobile loop and Gly305,

Lys307, and Asn310 in Tth-GroEL are involved in this bound to helices H and I are displaced into the cis-
cavity prior to the GroES binding to the GroEL cis-ringinteraction, although exact interaction patterns (van der

Waals interactions and hydrogen bonds) between these (Chen and Sigler, 1999; Cliff et al., 1999; Kawata et al.,
1999). The existence of the additional binding site onresidues varies from subunit to subunit because of the

asymmetry of the cis-ring. This suggests the affinity to GroEL exclusively for GroES suggests that substrate
proteins could be displaced after GroES binding.GroEL could be higher in Tth-GroES than Ec-GroES.

Figure 6. Stereoview of the Superposition of
Helices H and I in the Various Structures of
Tth-GroEL and Ec-GroEL

Helices H and I in the cis-ring (pink) and the
trans-ring (red) of the Tth-chaperonin com-
plex, the cis-ring (blue) and the trans-ring
(cyan) of the Ec-GroEL/ES complex (PDB en-
try 1AON) (Xu et al., 1997), in Ec-GroEL14

(1OEL) (Braig et al., 1995) (green) and the mini-
chaperone of Tth-GroEL (1SRV) (Hua et al.,
2001) (orange) and Ec-GroEL (1LA1) (Ashcroft
et al., 2002) (gray) are shown. The side chain
of the residues in the cis-ring of the Tth-chap-
eronin complex are shown. Water molecules
found in a minichaperone structure of Ec-
GroEL (1LA1) are shown in red.
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to the relaxed (r ) conformation with high affinity for ATP,Table 2. Binding Kinetics of the Interaction between GroEL
with the remaining four subunits adopting the tense (t )and Immobilized Reduced �-Lactalbumin
conformation with low affinity for ATP. Thus, the D155A

kon (105 M�1 s�1) koff (10�4 s�1) KD (10�9 M)
mutation was proposed to convert the allosteric transi-

Tth-GroEL 1.53 0.97 0.63 tion from concerted to sequential. In the asymmetric cis-
Ec-GroEL 1.96a 2.08a 1.03a

ring of the Tth-chaperonin complex, the arrangement of
the subunits are different from those observed in thea Taken from the values in Murai et al. (1995).
Ec-GroEL D155A mutant; the subunits with similar con-
formation are not adjacent to each other. Moreover, all
subunits in the cis-ring of Tth-GroEL bind ADP at theDeviation from the 7-Fold Symmetry
ATP/ADP binding site. These results strongly suggestand Substrate Proteins
that the large deviation from the 7-fold symmetry aroundUnexpectedly, the Tth-chaperonin complex structure
the rim of the cis-ring is probably not caused by thehas a large deviation from the 7-fold symmetry around
conversion of the allosteric transition from concerted tothe rim of the cis-ring (Figure 4A). In the Ec-GroEL D155A
sequential as suggested by Danziger et al. (2003) formutant, a deviation from the 7-fold symmetry was ob-
Ec-GroEL.served when a nonsaturating ATP concentration of 5 
M

The cause of this large deviation from the 7-fold sym-was present, which disappeared when ATP was absent
metry is unclear. However, there are several pieces ofor at a saturating concentration (100 
M) (Danziger et
evidences suggesting that substrate peptides mayal., 2003). The authors suggested that the absence of
cause an asymmetry in the GroEL ring. Substrate pro-an intrasubunit salt bridge between Asp155 and Arg395
teins are known to bind typically to three consecutiveweakened the intersubunit salt bridge between Arg197
GroEL subunits (Farr et al., 2000) and to be unfoldedand Glu386, which would free the apical domains and
from the misfolded condition by stretching during up-thus create the break in the 7-fold symmetry in the ring.
ward rigid-body movement of the apical domains (Shtil-Considering the lack of these two salt bridges, Tth-
erman et al., 1999). These facts suggest that the subunitGroEL seems to have more flexible apical domains and
bound to substrate proteins may behave differently fromweaker positive cooperativity than Ec-GroEL, thereby
the substrate-free subunits during apical domain move-enabling the Tth-GroEL ring to deviate from the 7-fold
ment induced upon ATP binding, considering the flexi-symmetry. However, considering the highly conserved
bility and the weak positive cooperativity in Tth-GroELnature of amino acids in both Tth-GroEL and Ec-GroEL,
as suggested above. Moreover, the (Ec-GroEL-pep-in particular glycine residues in the N and C terminus
tide)14 structure revealed that peptide binding inducesof the apical domain and residues 296–317, and the high
rotation of apical domains (Wang and Chen, 2003). Theflexibility of residues 301–310 in Ec-GroEL (Chen and
authors of this study suggested that a highly asymmetricSigler, 1999), the Ec-GroEL cis-ring may exhibit a large
ring structure could be formed in a situation where adeviation from the 7-fold symmetry under certain cir-
single substrate peptide binds to one ring as proposedcumstances.
in vivo. Considering these facts, the large deviation fromInterestingly, the asymmetric ring of the Ec-GroEL
the 7-fold symmetry around the cis-ring rim in the Tth-D155A mutant at the nonsaturating ATP concentration
chaperonin complex could be caused by substrate pep-is composed of three subunits in one conformation and
tides during the upward movement of the apical domains.four subunits in another (Danziger et al., 2003), as ob-
Under this asymmetric environment, the observed devi-served in the cis-ring of the Tth-chaperonin complex.
ated configuration (three pairs of type I and type II, plusThe three subunits with similar conformation are adja-

cent to each other, and were suggested to correspond type II), where a dimer of type I and II subunits forms a

Figure 7. Stereoview of the Tth-Chaperonin
Complex and the Ec-GroEL/ES Complex
around the Mobile Loop of GroES

Tth-GroEL (cyan), Ec-GroEL (gray), Tth-
GroES (light green), and Ec-GroES (pink) are
shown. The conserved motif GGIVL in Tth-
GroES and Ec-GroES are shown in dark green
and red, respectively. Residues 305–310 of
Tth-GroEL are shown in blue. The C� atoms
of the residues involved in the unique con-
tacts found in the Tth-chaperonin complex
are shown. The unique interaction found in
the Tth-chaperonin complex is shown as a
orange arrow.
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HEPES (pH 7.4) containing 150 mM KCl, 20 mM MgCl2, and 2 mMstable unit, seems to be a more preferable arrangement
dithiothreitol. Samples were injected at 25�C with a flow rate ofthan the ring with perfect 7-fold symmetry. Thus, the
5 
l/min onto the sensor chip surface on which �-lactalbumin hadasymmetric Tth-chaperonin structure is likely to repre-
been immobilized. The traces of the association and dissociation

sent the true conformation of the GroEL/ES complex process were analyzed as described except that 10 mM glycine-
during enzymatic turnover. It is very important to study if HCl buffer (pH 3.0) was used in the dissociation phase (Murai et

al., 1995). The dissociation constant (KD) was calculated from thethe Ec-GroEL/ES complex shows any asymmetry during
equation KD � koff/kon.turnover with substrate proteins, particularly using elec-

tron microscopic single-particle analysis, recently ap-
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