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Group II chaperonins, found in Archaea and in the eukaryotic
cytosol, act independently of a cofactor corresponding to GroES of
group I chaperonins. Instead, the helical protrusion at the tip of the
apical domain forms a built-in lid of the central cavity. Although
many studies on the lid’s conformation have been carried out, the
conformation in each step of the ATPase cycle remains obscure. To
clarify this issue, we examined the effects of ADP-aluminum fluo-
ride (AlIF,) and ADP-beryllium fluoride (BeF,) complexes on
a-chaperonin from the hyperthermophilic archaeum, Thermococ-
cus sp. strain KS-1. Biochemical assays, electron microscopic obser-
vations, and small angle x-ray scattering measurements demon-
strate that a-chaperonin incubated with ADP and BeF, exists in an
asymmetric conformation; one ring is open, and the other is closed.
The result indicates that a-chaperonin also shares the inherent
functional asymmetry of bacterial and eukaryotic cytosolic chaper-
onins. Most interestingly, addition of ADP and BeF, induced
a-chaperonin to encapsulate unfolded proteins in the closed ring
but did not trigger their folding. Moreover, a-chaperonin incubated
with ATP and AIF, or BeF, adopted a symmetric closed conforma-
tion, and its functional turnover was inhibited. These forms are sup-
posed to be intermediates during the reaction cycle of group II
chaperonins.

Chaperonins, one of the most well studied molecular chaperones, are
ubiquitous and indispensable proteins that are involved in protein fold-
ing in the cell. They assist in protein folding reactions both in vivo and in
vitro by binding unfolded proteins within the central cavity of the dou-
ble ring structure (1, 2). Based on protein sequence and structural fea-
tures, chaperonins fall into two groups (2, 3). Group I chaperonins are
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found in bacteria, endosymbiotic organelles (mitochondria and chloro-
plasts), and only subsets of Archaea (4, 5). The most extensively char-
acterized member is the Escherichia coli chaperonin GroEL and its part-
ner GroES. GroEL-mediated protein folding requires GroES as a lid of
the GroEL cavity. GroEL is functionally asymmetrical and is referred to
as a “two-stroke engine,” with one ring binding ATP and GroES, and
simultaneously acting as the place where protein folding occurs, fol-
lowed by an identical reaction on the opposite ring (6 —8). In contrast,
group II chaperonins, found in Archaea (called thermosome) and the
eukaryotic cytosol (known as CCT or TCP-1 ring complex), work with-
out the cofactor corresponding to GroES. The helical protrusion at the
tip of the apical domain substitutes for the cofactor as a built-in lid of the
central cavity. Many studies on the change of the lid’s conformation
coupled to the binding and hydrolysis of nucleotides have been carried
out. It was found that ATP drives the conformational change of group II
chaperonins from the open lid, substrate binding conformation to the
closed lid conformation to encapsulate unfolded protein in the central
cavity (9-15). However, the details of the ATP-driven reaction in group
II chaperonins remain obscure. Meyer et al. (13) suggested that lid clo-
sure of CCT is induced not by the binding but by the hydrolysis of ATP.
In contrast, similar experiments on archaeal chaperonins have shown
that the trigger of lid closure is ATP binding (10, 14, 15). It is also curious
that little asymmetry in the reaction cycle has been reported for group II
chaperonins (13, 16).

To address these issues, we conducted a structural and functional
characterization of ADP-metal fluoride complexes of a-chaperonin
from the hyperthermophilic archaeum, Thermococcus sp. strain KS-1
(T. XS-1)*> (17, 18). Metal fluorides, particularly aluminum fluoride
(AIF,) and beryllium fluoride (BeF,), are widely utilized to analyze the
functional cycle of numerous NTPases (e.g. Refs. 19 -21). They have also
been used to study the functional cycle of chaperonins (9, 13, 22-26).
The crystal structure of the Thermoplasma chaperonin complexed with
ADP and AIF, (Protein Data Bank code 1A6E) provided the enzymatic
information on the mechanism of ATP hydrolysis (9). Also, addition of
ADP and metal fluorides to CCT induces the transition from a high
affinity state for substrates to a low affinity state (13, 22). Moreover,
Meyer et al. (13) reported that when incubated with ADP and AIF,, CCT

2The abbreviations used are: T. KS-1, hyperthermophilic archaeum Thermococcus sp.
strain KS-1; CCT, chaperonin-containing t-complex polypeptide-1; aWT, T. KS-1 wild-
type a-chaperonin; aL265W, L265W mutant of T. KS-1 a-chaperonin; AlF,, aluminum
fluoride; BeF,, beryllium fluoride; SAXS, small-angle X-ray scattering; CS, citrate syn-
thase; Cy5-CS, citrate synthase labeled with Cy5; GFP, green fluorescent protein; AMP-
PNP, adenosine 5'-(B,y-imino)triphosphate.
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has an asymmetric structure; one of the rings is open, and the other is
closed. Here we found that 7. KS-1 a-chaperonin incubated with ADP
and BeF, has an asymmetric structure, whereas that incubated with
ATP and AIF, or BeF, has a symmetric closed conformation. These
forms are considered to be intermediates in the functional cycle of
group II chaperonins. The implications for the cycle are discussed.

EXPERIMENTAL PROCEDURES

Proteins and Reagents—T. KS-1 a-chaperonins were expressed in E.
coli cells and purified as described previously (14). The concentrations
of a-chaperonins were determined with the Bio-Rad protein assay,
using bovine serum albumin as the standard, and were expressed as
molar concentrations of hexadecamer in this paper. Citrate synthase
(CS) from porcine heart was obtained from Sigma. The ammonium
sulfate suspension of CS was desalted on a NAP-5 column (Amersham
Biosciences) before use. The monomeric concentration of CS was
determined spectrophotometrically at 280 nm with an extinction coef-
ficient of 65,900 M~ ' cm ™. The GFP employed in this study is a ther-
mostable mutant to perform assays at 60 °C (12, 27). It was expressed
and purified as described (28). The concentration of GFP was deter-
mined spectrophotometrically at 280 nm with an extinction coefficient
0f 18,850 M~ ' cm . Proteinase K was from Ambion Inc. (Austin, TX).
Nucleotides, NaF, Al(NO,),, and BeSO, were purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). ADP was treated with
hexokinase (Roche Diagnostics) plus glucose to remove contaminating
ATP before use as described (29).

Generation of Chaperonin-ADP-Metal Fluoride Complexes—
a-Chaperonin-ADP-metal fluoride complexes were prepared by the
incubation of 1 mm ATP/ADP, 30 mm NaF, and 5 mm AI(NO,),/BeSO,
for 60 min at 60 °C in HKM buffer (20 mm HEPES-NaOH, pH 7.5, 100
mMm KCl, and 5 mm MgCl,), with exceptions specially described. The
presence of sulfate ion (5 mm) did not affect the conformation of the
chaperonins (data not shown).

Quantitation of Bound Nucleotide—aW'T (1 uM) was incubated with
nucleotides (1 mm) in the absence and presence of metal fluoride for 60
min at 60 °C, and the mixtures were applied to a NAP-5 column equil-
ibrated with HKM buffer to remove unbound nucleotides. Isolated
aWT-nucleotide complexes were treated with ice-cold perchloric acid
at a final concentration of 2.5% and then were centrifuged. Aliquots of
the supernatant were analyzed by a reverse-phase column (TSKgel
ODS-80Ts, Tosoh, Japan) with 30 mm sodium phosphate buffer, pH 6.8,
containing 2% (v/v) methanol at the flow rate of 0.5 ml/min using an
Alliance HPLC System (Waters, Milford, MA). The eluate was moni-
tored with an on-line UV spectrophotometer (Waters 996 photodiode
array detector) at 259 nm, and the amount of nucleotide was calculated
using peak area.

Protease Sensitivity Assay—aWT (100 nM) was incubated with or
without nucleotide (1 mm) and metal fluorides at 60 °C in HKM buffer
under continuous mixing. Digestion with proteinase K (0.25 ng/ul) was
carried out for 5 min at 60 °C. Proteins in the reaction mixture were
precipitated by the addition of trichloroacetic acid and then analyzed on
15% SDS gels. Gels were stained with Coomassie Brilliant Blue R-250.
Band intensities were quantitated using Scion Image software (Scion
Corp., Fredrick, MD).

Fluorescence Measurements—The tryptophan fluorescence spectra
of al.265W (14) were measured at 60 °C with a Jasco FP-6500 spec-
trofluorometer (Jasco, Tokyo, Japan). The excitation wavelength was set
at 295 nm, and the emission was recorded from 310 to 450 nm (band-
width = 3 nm for excitation and 5 nm for emission). aL.265W (0.2 M)
was preincubated with or without nucleotide (1 mm) and metal fluorides
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at 60 °C, and the mixture was stirred throughout the measurement.
I

Fluorescence intensity (/) was calculated from I sample — Tblank

orrected
where the blank contained all other components of the assay mixture
except aL.265W. All spectra obtained were the average of five scans.

Electron Microscopy and Image Processing—a’W'T (100 nMm) was incu-
bated with nucleotides (1 mm) and BeF,, at 60 °C, and the aliquots were
negatively stained in 1% uranyl acetate for 30 s on thin carbon support
film, which was hydrophilized by a hydrophilic treatment device (JEOL
Datum HDT-400). The specimen grids were scanned at low magnifica-
tion under dark illumination to reduce radiation damage. After adjust-
ing the astigmatism and focus at adjacent areas, images of target area
were recorded by making use of a slow scan CCD camera (Gatan
Retractable Multiscan Camera) under low electron dose conditions at a
magnification of X50,000 in a Philips Tecnai F20 electron microscope
operated at 120 kV. The images were processed with a digital micro-
graph (Gatan Inc.) followed by the SPIDER image processing system
(Health Research Inc., New York) for single particle analysis (30). For
each data set with the desired experimental condition, appropriate
images of monodispersed particles were selected and rotated to maxi-
mize correlation. Normalized cross-correlation function between any
two pictures was calculated successively by using Fourier transform
relationship. Finally, the pictures derived from the monodispersed par-
ticles were averaged after rejecting the particles that correlated poorly
by using SPIDER/WEB system on an SGI UNIX cluster (31).

SAXS Measurements—The SAXS experiments were performed with
beamline 15A at the Photon Factory of the High Energy Accelerator
Research Organization, Tsukuba, Japan. The measurements were made
with protein concentrations of 7 mg/ml in HKM buffer at 60 °C. Before
data collection, the protein solutions were incubated with or without
nucleotides (1 mMm) and BeF, at 60 °C. Scattering patterns were recorded
by a CCD-based x-ray detector, which consisted of a beryllium-win-
dowed x-ray image intensifier (Be-XRII) (Hamamatsu, V5445P-MOD),
an optical lens, a CCD image sensor, and a data acquisition system
(Hamamatsu C7300), as described (32, 33). The experimental details
and the analyses of the scattering data were described in Ref. 32. Pair
distribution (P(r)) functions were calculated by using the GNOM pro-
gram (34). The Q range used for the calculation was from 0.0156 to 0.170
A~ The values of radius of gyration (Rp) and maximum particle dis-
tance (D were derived from the P(r) function.

Thermal Aggregation Measurements—The thermal aggregation of
CS was monitored by measuring light scattering at 500 nm with a spec-
trofluorometer (FP-6500) for 30 min at 50 °C. Native CS was diluted to
a final concentration of 100 nM (as a monomer) in HKM buffer with or

max)

without aWT (50 nm). The reaction mixtures were preincubated for 10
min at 50 °C and continuously stirred throughout the measurement.

GFP Refolding Assays—GFP (5 uM) was denatured in the folding
buffer (20 mm Tris-HCI, pH 7.5, 100 mm KCI, 5 mm MgCl,, and 5 mm
dithiothreitol) containing 100 mm HCI at room temperature, and
diluted 100-fold in the folding buffer with or without &WT (100 nm).
aWT was complexed with ADP and BeF, by incubation with 1 mm
ADP, 30 mM NaF, and 5 mMm BeSO, for 60 min at 60 °C in the folding
buffer. Nucleotides were added to a final concentration of 1 mMm in the
mixture 5 min after the dilution of denatured GFP. The fluorescence of
GFP at 510 nm with excitation at 396 nm was continuously monitored
for 30 min with a Jasco FP-6500 spectrofluorometer. The reaction mix-
tures were continuously stirred at 60 °C throughout the assays. As a
control, native GFP was diluted in the folding buffer without « WT. The
fluorescence intensity of native GFP was taken as 100%.
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TABLE ONE

Amounts of nucleotides bound to «WT in the absence and presence
of metal fluorides
Row Complex was Nucleqtide Nucleotide/
formed in species aWT?
mol/mol
1 ATP ATP 0.76 = 0.04
ADP 0.72 = 0.03
2 ADP ADP 1.3+0.3
3 ATP+AIF, ATP 21*+09
ADP 6.2+ 0.6
4 ADP+ AIF, ADP 4.8 £24
5 ATP+BeF, ATP 2.0+ 1.1
ADP 52*04
6 ADP+BeF, ADP 53 *0.8
“ Data represent mean * S.D. (n = 3).

Preparation of Cy5-CS and the Amount of Cy5-CS in the Chaperonin
Cavity—Before labeling, CS was desalted on a NAP-5 column equili-
brated with 50 mm sodium phosphate, pH 7.5. After mixing of 200 ul of
CS (22.4 uM, as a monomer) with 20 ul of 1 M Na,HPO,, Cy5 monore-
active dye (Amersham Biosciences) was added to 83 uMm, and the mix-
ture was incubated for 3 h at room temperature. The unreacted Cy5 was
then removed with a NAP-5 column. The extent of the labeling was
determined by absorption spectroscopy. The molar ratio of Cy5 to CS
monomer was 1.4. The fluorescent-labeled CS is designated Cy5-CS.

Cy5-CS (100 nM, as a monomeric concentration) was diluted in HKM
buffer containing 50 nm aWT, 30 mm NaF, and 5 mm BeSO,,. Nucleo-
tides (1 mm) were added to the mixture 5 min after the dilution. After
incubation for 60 min at 60 °C, proteinase K (0.25 ng/ul) was added.
After a 30-min digestion at 60 °C, phenylmethanesulfonyl fluoride was
added at a final concentration of 2 mm, and the aggregated Cy5-CS was
removed by centrifugation (17,000 X g, 10 min, 4 °C). The supernatant
was precipitated using trichloroacetic acid and then applied to a 10%
SDS gel. The gel was visualized using Coomassie Brilliant Blue R-250
and an image analyzer, Typhoon 8600 (Amersham Biosciences), with
excitation at 633 nm and a 670 BP 30 (Cy5) emission filter.

RESULTS

Preparation of Chaperonin-ADP-Metal Fluoride Complexes—We
employed aluminum fluoride and beryllium fluoride (termed AIF, and
BeF,) to elucidate details of the group II chaperonin reaction cycle. AIF,
and BeF act as structural analogs of inorganic phosphate and have been
used to study a variety of NTPases (e.g. Refs. 19-21). They are bound to
the nucleotide-binding pockets with ADP, and the complexes are inter-
preted as mimicking the ground state (BeF,) and the transition state
(AIF,) of NTP hydrolysis and block further nucleotide exchange (19, 20).
In this study, 7. KS-1 a-chaperonin-ADP-metal fluoride complexes
were prepared in the following two ways: (i) mixing a-chaperonin with
ADP and metal fluoride (referred to as ADP + AIF, and ADP + BeF,),
and (ii) substituting metal fluoride for inorganic phosphate generated by
ATP hydrolysis of a-chaperonin (referred to as ATP + AIF, and ATP +
BeF,).

At the beginning of this study, the amounts of nucleotides bound to
wild-type a-chaperonin («WT) were examined (TABLE ONE). Total
nucleotide-binding sites of 7. KS-1 a-chaperonin complex are esti-
mated to be 16 (8 binding sites per ring). Neither ATP nor ADP was
found in the purified proteins (data not shown). « WT in the absence of
metal fluoride did not bind nucleotides tightly, and small amounts of
bound nucleotides were detected (TABLE ONE, rows 1 and 2). On the
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FIGURE 1. Protease sensitivity assay of «WT in the absence and presence of metal
fluorides. WT incubated with or without nucleotide (1 mm) and metal fluorides (A, AIF,;
B, BeF,) was exposed to proteinase K (0.25 ng/ul) and then analyzed by SDS-PAGE. The
experimental details are described under “Experimental Procedures.” Lane M, molecular
weight marker; lane W, aWT; lane 1, without addition of nucleotide; lane 2, incubated
with ATP; lane 3, incubated with ADP; lane 4, incubated with metal fluoride; lane 5, incu-
bated with ADP + metal fluoride; lane 6, incubated with ATP + metal fluoride. Band
intensities were quantified and analyzed using Scion Image software. The error bar is the
standard deviation of three different assays.

other hand, «WT in the presence of metal fluorides formed relatively
stable complexes with ADP and contained 5-6 mol of ADP per mol
(TABLE ONE, rows 3—6). AlF, and BeF, should take the place of the
y-phosphate of ATP and stabilize the association of «WT with ADP. In
the presence of ATP, both ATP and ADP were bound to «WT (TABLE
ONE, rows 1, 3, and 5), suggesting that one ring may be saturated with
metal fluoride and ADP generated by the hydrolysis of ATP, and ATP
remains in the other ring. Although there are 16 nucleotide-binding
sites in &W'T, only about 8 nucleotides were observed in the present
study. This is probably because of the relatively low affinity of nucleo-
tides to «WT as shown in the results of the experiments without metal
fluorides. Several nucleotides should be lost during gel filtration by the
NAP-5 column. It is also reported that GroEL is unable to bind nucleo-
tides tightly in the absence of GroES (35, 36).
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FIGURE 2. Fluorescence spectra of aL265W in the absence and presence of metal
fluorides. Tryptophan fluorescence spectra of aL265W were obtained in the absence (A)
and presence of metal fluorides (B, AIF,; C, BeF,). The experimental details are described
under “Experimental Procedures.” Black line, without addition of nucleotides; red line,
incubated with ATP; blue line, incubated with ADP. a.u., arbitrary units.

It is expected that there are conformational differences between
a-chaperonin incubated with ADP + metal fluoride and with ATP +
metal fluoride. Subsequently, structural and functional analyses were
performed.

Conformation of the Lids of Chaperonin-ADP-Metal Fluoride
Complexes—Initially, protease sensitivity assays of «WT with or with-
out nucleotides and metal fluorides were conducted using proteinase K
(Fig. 1). Previously, we revealed that the pattern of digestion of «WT by
proteases differs according to the lid’s conformation; the open lid con-
formation (nucleotide-free or ADP-bound form) is susceptible to pro-
teases, and the closed lid conformation (ATP-bound form) is resistant
(14, 15). In the presence of ATP, aWT was relatively proteinase K-re-
sistant and polypeptides of about 60 kDa, corresponding to the undi-
gested «WT, remained (Fig. 1, lane 2). In contrast, the 60-kDa polypep-
tides almost completely disappeared in the absence of nucleotide or the
presence of ADP (Fig. 1, lanes 1 and 3). «WT incubated with ADP +
AIF, did not show protease resistance (Fig. 14, lane 5). The result was
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the same irrespective of the aluminum salt species (AICl; and
AIK(SO,),) (data not shown). On the other hand, incubation with ADP
+ BeF, caused a half-level of protection (Fig. 1B, lane 5). It has been
demonstrated previously that CCT is more resistant to proteinase K at
the helical protrusion in the presence of ADP + AlF, than in the pres-
ence of ADP + BeF,, or the absence of nucleotide (13). Our results were
the opposite of those obtained previously with CCT. Besides, the incu-
bation with ATP + AIF, or BeF, provided a substantial level of protec-
tion (Fig. 1, lane 6).

Additionally, we examined the lid’s conformations by analyzing the
fluorescence spectra of the tryptophan at the tip of the helical protru-
sion of a mutant, aL.265W (14). Addition of ATP to aL.265W caused a
large increase (about 60%) in tryptophan fluorescence intensity, with a
detectable blue shift in the wavelength of the emission maximum (Fig.
24, red line, and TABLE TWO). On the other hand, a slight decrease in
fluorescence was observed on the addition of ADP (Fig. 24, blue line,
and TABLE TWO). An increase in fluorescence was induced by incu-
bation with ADP + BeF, (about 41%) with a slight blue shift in the
emission maximum, whereas a tiny increase (about 7.6%) was observed
on incubation with ADP + AIF, (Fig. 2, B and C, blue line, and TABLE
TWO). Also, al.265W incubated with ATP + metal fluorides indicated
both a blue shift and a marked enhancement of fluorescence emission
(AIF, about 89%; BeF,, about 80%) (Fig. 2, Band C, red line, and TABLE
TWO). This series of results is in good agreement with the results of
protease sensitivity assays (Fig. 1).

Structural  Analyses of Chaperonin-ADP-Beryllium  Fluoride
Complexes—The above experiments (Figs. 1 and 2) have suggested that
a-chaperonin adopts three different conformations in the presence of
BeF, according to added nucleotides. Next, we focused on the effect of
BeF,, and we compared the chaperonin conformations based on elec-
tron microscopy (Fig. 3) and small angle x-ray scattering (SAXS) meas-
urements (Fig. 4 and TABLE THREE).

Fig. 3 shows the electron micrographs of aWT incubated with
ADP + BeF, and ATP + BeF,. Without nucleotide, two typical shapes
were observed; the more common top view and the less frequent side
view (data not shown). After the incubation with ADP + BeF,, side
views of bullet-shaped particles were observed, which were similar to
the GroEL and GroES complex (37) (Fig. 3A). For «WT incubated with
ATP + BeF,, mostly side views were obtained (Fig. 3B). Most particles
adopted a football-like symmetric conformation, indicating that both
rings were closed as observed in the crystal structures (9, 38). The closed
ring structure of «WT incubated with ADP and BeF, is almost indistin-
guishable from those of & WT incubated with ATP and BeF, at the
resolution level of the electron microscopic observation (supplemental
Fig. S1). The symmetric conformation was also observed in «WT incu-
bated with ATP + AIF, (data not shown). Similar particles were
reported previously in CCT incubated with ATP (39), with AMP-PNP
(11), and with ATP + AIF, (23).

We also applied SAXS to investigate the chaperonin conformations
in the absence and presence of nucleotides (1 mm) and BeF,, (Fig. 44).
The scattering curves were interpreted in terms of the pair distribution
(P(r)) function, which provide information about the distribution of the
size and shape of the scattering particles (Fig. 4B). The P(r) profiles of
aWT under three different conditions (nucleotide-free, ATP + BeF,,
and ADP + BeF,) were almost identical to those of nucleotide-free
CCT, CCT complexed with ATP, and CCT complexed with ADP +
AlIF,, respectively (13). The structural parameters obtained in this study
are summarized in TABLE THREE. The values for the R, and the D,,,,
were derived from the P(r) function using the program GNOM (34). As
noted in previous studies (10, 13, 15), the nucleotide-free form and
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TABLE TWO

Fluorescence parameters of aL265W

Maximum of Trp Fluorescence at emission Relative
fluorescence maximum fluorescence”
nm arbitrary units

In the absence of metal fluoride

Nucleotide-free 343 46.3 100

+ ATP 338 72.7 157

+ ADP 344 429 92.7
In the presence of AIF,

Nucleotide-free 344 34.0 100

+ ATP 338 64.2 189

+ ADP 344 36.6 108
In the presence of BeF,

Nucleotide-free 343 41.3 100

+ ATP 337 74.3 180

+ ADP 339 58.2 141

“ Relative fluorescence intensity at emission maximum in the absence and presence of nucleotides. The intensity in the absence of nucleotide in each data set is taken as 100.

FIGURE 3. Averaged side views of electron microscopic images of «WT incubated
with ADP + BeF, and with ATP + BeF,. «WT was incubated with ADP + BeF, (A) and
ATP + BeF, (B) at 60 °C for 60 min and negatively stained with 1% uranyl acetate. A,
averaged side view of aWT incubated with ADP + BeF, (n = 8). B, averaged side view of
aWT incubated with ATP + BeF, (n = 8). The right panels show the enlarged ones with
contour map. Scale bar represents 10 nm.

ADP-bound form have an expanded conformation, exhibiting large val-
ues for R,and D,,,. These conformations are considered to be open lid
conformations. On the other hand, ATP induces a significant confor-
mational change in «WT, with a 1.8 A decrease in R,and a 13 A dimi-
nution of D, ... The conformation in the presence of ATP + BeF, is the
most compact, with an R, value of 67.0 AandaD,, value of 167 A. The
calculated R,and D, values are in excellent agreement with the values
predicted from the crystal structure of Thermoplasma chaperonin with
the rings closed (9). In contrast, «WT incubated with ADP + BeF,
seems to take an intermediate shape between that in the absence and
presence of ATP + BeF,, i.e.an R, value of 70.5 AandaD,, value of 182
A. The calculated R,and D, values are close to those of CCT incu-
bated with ADP + AIF, (13). The values are also in good agreement with
those predicted from the hypothetical asymmetric structure, one open
ring and one closed ring. Meyer et al. (13) reported that ab initio mod-
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FIGURE 4. SAXS analyses of «WT incubated without or with nucleotide and BeF,. A,
scattering curves of aWT under three different sets of conditions. The scattering inten-
sity /(Q) is shown as a function of Q. Q is defined by Q = 4msin6/A, where A and 26 are
wavelength of x-ray and scattering angle, respectively. The experimental details are
described under “Experimental Procedures.” Black line, without addition of nucleotides;
red line, incubated with ATP + BeF,; blue line, incubated with ADP + BeF,. B, pair distri-
bution (P(r)) functions of aWT under three different sets of conditions. The functions
were calculated using the GNOM program (33). Black line, without addition of nucleo-
tides; red line, incubated with ATP + BeF,; blue line, incubated with ADP + BeF,.

eling for CCT complexed with ADP + AlF, yielded an apparently asym-
metric structure. Taken together with the biochemical assays (Figs. 1
and 2) and electron microscopic observations (Fig. 3), we have con-
cluded that aWT complexed with ADP + BeF, has an asymmetric
conformation, one ring is open and the other is closed, whereas aWT
complexed with ATP + BeF, has a football-like conformation, and both
rings are closed.
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TABLE THREE

Structural parameters of group Il chaperonins

Protein Nucleotide R, D,ox
A
Structural parameters of aWT*
aWT Free 74.1 197
ATP 72.3 184
ADP 74.9 201
ADP+BeF, 70.5 182
ATP+BeF, 67.0 167
Structural parameters of CCT?
CCT Free 70.2 £ 0.5 195+ 5
ATP 64.7 £ 0.6 171 £5
ADP 69.4 £ 0.8 193 £3
ADP+ AIF, 67.8 0.9 182 £5
Structural parameters obtained by calculation”
Open conformation 713 = 0.6 203 = 4
Asymmetric conformation 67.6 = 0.7 179 = 4
Closed conformation 64.8 £ 0.7 164 = 5

“ Data are from this work.
? Values were taken from Ref. 13.

Chaperone  Function of Chaperonin-ADP-Beryllium  Fluoride
Complexes—Next, we investigated the chaperone function of the chap-
eronin complexed with ADP and BeF,, by using CS from porcine heart
(Fig. 5). The extent of CS aggregation was monitored by light scattering.
Native CS is a dimer of 48-kDa subunits that are prone to aggregate
upon heat denaturation (Fig. 54, filled circles). In the presence of «WT
and ATP, the inhibitory effect decreased probably because of the ATP-
dependent release of CS (Fig. 54, open circles). Addition of ADP to the
mixture of «WT slightly enhanced the inhibition of CS aggregation (Fig.
5A, open squares). «W'T did not suppress CS aggregation at all in the
presence of ATP + BeF, (Fig. 5B, open circles), suggesting that it is
unable to bind aggregation-prone intermediates of CS in a fully closed
conformation. The effect of «WT incubated with ADP + BeF, was
almost the middle of those incubated with BeF, and ATP + BeF, (Fig.
5B, open squares). The result is additional proof for the asymmetric
conformation of aWT complexed with ADP + BeF,; one ring is in the
closed conformation and the other is open for binding with an unfolded
protein.

To investigate whether «WT is able to enhance folding of the sub-
strate protein in the presence of BeF,, GFP refolding assays were per-
formed (Fig. 6A). Acid-denatured GFP was diluted into the assay mix-
tures containing o WT with or without BeF,, and then nucleotides were
added. The recovery of the native form was measured by its fluorescence
in real time. In the presence of BeF,, GFP fluorescence was recovered by
aWT inan ATP-dependent manner (Fig. 64, open circles), but the yield
was lower than in the absence of BeF, (filled circles). These results indi-
cate that BeF, inhibits the functional turnover of «WT. On the other
hand, no recovery of GFP fluorescence was observed on the addition of
ADP to aWT in the absence (Fig. 64, filled squares) or presence of BeF,,
(open squares). However, the addition of ATP to «WT incubated with
ADP + BeF, initiated GFP refolding despite the low yield (Fig. 6A, open
triangles). Most interestingly, the folding yield was nearly half that in the
presence of ATP + BeF, (Fig. 64, open circles). Moreover, aWT incu-
bated with ATP + BeF, did not inhibit the spontaneous refolding of
GFP (data not shown). It is obvious that the substrate-binding site is
shielded by the closed lid.

To assess the complex between aWT and the substrate in more
detail, a protease sensitivity assay of the polypeptide bound to «WT was

40380 JOURNAL OF BIOLOGICAL CHEMISTRY

>

500 T T

400

300

200

Light scattering [a. u.]

100

Time [min]

o)

500 T T
= 400 F
k)
2 300}
g
£
; 200 |
-
=
B {111 8
|
0 L i
0 10 20 30
Time [min]

FIGURE 5. Prevention of CS aggregation in the absence and presence of metal fluo-
rides. Effects of aWT incubated with nucleotides on the aggregation of CS at 50 °C were
monitored in the absence (A) and presence of BeF, (B). The experimental details are
described under “Experimental Procedures.” Filled circles, without aWT; filled squares,
aWT without addition of nucleotides; open circles, « WT + ATP; open squares, «WT + ADP.
a.u., arbitrary units.

conducted (Fig. 6B). As the substrate, Cy5-labeled CS (termed Cy5-CS)
was used. Cy5-CS was added to the chaperonin solutions containing
BeF, prior to the nucleotides and then exposed to proteinase K. The
resultant solutions were applied to SDS-PAGE analysis. Little protein-
ase K-resistant Cy5-CS was observed without the addition of nucleo-
tides (Fig. 6B bottom panel, lane 1). Polypeptides bound to aWT are
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FIGURE 6. WT forms a stable complex with the
substrate proteins in the presence of ADP and
BeF,. A, aWT-mediated protein folding in the
presence of BeF,. The folding mixture was incu-
bated at 60 °C as described under “Experimental
Procedures.” The recovery of GFP fluorescence
was continuously monitored at 510 nm. The
amount recovered is expressed as a percentage of
the fluorescence intensity of native GFP. At 0 min,
acid-denatured GFP (5 um) was diluted 100-fold in
the folding buffer containing 100 nm aWT and
BeF,. At 5 min after the dilution, T mm nucleotide
was added. Filled circles, «WT + ATP; filled squares,
aWT + ADP; open circles, «WT + ATP in the pres-
ence of BeF,; open squares, «WT + ADP in the pres-
ence of BeF,; open triangles, aWT incubated with
ADP and BeF, + ATP. Spontaneous refolding of
GFP was observed upon dilution of denatured GFP

GFP fluorescence recovered 7>

ADP+BeFx

|% of native GFP|

Time [min]
ATP+BeF:
Qﬁ +
Qﬁ- # #
¢ ¢
CBB
(GWT) 4
Input
PK
Cy5
(CS) . -

%%

were subjected to digestion by proteinase K (PK)
(0.25 ng/ul) for 30 min at 60 °C. Digestion was
equatorial domains, respectively. H represents the PK PK
helical protrusion. Right, the relative amount of
even though one of the chaperonin rings had been exposed to protein-
ase K (top panel, lane 2). The time course data of Cy5-CS proteolysis is

in the folding buffer without aWT (filled triangles).
B, protease sensitivity of «WT-Cy5-CS complexes. B
stopped by phenylmethylsulfonyl fluoride, and
the mixtures were analyzed by SDS-PAGE. The gel

was visualized using Coomassie Brilliant Blue (CBB)

and a Typhoon 8600 image analyzer. Left, sche-

full-length «WT (top panel) and Cy5-CS (bottom

panel). Lane 1 without addition of nucleotide; lane

2, incubated with ADP + BeF,; lane 3, incubated

with ATP + BeF,.

thought to be susceptible to proteolysis, although aWT is able to pre-
vent CS thermal aggregation under nucleotide-free conditions (Fig. 5).
Similar results were observed for GroEL (e.g. Ref. 40). By contrast, when
ATP was added to the assay mixture, some Cy5-CS was protected from
shown in supplemental Fig. S2. Cy5-CS was gradually digested by pro-
teinase K, and almost all Cy5-CS was lost after 30 min of incubation in
the absence of nucleotides. On the contrary, Cy5-CS was protected
from the digestion in the presence of ADP and BeF,. These observations

Cy5-CS was diluted in the mixtures with WT and BeF
BeF, before addition of nucleotides. The mixtures *

matic drawing for the interpretation of the results.

A, I, and E refer to the apical, intermediate, and

proteolysis (Fig. 6B, bottom panel, lane 3). In the presence of ADP +
BeF,, Cy5-CS also remained undigested (Fig. 6B, bottom panel, lane 2),
suggested that Cy5-CS was encapsulated in the closed ring of «WT on
the addition of ADP or ATP in the presence of BeF,.

DISCUSSION

To grasp the details of an ATP-driven reaction cycle of the group II
chaperonins, we characterized the structural and functional properties
of T. KS-1 a-chaperonin in complexes with ADP and metal fluorides.
The effects of AIF, and BeF,, on the conformation of a-chaperonin were
different when incubated with ADP. Biochemical (Figs. 1 and 2) and
structural analyses (Figs. 3 and 4) revealed that a-chaperonin incubated
with ADP + BeF, has an asymmetric structure; one ring is open and the
other ring is closed. It has been shown that CCT incubated with ADP +
AlF, adopted an asymmetric conformation, but BeF, did not induce
such a conformational change (13). Although our results partly contra-
dict those reported in CCT, they strongly suggest that 7. KS-1 a-chap-
eronin also shares the inherent functional asymmetry of GroEL (for
reviews see Refs. 1 and 2) and CCT (13, 16).

We have shown previously that the change from an open lid to a

DECEMBER 2, 2005« VOLUME 280+NUMBER 48

closed lid conformation is not required for ATP hydrolysis in 7. KS-1
a-chaperonin (14, 15). In the present study, we found that ADP + BeF,,
which is thought to mimic the ATP-bound state (19, 20, 24), induced the
conformation on a-chaperonin with one ring closed. In contrast, it was
shown that ADP + AIF,, an analog of the trigonal-bipyramidal transi-
tion state in ATP hydrolysis, induced the lid closure of CCT (13). There-
fore, reaction cycles of archaeal chaperonins and CCT are partly differ-
ent from each other even though they are grouped together. ATP
binding is sufficient to close the lid of archaeal chaperonins, whereas the
lid closure of CCT is triggered by the transition state of ATP hydrolysis.
Progress to the transition state mimicked by ADP + AIF, might induce
the opening of the lid in 7. KS-1 a-chaperonin.

In GroEL, it is suggested that the binding of ATP is sufficient to
encapsulate the substrate in the closed cavity. In addition, ATP hydrol-
ysis is not required for protein folding mediated by GroEL (7, 25, 26). It
is anticipated that the closure of the ring cavity leads to the folding of the
substrate. Most unexpectedly, the addition of ADP to aWT in the pres-
ence of BeF, did not support the folding of the unfolded protein encap-
sulated in the closed ring (Fig. 6). It appears that the substrate fails to be
released into the central cavity, where productive folding occurs. More-
over, unfolded protein captured by «WT complexed with ADP + BeF,
can be folded by further incubation with ATP (Fig. 64). Therefore, the
conformation under ADP + BeF, is considered to be the reaction inter-
mediate in the functional cycle of group II chaperonins. This form is
supposed to be able to encapsulate the protein in the closed ring without
escaping into bulk solution. The presence of a similar intermediate in
GroEL was pointed out previously (41, 42). In any case, it is thought that
the ring is closed, and the substrate protein is encapsulated in the closed
ring before the hydrolysis of ATP takes place. Most interestingly, only
ATP can trigger productive protein folding inside the cavity. ATP
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FIGURE 7. Schematic model for the reaction mechanism of archaeal group Il chaperonins. See text for details. A, /, and E refer to the apical, intermediate, and equatorial domains,
respectively. H represents the helical protrusion.

hydrolysis in the ring-bound substrate may be required for triggering  (Fig. 7, step 4). We speculate that the two rings of group II chaperonins

the productive folding. alternate as a folding chamber in common with that of GroEL, and that
When the substitution of inorganic phosphate by metal fluoride is  the group II chaperonins have a similar molecular mechanism to GroEL

performed during ATP hydrolysis, both AIF, and BeF, induce a-chap-  and its partner GroES.

eronin to adopt a football-like conformation, in which both rings are
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