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Abstract

Group II chaperonins play important roles in protein homeostasis in the eukaryotic cytosol and in Archaea. These proteins
assist in the folding of nascent polypeptides and also refold unfolded proteins in an ATP-dependent manner. Chaperonin-
mediated protein folding is dependent on the closure and opening of a built-in lid, which is controlled by the ATP hydrolysis
cycle. Recent structural studies suggest that the ring structure of the chaperonin twists to seal off the central cavity. In this
study, we demonstrate ATP-dependent dynamics of a group II chaperonin at the single-molecule level with highly accurate
rotational axes views by diffracted X-ray tracking (DXT). A UV light-triggered DXT study with caged-ATP and stopped-flow
fluorometry revealed that the lid partially closed within 1 s of ATP binding, the closed ring subsequently twisted
counterclockwise within 2–6 s, as viewed from the top to bottom of the chaperonin, and the twisted ring reverted to the
original open-state with a clockwise motion. Our analyses clearly demonstrate that the biphasic lid-closure process occurs
with unsynchronized closure and a synchronized counterclockwise twisting motion.
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Introduction

Chaperonins are essential ATP-dependent protein-folding

machines with a characteristic double-ring structure; each ring is

composed of 7–9 subunits of approximately 60 kDa [1,2]. Each

subunit consists of three domains: an apical domain for substrate

protein binding, an equatorial domain containing an ATP-binding

and inter-ring contact site, and an intermediate domain connect-

ing the apical and equatorial domains by flexible hinges.

Chaperonins consist of two sub-families (groups I and II) based

on their structure and amino acid sequences [3,4]. Group I

chaperonins, represented by GroEL of Escherichia coli, are found in

bacteria, mitochondria, and chloroplasts and facilitate protein

folding with a co-chaperonin, Hsp10 or GroES, which forms the

lid of the folding cage. Group II chaperonins are found in Archaea

or in the eukaryotic cytosol, and the built-in lid is formed by helical

protrusions in the apical domain. The crystal structures of the

closed conformation and biochemical studies suggest the following

basic mechanism: the group II chaperonin captures an unfolded

protein in the central cavity in an open state, and folding is

mediated by ATP-dependent closure of the lid. The folded protein

is released from the cavity by opening of the lid. ATP-induced

structural changes are essential for chaperonin foldase activity; the

closure and opening of the chamber are therefore the focus of

group II chaperonin studies [5–12].

Recent cryo-electron microscopy (cryo-EM) studies with single-

particle reconstruction demonstrate that group II chaperonins

twist to seal the central cavity [13,14]. Zhang et al. determined the

structure of a group II chaperonin from a mesophilic archaeon,

Methanococcus maripaludis (Mm-cpn), in the ATP-free open, ATP-

bound intermediate, and ATP-hydrolysis closed states by cryo-EM

single-particle analysis [15]. ATP binding causes conformational

changes in each chaperonin subunit, leading to slight closure with

a 45u (0.785 rad) counterclockwise (CCW) rotation of the apical

domain. ATP hydrolysis subsequently drives each subunit to move

toward the folding chamber, closing the lid completely. Although

there is evidence supporting the conformational changes of group

II chaperonins, information concerning their dynamics, such as

speed, direction, and timing of the ring’s twisting, is limited. Such

dynamics are probably too small to detect with visible-light

technology.
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In this study, we demonstrate ATP-dependent dynamic motion

of a group II chaperonin from Thermococcus strain KS-1 (TKS1-

Cpn) at the single-molecule level with highly accurate rotational

axes views with a refined X-ray technology, diffracted X-ray

tracking (DXT). DXT is a powerful technique for detecting subtle

dynamic motions of functional proteins at the single-molecule level

[16–18]. The dynamics of a single protein can be monitored by

the trajectory of the Laue spot of a nanocrystal that was labeled on

the target protein immobilized on the substrate surface [16]. A

remarkable feature of DXT is its ability to monitor the rotational

motion of the nanocrystal at several mrad angle scales with two

rotational axes views, twisting and tilting motions. Group II

chaperonins are expected to undergo rotational motion during the

ATP cycle; therefore, the DXT technique could be a suitable tool

to monitor ATP-induced dynamics of the chaperonin at the single-

molecule level. In this study, UV-light-triggered DXT with caged-

ATP and stopped-flow fluorometry were utilized to track the ATP-

induced dynamics of a group II chaperonin. The chaperonin’s lid

closed partially within one second after ATP binding, the closed

ring twisted counter clock-wisely from the top to bottom view of

the chaperonin, and the twisted ring turned back to the original

open state with a clockwise twisting motion. Our analyses with

precise rotational and macroscopic views of chaperonin dynamics

demonstrate that there are distinct two modes in the lid-closure

process: unsynchronized closure and a synchronized counterclock-

wise twisting motion.

Results

DXT Analysis of the ATP-induced Twisting Motion of
Chaperonin

Figure 1-A illustrates the model for the conformational change

of TKS1-Cpn, which was constructed from the TKS1-Cpn crystal

structure in closed conformation [19] and the open structure of

Mm-cpn. We used the group II chaperonin TKS1-Cpn because it

exhibits high protein folding activity and structural stability [20].

DXT was used to detect intra-dynamic motions at the single-

molecule level for the group II chaperonin (Figure 1-B). Gold

nanocrystals were used as a tracer of the chaperonin’s motion. The

twisting and tilting of the chaperonin correspond to Laue spots

from the gold nanocrystal in the concentric circle (x) and radial (h)

directions, respectively. A mutant, TKS1-Cpn D263C/C366S,

which contains only one Cys residue at the tip of the helical

protrusion, was immobilized on a gold-coated substrate surface

and labeled with a gold nanocrystal through the formation of a

gold-thiol bond. The height distribution observed in the AFM

image demonstrated that the chaperonin molecules are immobi-

lized on the gold substrate surface in a correctly assembled manner

(Figure S1). Since the cysteine residues are introduced on the tip of

helical protrusions of chaperonin ring, we think that most of

chaperonins are immobilized on gold surface in upright manner.

The size distribution of the gold nanocrystals ranged from 20 to

70 nm (Figure S2), comparable to the size of the chaperonin.

Therefore, it is plausible that most of the gold nanocrystals interact

with multiple cysteine residues in a ring, as shown in Figure 1-B.

Therefore, the motion of the gold nanocrystal should reflect the

movement of the chaperonin ring. The distances between

anchoring points are fixed, and any events that would stretch or

reduce the distances between anchoring points are invisible in our

DXT experiments. Therefore, original dynamic motion of

chaperonin ring might be affected by the gold nanocrystal in

some extent, the motion of the chaperonin ring is observed

maintaining the initial anchoring distances between Cys residue

introduced on lid of chaperonin and gold nanocrystal. Figure 1-C

shows typical traces of Laue spots from gold nanocrystals on the

chaperonin in the presence of 0 mM (blue lines, upper panel) and

2 mM ATP (red lines, lower panel). Typical time-resolved

diffraction images obtained in the absence or presence of ATP

are shown in Video S1. In the absence of ATP, most spots moved

radially (h), while movement was both concentric (x) and radial in

the presence of ATP. Figure 1-D shows the distribution of absolute

angular displacement in twisting (x) direction. An angular

displacement larger than 30 mrad in the x direction is rarely

observed in the absence of ATP. The probabilities of angular

displacement larger than 30 mrad in the x direction were less than

1% in the absence of ATP and approximately 5% in the presence

of 2 mM ATP (inset of Figure 1-D). Angular displacement in the x
direction was clearly activated by the addition of ATP.

To examine whether the observed motion is ATP hydrolysis

dependent, mean square angular displacement (MSD) in the h and

x directions were compared between in the presence and absence

of potassium ion (Figure S3). As other chaperonins, the ATPase

activity of TKS1-Cpn is negligible under the potassium-free

conditions. Although h directional tilting motion was retained

irrespective of the presence of ATP and potassium ion, the x
directional twisting motion was observed only in the presence of

ATP and potassium ion. Therefore, it is clearly shown that the

twisting motion is induced by ATP hydrolysis.

Twisting Direction Analysis by Light-triggered DXT with
Caged ATP

Figure 2-A shows the twisting directional (x) trajectories in the

presence of 2 mM ATP. Only angular displacements exceeding

30 mrad in the x direction were shown. The conformational

change model suggests that CCW twisting corresponds to closure

of the chamber. However, both CCW and clockwise (CW) twists

were observed at similar frequencies. In the experiment, TKS1-

Cpn was incubated in the presence of excess ATP; thus, it should

be in the dynamic equilibrium between open and closed states. We

subsequently attempted to observe rotations from the open to the

closed state with caged-ATP. Caged ATP is a derivative of ATP

that is inactive and does not bind to the ATP binding site of the

chaperonin. UV-light exposure releases the modifying group from

the caged ATP to release active ATP in less than 10 ms [21].

TKS1-Cpn was incubated with 5 mM caged ATP, and DXT

commenced with UV-irradiation to release ATP. Figure 2-C

shows the rotational trajectories after UV exposure. Most of the

CCW twisting began after an approximately 1.75-second lag time

(the time range with transparent red color in Figure 2-C).

However, CW motion occurred at a relatively low frequency

(Figure 2-D). Thus, we concluded that the CCW motion reflects

rotation of the ring caused by lid closure.

ATP-induced Tilting Motion Analysis with DXT and
Stopped-flow Fluorometry

There was a lag between ATP release from the caged ATP and

the initiation of CCW motion. Thus, we analyzed the tilting

motion (h) after UV-light exposure. Histograms (Figure 3-A)

constructed by recording the segments of displacement each

second after UV-light exposure illustrate the absolute angular

displacement in the h direction per frame (36 ms). A bimodal

distribution was apparent after 1 s of UV light exposure, while

normal distributions were observed at the other times. The fitting

parameters of the bimodal or normal distribution in each

histogram are shown in Table S1. An additional larger peak at

approximately 1023 rad in the first histogram corresponded to a

larger tilt of the gold nanocrystal in TKS1-Cpn and could be

Bimodal Motion of Group II Chaperonin

PLOS ONE | www.plosone.org 2 May 2013 | Volume 8 | Issue 5 | e64176



Figure 1. ATP-dependent rotational motion of a group II chaperonin tracked by DXT. (A) Conformational changes of the group II
chaperonin in the absence (left) and presence (right) of ATP. (B) Schematic illustration of the detection of internal motions of group II chaperonins by
DXT. (C) Typical DXT traces of gold nanocrystals immobilized on the ring of the group II chaperonin in the absence (upper panel) and presence of ATP
(lower panel). (D) The distribution of the absolute angular displacement of the group II chaperonin in the twisting (x) direction. About 500 DXT
trajectories are used to make histogram. The trajectories with an angular displacement greater than 30 mrad in the x direction were counted as inset
bar-graph.
doi:10.1371/journal.pone.0064176.g001

Bimodal Motion of Group II Chaperonin
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explained as unsynchronized closure events (inset of Figure 3-A)

because the synchronized closure events correspond to transla-

tional motions which were not reflected as motion in the h
direction in the diffracted images. The results suggest biphasic

conformational changes in group II chaperonins. ATP initially

induced movement of each subunit, which was observed as

angular displacements in the h direction, and twisting of the ring is

reflected by counterclockwise angular displacement in the x
direction.

Next, we performed stopped-flow fluorometry to macroscopi-

cally analyze the kinetics of the ATP-dependent conformational

changes by rapid mixing of ATP and the chaperonin mutant

TKS1-Cpn L265W, which has only one tryptophan residue at the

tip of the helical protrusion. We have previously shown that the

addition of ATP enhances the tryptophan fluorescence intensity of

TKS1-Cpn L265W, correlating with closure of the lid [5]. The

fluorescence change occurred in less than 1 s (Figure 3-B) in the

presence of excess ATP, and even when the ATP concentration

was low, the change started immediately and nearly completed

within 2 s. A similar initial increase in fluorescence at 1 s was

observed under potassium-free conditions (Figure S4). As the

twisting motion was not observed without potassium ion condition

(Figure S3), it is evident that the initial fluorescence change does

not correspond to the twisting motion of TKS1-Cpn. Thus, the

larger displacement in the h direction observed by UV light-

triggered DXT appears to correspond to the increase of

tryptophan fluorescence intensity upon closure. The difference

between with and without potassium ion is a gradual decrease of

fluorescence after the initial peak in the presence of potassium ion.

As the decrease started at the similar timing as the twisting motion,

the gradual decrease may correlate with the ATP hydrolysis

dependent twisting motion observed by DXT. The abovemen-

tioned results clearly correspond to recent observations that ATP

binding causes a slight conformational change in each subunit of a

chaperonin and subsequent ATP hydrolysis drives each subunit to

move toward the folding chamber to close the lid completely [15].

Further motion begins after the initial conformational change of

each subunit is completed in 1 s.

Figure 3-C shows the mean square angular displacement (MSD)

in the h direction as a function of time interval in the presence of

0 mM ATP, 2 mM ATP, or 1 mM ATP- aluminum fluoride

(AlFx). The linear relationship between MSD and time interval

demonstrates that the angular displacement in the h direction is

similar to Brownian motion. The angular diffusion constants

estimated from the slope of the MSD curves are shown in Table 1.

The slope of the MSD curve obtained in the presence of 1 mM

ATP-AlFx is considerably shallower than that obtained in the

presence of 0 mM or 2 mM ATP. Incubation with ATP and AlFx

traps group II chaperonins in a closed compact conformation [22].

The chaperonin complex in the closed conformation is expected to

be more stable than the open conformation, which is confirmed by

the normal DXT experiment. The sharp slope in the presence of

Figure 2. ATP-triggered twisting directional analysis of the group II chaperonin in the x axis. Rotational position trajectories are shown as
a function of time in the presence of 2 mM ATP (A) or 5 mM caged-ATP after a UV flash (C). The histograms in (B) and (D) show the frequency of the
initial direction, either clockwise (CW) or counterclockwise (CCW), in the presence of 2 mM ATP or 5 mM caged-ATP, respectively. Trajectories with an
angular displacement greater than 30 mrad in the x direction were selected for inclusion in these figures. The time range with CCW motion of gold
nanocrystal in high frequency under UV-triggerd DXT experiment was indicated by transparent red color in Figre C.
doi:10.1371/journal.pone.0064176.g002

Bimodal Motion of Group II Chaperonin
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2 mM ATP reflects ATP-induced closure events. These results

demonstrate that the DXT method is appropriate for monitoring

not only the twisting motion (x-direction) but also the tilting

motion (h-direction) of chaperonins.

Discussion

We analyzed ATP-induced structural dynamics of a group II

chaperonin (TKS1-Cpn) at the single-molecule level with DXT

and at the macroscopic level with stopped-flow fluorometry.

In DXT measurements, the motion of a gold nanocrystal is

related to the conformational changes of both rings. It is

impossible to dissect these motions in the present experimental

setup. The twisting motions of the rings occur in the opposite

direction, but their twisting can be monitored in the same

directional rotation of the gold nanocrystal because the bottom

ring is immobilized on the substrate surface (Figure S5). We

cannot exclude the possibility that both rings change their

conformations simultaneously. When both rings close or open

simultaneously, the gold nanocrystal rotates in the CCW or CW

direction, respectively. When the rings are not synchronized, i.e.,

one ring opens while the other closes, the analysis would be more

complicated. Thus it seems not easy to obtain detailed kinetic data.

However, in the UV-triggered DXT using caged ATP, only the

closing motion should be observed, as the initial conformation is

both ring open conformation.

The effect of the gold nanocrystal on the target protein should

be considered in the DXT method. Simulation of the molecular

dynamics of peptide folding with gold nanocrystals by DXT

demonstrated that the nanocrystals affect the protein-folding

pathway but not the global-minimum state [23]. In Figure 1-D,

only 9% of trajectories exceed 30 mrad angular displacements in x
direction at 2 mM ATP condition. We cannot exclude the effect of

the attached gold nanocrystal considering the absolute dynamic

parameters, however the extent of the effect was small enough to

track the conformational change of chaperonin. Since MSD

curves (Figure 3-C) show that the relationships between mean

square angular displacement and time interval are liner at all

conditions, such as 0 mM ATP, 2 mM ATP and 1 mM ATP-

AlFx. If the influence from the attached gold nanocrystal is big

enough to alter the dynamics of chaperonin drastically, MSD

curve should be saturated at longer lag-time. And, the order of the

slope was consistent with the previous result, the slope of the MSD

curve obtained in the presence of 1 mM ATP-AlFx was

Figure 3. ATP-triggered rotational analysis of group II chaperonins in the h direction. (A) Time-series histograms of the absolute angular
displacement in the h direction per frame (36 ms). (B) Tryptophan fluorescence changes for a group II chaperonin (TKS1-Cpn L265W) in a mixture of
ATP, as measured with a stopped-flow spectrofluorometer. (C) Mean square angular displacement (MSD) in the h direction as a function of time
interval in the presence of 0 mM ATP, 2 mM ATP, or 1 mM ATP-AlFx.
doi:10.1371/journal.pone.0064176.g003

Table 1. Angular diffusion coefficient of the group II
chaperonin in the tilting (h) direction.

condition
angular diffusion coefficient (rad2/
sec.)

2 mM ATP 2.0461025

0 mM ATP 1.2861025

1 mM ATP-AlFx 1.0561025

The values were obtained from the slope of the MSD versus time plot (Figure 3-
C). The lines in Figure 3-C were fitted with least-squares fitting to the following
equation: MSD=4Dt, where MSD is the mean square angular displacement, D is
the angular diffusion constant, and t is time interval.
doi:10.1371/journal.pone.0064176.t001

Bimodal Motion of Group II Chaperonin
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considerably shallower than that obtained in the presence of

0 mM or 2 mM ATP. Furthermore, the twisting motion of gold

nanocrystal on chaperonin is observed only in the presence of ATP

condition. Therefore, it is reasonable to think that ATP-induced

twisting motion of chaperonin was observed at real time. Although

the original dynamics of the chaperonin may be affected by the

dimension of gold nanocrystal in some extent, the direction of

twisting and timing after ATP binding (Figure 2-B) were not

affected by the presence of the crystals if you pick up and analyze

the traces with larger angular displacement (ex. 30 mrad ) in x
direction. The statistical analysis of DXT was discussed qualita-

tively (Fig. 3-A and Fig. 3-C). Quantitative analyses will be possible

when the technical problems associated with making uniform gold

nanocrystals are overcome. The size of the gold nanocrystal

distribution is 20 to 70 nm in our current technique (Figure S2).

In addition, there is a risk of X-ray damage to the protein. The

photon flux at the sample position was estimated to be

approximately 1015 photons/sec/mm2, and the X-ray spectra

are shown in Figure S6. We limited the X-ray exposure time to less

than several seconds for each sample according to the previously

reported DXT experiments [17,18].

The ATP hydrolysis cycle of group II chaperonins is notably

slow. The wild-type TKS1-Cpn chaperonin hydrolyzes approxi-

mately 8 ATP molecules per minute. Only the ATP-dependent

motion of the chaperonin was observed in the DXT experiments,

and there should be a motionless time during the ATP cycle. The

very low frequent CW motions in the experiment with caged ATP

support this idea. The observed CW motion may be caused by

incomplete ATP reaction cycles or statistically rapid cycles.

Although the cause of the CW motion would potentially be

clearer if we could use a longer observation time, such a long X-

ray exposure would cause significant X-ray damage.

Figure 4 is a schematic model of the conformational changes in

group II chaperonins based on our results. In the absence of ATP,

the chaperonin adopts an open conformation, and the ring

fluctuates to some extent (Figure 4-0). The binding of ATP induces

a conformational change in each subunit within 1 s (Figure 4-1).

Unsynchronized closure events within each subunit occurred

during the closing process. Consequently, the ring twisted

counterclockwise, viewed from top to bottom, closing completely

within 2–6 s (Figure 4-2) and subsequently reverting to the original

state by a clockwise twist (Figure 4-3).

In summary, DXT was used to monitor the conformational

changes of a group II chaperonin (TKS1-Cpn). Two precise

rotational and macroscopic analyses of protein dynamics demon-

strated that there are two distinct modes involving closure and

twisting motions in the process of lid-closure in group II

chaperonins.

The protein folding mechanism of group II chaperonin has

been believed to resemble that of group I chaperonin with an only

difference in the lid, detachable one and built–in one. However,

our results suggest the significant difference between them. Protein

folding by group II chaperonin seems to be mediated during the

ATP hydrolysis dependent rotational motion, but such rotational

motion was not observed in group I chaperonin. The difference

might relate with the difference of substrate specificity or function

between them. In group II chaperonin, the driving force for

protein folding might be given the rotational motion of the cavity.

Therefore, the study on the effect of the rotational motion on the

captured unfolded protein is indispensable to reveal the protein

folding mechanism by group II chaperonin.

DXT was able to track the dynamic motion of the group II

chaperonin from Thermococcus at the single-molecule level, even at

high temperatures, such as 60˚C. DXT eliminated the transla-

tional noise that is caused by a temperature change or high

temperature in the experimental condition. In addition, high-

speed observations, such as sub-m/frame observations, are also

possible with DXT when a high-flux x-ray source and high-speed

camera are used. Therefore, our methodology with precise

rotational axes views would be a powerful tool to gain insight

into the subtle but important dynamic movements of proteins at

the molecular level.

Materials and Methods

Diffracted X-ray Tracking (DXT)
The dynamics of a single protein were monitored through the

trajectories of the Laue spots from the nanocrystal, which was used

to label the target protein for DXT [24,25]. White X-rays, 12–

18.5 keV (DE/E = 15%, Undulator U20 gap = 15 mm [26]), from

the beam line PF-AR NW14 (KEK, Japan) were used to record

Laue diffraction spots from the gold nanocrystals on the group II

chaperonin. The X-ray beam at the sample was 90 mm (vertical)

and 90 mm (horizontal) (full width at half-maximum). The photon

flux at the sample position was estimated to be approximately 1015

photons/sec/mm2, and the X-ray spectra are shown in Figure S6.

The diffracted spots from each nanocrystal were monitored with

an X-ray image intensifier (V7739P, Hamamatsu Photonics,

Figure 4. Schematic model of the conformational changes in the group II chaperonin.
doi:10.1371/journal.pone.0064176.g004

Bimodal Motion of Group II Chaperonin
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Japan) and a CCD camera (C4880-80, Hamamatsu photonics).

The specimen-to-sample distance was approximately 70 mm and

was calibrated by diffraction from gold film. The angular

precisions of the DXT in the h and x directions were 1 and

5 mrads, respectively. The sample temperature during the DXT

was controlled at approximately 60uC by hot air blowers (TRIAC

PID, Leister, Switzerland), which is the working temperature of

the chaperonin from Thermococcus strain KS-1. An Nd-YAG laser

(l= 355 nm, 0.8 mm w, 10 mJ/cm2) was introduced into the X-

ray irradiated area for UV-triggered DXT. The sample chamber

was replaced after each exposure shot in UV-triggered DXT. Gold

nanocrystals were obtained by epitaxial growth on NaCl (100)

substrate [27] and were dissolved with detergent (n-decyl-b-D-

maltoside (Dojindo Laboratories, Japan), 50 mM MOPS, pH 7.0).

The average diameter of the gold nanocrystals was estimated to be

20–70 nm and was confirmed by AFM (Figure S2). Custom

software written for IGOR Pro (Wavemetrics, Lake Oswego, OR)

was used to analyze the diffracted spot tracks and trajectories.

Sample Preparation
TKS1-Cpn D263C/C366S in which Asp263 and C366 of wild

type TKS1-Cpn were replaced by Cys and Ser, respectively, and

TKS1-Cpn L265W in which Leu265 was replaced by Trp were

expressed and purified to homogeneity as previously described [5].

A 50-mm-thick polyimide film (Kapton, Du Pont-Toray, Tokyo,

Japan) and a 100-mm-thick fluoropolymer film (NEOFLON ETFE

film EF-050, Daikin Industries, Osaka, Japan) were coated with

chromium (10 nm) and gold (25 nm) by vapor deposition and

were used as a substrate surface for DXT and UV-triggered DXT,

respectively. An aliquot of a mutant chaperonin solution (0.2 mg/

mL) in MOPS buffer (50 mM MOPS, 100 mM KCl, 5 mM

MgCl2, pH 7.0) was applied to the gold substrate for 8 h at 4uC.

The chaperonin-modified surface was rinsed with the same buffer

and reacted with gold nanocrystal solution for 8 h at 4uC. The

gold nanocrystal-modified chaperonin surface was rinsed with

MOPS buffer and stored in the experimental buffer (MOPS buffer

with/without ATP) until use. An experimental chamber was

constructed of sample substrate film with a spacer of polyimide

film of 50-mm thickness. A schematic diagram of the sample holder

is shown in Figure S7. The chamber was filled with MOPS buffer

containing no ATP, 2 mM ATP, or ATP-AlFx (1 mM ATP,

1 mM Al(NO3)3, 6 mM NaF) for standard DXT or 5 mM caged

ATP (P3-[1-(2-nitrophenyl)ethyl]adenosine-59-triphosphate, Do-

jindo, Japan) for UV-triggered DXT.

Stopped-Flow Fluorescence Analysis
The kinetics of ATP-induced structural changes in TKS1-Cpn

(L265W) were measured by rapid mixing of equal volumes of ATP

and TKS1-Cpn solutions with a stopped-flow spectrofluorometer

(SX20, Applied Photophysics). The final concentration of TKS1-

Cpn was 0.25 mM. The excitation wavelength was 295 nm, and

fluorescence above 320 nm was detected with a 320-nm cut-off

filter. A 2-mm path length was used, and the entrance and exit

monochrometer slit widths were set to 1 mm. The dead time of the

mixing was approximately 2 ms.

Supporting Information

Figure S1 AFM analysis of group II chaperonin on gold
coated substrate surface. The sample was prepared as the

same manner to the DXT experiment except immobilization of

gold nanocrystal. The chaperonin modified surface was imaged in

MOPS buffer by tapping mode (MM-AFM NanoScopeIIIa,

Veeco co.) and uniformly distributed circular dots were identified

as chaperonin (A). The dot’s height was distributed as 13.1+/

22.9 nm (B) and the value was compared favourably with

reported height value of 15 nm in closed conformation of KS-1

CPN.

(TIF)

Figure S2 AFM analysis of gold nanocrystal fabricated
on NaCl surface. The AFM image of gold nanocrystal

fabricated on NaCl surface (inset) was obtained by tapping mode

in air (MM-AFM NanoScopeIIIa, Veeco co.), and height of the

gold nanocrystal was analysed using Gwyddion software (Czech

Metrology Institute). The size of gold nanocrystal distributed from

20 to 70 nm.

(TIF)

Figure S3 Mean square angular displacement (MSD) of
chaperonin in the presence and absence of potassium
ion. MSD in the h (left, tilting) and x (right, twisting) directions as

a function of time interval under 0 mM ATP, 0.1 mM ATP in the

presence or absence of potassium ion conditions by DXT method.

DXT experiment was performed at BL40XU (SPring-8, Japan)

and its details are described in Text S1. The larger twisting motion

(x) was observed in the presence of ATP and potassium ion.

Angular diffusion coefficients are obtained from the slope of the

MSD versus time plot and those values are shown in Table S2.

(TIF)

Figure S4 Tryptophan-fluorescence change of group II
chaperonin in a mixture of ATP at potassium-free
condition using a stopped-flow spectrofluorometer. The

experimental buffer contains 100 mM NaCl instead of 100 mM

KCl. The tryptophan fluorescence increase was observed within

several seconds after mixture of ATP and chaperonin (TKS1-Cpn

L265W), however no gradual decrease was obtained within 20 sec.

after the mixture of ATP and chaperonin solution.

(TIF)

Figure S5 Twisting motion of gold nanocrystal during
closure of chaperonin’s ring. Gold nanocrystal twists CCW

from top to bottom view of chaperonin when each of upper (A) or

bottom ring (B) closes and both rings close (C). As the twisting

motions of the rings occur in the opposite direction, their rotation

can be monitored in the same directional rotation of a gold

nanocrystal because bottom ring immobilized on substrate surface.

Thus, we can observe the twisting motion except only when one

ring opens and the other closes simultaneously. In UV-irradiated

DXT experiment, most of chaperonin is in open-open conforma-

tion at the beginning of the experiment. An UV-irradiation

triggered to increase ATP concentration in the experimental

chamber and to shift chaperonin ring to closed conformation.

Therefore we can confirm the ATP induced twisting direction in

our DXT system.

(TIF)

Figure S6 Photon flux density profile for the DXT
experiment. Photon flux profiles from PF-AR NW14A in

KEK and BL40XU in SPring8 were drawn in blue and red lines,

respectively. Photon flux at the sample position was estimated

around 1015 photons/sec/mm2 which was comparable to the

previous DXT experiment.

(TIF)

Figure S7 Schematic drawing of DXT sample holder. A

sample holder was made of sample substrate film with a spacer of

polyimide film of 50 mm thickness (Kapton, Du Pont-Toray,

Tokyo, Japan). The chamber, 11 mm611 mm650 mm, was

covered with a 50 mm thick polyimide film and a 100 mm thick
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fluoropolymer film (NEOFLON ETFE film EF-050, Daikin

Industries, Osaka, Japan) for standard and UV triggered DXT,

respectively. The chamber was sandwiched by stainless steel

frames and was screw-clamped.

(TIF)

Table S1 Fitting parameters for normal or bimodal
distribution of angular displacement (h) of CPN-KS1
under UV-triggered DXT. Normal distribution is denoted by

N(m, s2), where m is the mean and s2 is the variance.

(DOC)

Table S2 Angular diffusion coefficient of the group II
chaperonin in the tilting (h) and twisting (x) direction by
DXT potassium assay. The values were obtained from the

slope of the MSD versus time plot (Figure S3). The line was fitted

with least-squares fitting to the following equation: MSD=4Dt,

where MSD is the mean square angular displacement, D is the

angular diffusion constant, and t is time interval.

(DOC)

Text S1 Supplementary method for DXT Potassium
assay at SPring-8.
(DOC)

Video S1 Time-resolved diffraction images for gold
nanocrystals on TKS1-Cpn obtained in absence and
presence of ATP conditions. Original images are modified to

clarify Laue spots from gold crystals. Tracked spots are shown in

blue and red open circle in absence and presence of ATP

condition, respectively.

(MOV)
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