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In this study we attempted to determine the specific roles of the numerous conforma-
tional changes that are observed in the bacterial chaperonin GroEL, by performing
stopped-flow experiments on GroEL R231W in the presence of a refolding substrate
protein. The apparent rate of one kinetic phase was decreased by �25% in the presence
of prebound unfolded malate dehydrogenase while another phase was suppressed
completelyunder thesameconditions, reflectingdifferenteffectsof theunfoldedprotein
on multiple structural transitions within GroEL. The addition of cochaperonin GroES
counteracts the effect of theboundsubstrateprotein in the former case, buthadnoeffect
on the latter, more extensive suppression. Using a chemically modified form of GroEL
R231W which is incapable of releasing substrate proteins at low temperatures, we
identified a conformational transition that is implicated in the release of substrate
proteins. Parts of the actual process of substrate protein release were also observed
through fluorescence resonance energy transfer experiments involving GroEL and
labeled substrate protein. Analysis of the energy transfer data revealed an interesting
relationshipbetweensubstrateproteindisplacementandaspecificstructural transition
in the GroEL apical domain.

Key words: fluorescence, GroE, molecular chaperone, protein folding, stopped-flow.

Abbreviations: AEDANS-GroEL, wild type GroEL molecules that have been chemically labeled with 1,
5-IAEDANS; FRET, fluorescence resonance energy transfer; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight; MDH, malate dehydrogenase; 1,5-IAEDANS, N-iodoacetylamidoethyl-1-amino-
naphthalene-5-sulfonate; NEM, N-ethylmaleimide; NEM-RW, GroEL R231W that has been chemically modified
with NEM.

The E. coli chaperonin GroEL limits the accumulation of
unwanted protein aggregates in the cell and assists the
recovery of active proteins after cellular stress (1–3). Num-
erous studies have demonstrated that GroEL prevents the
irreversible formation of insoluble protein particles by seg-
regating proteins while still in an aggregation-susceptible
state, and incubating these protein molecules within a
molecular ‘‘cage’’ to encourage reformation of the native
structure (3). The specific mechanism by which GroEL
achieves this feat has been the subject of intensive studies
(4–7). It has been shown that the structure of GroEL
undergoes multiple transitions involving its three distinct
domains to bind, encapsulate, and release targeted protein
molecules. The binding and subsequent hydrolysis of the
nucleotide ATP, as well as interactions with cochaperonin
GroES and the target protein molecule itself, modulate
these conformational changes.

Very recently, studies have focused on precise elucida-
tion of the mechanistic aspects of GroEL-facilitated protein
folding using various experimental methods based on fluor-
escence analysis (8–11). The wild type GroEL subunit lacks

fluorescent tryptophan residues, and this fortuitous
characteristic allows researchers to introduce unique
tryptophan residues as conformational probes through
site-directed mutagenesis at various locations in the
three domains (apical, equatorial and intermediate) of
the GroEL subunit (8, 11, 12). Taking advantage of this,
we recently performed experiments to examine the numer-
ous movements of GroEL using the mutant GroEL R231W
protein (13). In GroEL R231W the tryptophan probe is
situated in the apical domain, near the binding sites for
GroES and substrate protein. The study showed that
GroEL underwent three major conformational changes
upon binding of the nucleotide ATP. A fourth change in
fluorescence, observed only in the presence of GroES, was
also observed (13).

The specific roles of these three conformational changes
of GroEL and the characteristics of the transition seen only
in the presence of GroES have not been completely eluci-
dated, but such details are necessary to clarify the mole-
cular mechanism underlying GroEL-facilitated protein
folding. In this study, we attempted to extend our previous
experimental results obtained using GroEL R231W by per-
forming experiments in which a substrate protein was
prebound to the chaperonin before the addition of ATP.
We found that the apparent rates and amplitudes of two
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conformational changes were selectively affected by the
presence of prebound, unfolded malate dehydrogenase
(MDH) molecules. The presence of GroES, however, abol-
ished this effect of the bound protein on one of the two
phases, while the other remained affected. By utilizing
the fact that chemical modification of GroEL using
N-ethylmaleimide (NEM) results in a chaperonin with
temperature-sensitive release characteristics, we found
that a key kinetic transition that was triggered in the pre-
sence of GroES was essential for successful MDH release
and refolding. We also took advantage of an additional
experimental technique, fluorescence resonance energy
transfer (FRET), to observe the changes in the interaction
between GroEL R231W and a substrate protein modified
with the fluorescent label N-iodoacetylamidoethyl-
1-aminonaphthalene-5-sulfonate (1,5-IAEDANS) (14, 15).
We detected a change in the FRET signal efficiency that
was triggered by the addition of GroES and ATP to a pre-
formed substrate-R231W complex, and this FRET signal
change indicated a displacement of the bound substrate
protein from the GroEL apical domain. This change in
FRET efficiency was observed only at certain temperatures
for the NEM-modified chaperonin, in agreement with the
tendency of this modified chaperonin to form an arrested
ternary complex. Our results highlight multiple molecular
events which must occur in a timely fashion to allow the
efficient release of bound protein molecules from the
GroEL apical domain.

EXPERIMENTAL PROCEDURES

Materials—GroEL proteins (wild type and R231W) were
obtained from E. coli JM109 cells harboring plasmid
pUCESL (12) or derivatives. Purification of chaperonin
was performed using two anion exchange chromato-
graphy sessions in sequence (Q-Sepharose), as outlined
by Mizobata et al. (16); the first elution was performed
with a linear KCl gradient, and the second with a linear
NaCl gradient.

NEM was purchased from Nacalai Tesque (Kyoto).
1, 5-IAEDANS was purchased from Sigma. Tris-(2-
carboxyethyl)phosphine was purchased from Molecular
Probes. Bovine rhodanese and nucleotides were obtained
from Sigma. Pig heart MDH was obtained from Roche
Molecular Biochemicals. All other reagents were obtained
commercially from Wako Fine Chemicals (Osaka) and
Nacalai Tesque (Kyoto).

Refolding Assays—Refolding assays of rhodanese were
performed under the ‘‘non-permissive’’ conditions used
by Martin et al. (17). Refolding assays of MDH were
performed according to Hayer-Hartl (18).

Chemical Modification of GroEL R231W with NEM—
Modification of the cysteine residues of GroEL R231W with
NEM was performed according to the method initially
reported by Martin (19), but modified slightly. GroEL
R231W was incubated at a concentration of 10 mg/ml in
50 mM Tris-HCl buffer, pH 7.5, containing 1 mM NEM.
The samples were incubated for 80 min at 25�C, where-
upon 2-mercaptoethanol was added to a concentration of
10 mM to stop the reaction. Each sample was then dialyzed
overnight against 50 mM Tris-HCl, pH 7.5, containing
0.5 g/liter acid-washed charcoal. The extent and position
of the modified cysteine residue were determined by

comparing samples of non-modified GroEL R231W and
NEM-modified GroEL R231W (NEM-RW), which were
first digested extensively with lysyl endopeptidase and
then exhaustively modified with pyrenyl maleimide
under reducing conditions. Samples of either GroEL
R231W or NEM-RW (6 mg/ml) were incubated overnight
with a 1/100 fold concentration (w/w) of Achromobacter
lyticus AP-1 lysyl endopeptidase at 37�C. Each peptide
mixture was then mixed in a 1:1 (v/v) ratio with 2 mM
pyrenyl maleimide dissolved in 1,4-dioxane. Labeling
with pyrenyl maleimide was performed in 50 mM
Tris-HCl, pH 7.5, containing 2 mM tris-(2-
carboxyethyl)phosphine, which maintains reducing condi-
tions without quenching of the maleimide reagent. After
30 min incubation at 25�C, the reaction was quenched
by the addition of 1.2 mM dithiothreitol (DTT). The two
mixtures were separated on a Shiseido Capcell Pak C18

reversed-phase HPLC column, using the fluorescence of
the pyrenyl group (excitation: 340 nm, emission: 400 nm;
Jasco FP-1520S fluorescence detector) to monitor the elu-
tion profile. The two profiles were compared, and a single
fluorescent peak that markedly decreased for the NEM-
modified sample was identified. Fractions of this peak
were collected from samples not modified with NEM and
subjected to MALDI-TOF mass spectrometry analysis
using a Bruker Daltonics Autoflex system and a-cyano-4-
hydroxycinnamic acid. Mass spectrometry of the collected
peptide peak material revealed that this fraction contained
a peptide with a molecular mass of 1,303.574. This value
was identical within experimental error to that of a peptide
with a sequence corresponding to amino acid residues 133–
142 of GroEL with a pyrenyl group attached (theoretical
mass: 1,303.39). The efficiency of NEM modification was
estimated to be greater than 80% by comparing the relative
areas of the identified fluorescent peaks in the elution
profiles for GroEL R231W and NEM-RW.

Stopped-Flow Analysis—Stopped-flow analysis of
various GroEL proteins was performed on an Applied
Biophysics SX-17MV stopped-flow fluorescence spectro-
photometer. In experiments to monitor the tryptophan
fluorescence, the excitation wavelength was 295 nm and
a filter was used to monitor all emission fluorescence above
320 nm. Experiments were performed in stopped flow buf-
fer (50 mM triethanolamine, pH 7.5, containing 20 mM
MgCl2 and 50 mM KCl). Protein samples were dialyzed
overnight against this buffer containing 0.5 g/liter
powdered acid-washed charcoal to remove any fluorescent
contaminants. The concentration of GroEL during
measurements was set at 0.5 mg/ml (0.62 mM GroEL
14-mer). Experiments were performed at two tempera-
tures, 25�C and 37�C. Twelve to fourteen traces were
averaged to obtain traces for kinetic analysis. Analysis
of the kinetic traces was performed by non-linear least-
squares analysis of selected regions in the traces using
the analysis package provided by the manufacturer.
Residuals of the analyses were used to confirm that the
fits were appropriate.

The effects of the loaded substrate protein (Gdn-HCl
denatured MDH) on the fluorescence characteristics of
GroEL R231W and NEM-RW were examined as follows.
Samples of MDH were denatured by incubation in 3 M
Gdn-HCl for 30 min at 25�C. The denatured MDH samples
were then diluted in solutions containing either GroEL
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R231W or NEM-RW. The ratio of denatured MDH
monomer to native GroEL 14-mer was 1:1 at the time of
mixing. This mixture was incubated at the experimental
temperature (either 25�C or 37�C depending on the
experiment) for 5 min and then immediately used for
the stopped-flow experiments.

FRET Analysis—FRET analysis of donor GroEL
molecules (GroEL R231W or NEM-RW; tryptophan as
the donor) and receptor substrate protein [denatured
wild type GroEL modified with 1,5-IAEDANS (AEDANS-
GroEL); AEDANS as the acceptor] was performed as
follows. AEDANS-GroEL was prepared by mixing samples
of purified wild type GroEL (20 mg/ml) with 1 mM 1,
5-IAEDANS for 30 min at 25�C in 50 mM Tris-HCl buffer,
pH 7.5. The labeling was quenched after 30 min by the
addition of 10 mM 2-mercaptoethanol. Samples were
then dialyzed against 50 mM Tris-HCl buffer, pH 7.5, con-
taining 0.5 g/liter acid-washed charcoal overnight. The
extent of labeling was estimated using the molar extinction
coefficient of AEDANS at 336 nm [5,700 cm–1 M–1 (20)].
The samples of AEDANS-GroEL used in the present study
contained 1.7 AEDANS molecules per GroEL subunit.

AEDANS-GroEL was denatured for 2 h in 20 mM
Glycine-HCl buffer, pH 2, at 25�C. Unfolding of the protein
was confirmed by observing changes in the CD spectra. The
unfolded sample was then mixed in a 1:25 (v/v) ratio with
stopped flow buffer containing an equimolar concentration
(AEDANS-GroEL monomer:native chaperonin 14-mer) of
either GroEL R231W or NEM-RW. These samples were
incubated for 5 min at the experimental temperature
before analysis in the stopped flow apparatus. Experiments
were initiated by mixing samples of preformed donor/
acceptor complexes with either 1 mM ATP alone or 1 mM
ATP and GroES (0.62 mM GroES 7-mer). Experiments were
monitored at an excitation wavelength of 295 nm and a
filter was used at the emission window to monitor all fluor-
escence greater than 420 nm. The values for the apparent
rates and relative amplitudes with respect to different ATP
concentrations were fitted to the Hill equation;

y ¼ ymax½ATP�n=ðKn
1=2 þ ½ATP�nÞ

where y denotes either the apparent rate or the relative
amplitude, depending upon the analysis performed, ymax

is the maximum value of the analyzed data, K1/2 is the
concentration of ATP at which y attains 50% of its value,
and n is the Hill constant.

The derived kinetic constants of the major transitions
displayed in each figure are summarized in Tables 1 and 2.

RESULTS

Figure 1 shows the changes in fluorescence intensity
observed when GroEL R231W was mixed with 1 mM
ATP at 25�C. Within the first 0.5 s of observation a total
of three distinct kinetic phases may be detected in the
fluorescence trace, as initially reported by us: a very
rapid increase in fluorescence followed by a large decrease
and then a final relatively slow increase in fluorescence.
These three phases were respectively denoted as Phase A,
Phase B, and Phase C by Taniguchi et al. (13), and we
continue to use this notation in the present article. Of
the three kinetic phases, Phase B exhibits the most
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complex behavior with respect to ATP concentration
dependence (13). The rate of Phase B exhibits a bisigmoidal
dependence on the ATP concentration, a dependence that
is retained even for single ring variants of GroEL. The rate

of Phase C, on the other hand, exhibits a simple hyperbolic
dependence on the ATP concentration indicating a lack of
cooperative behavior for this transition (13).

When the experiment was monitored for longer inter-
vals, a fourth kinetic phase, detected intermittently in
our previous study (13) but not characterized in further
detail, was detected, as shown in Fig. 1b. This phase con-
sisted of a large relatively slow decrease in fluorescence
with an apparent rate constant of 0.12 s-1 at 25�C in the
presence of 1 mM ATP. Previously (13), we reported that
the appearance of this phase was rather erratic and thus
refrained from characterizing this phase in further detail.
We have since found, however, that the appearance of this
phase depended on the specific method of GroEL purifica-
tion. Samples of GroEL R231W, obtained by anion
exchange chromatography as described by Mizobata et al.
(16), consistently exhibited this fluorescence decrease
(heretofore denoted as Phase D), allowing further charac-
terization. The fact that the detection of Phase D was
dependent upon the degree of purification is significant,
as discussed below.

An interesting phenomenon was observed during com-
parison of GroEL R231W samples purified by the two dif-
ferent purification methods, i.e., that of Taniguchi et al.
(13) versus that of Mizobata et al. (16). We found that
the apparent rate constants and relative amplitudes of
each phase (Phases A, B, and C) changed according to
the purification protocol used. The apparent rates were
consistently smaller for samples purified according to
the protocol described by Mizobata et al. (16), compared
to the samples obtained as described by Taniguchi et al.
(13) [e.g., for Phase B, 61 s–1 as opposed to �180 s–1 in
Taniguchi et al. (13), see also Table 1]. We have confirmed
that when GroEL R231W samples purified according to
Taniguchi et al. (13) were subjected to additional
Q-Sepharose anion exchange column chromatography
according to the procedure outlined by Mizobata et al.
(16), we could obtain GroEL samples that exhibited uni-
formly smaller apparent rate values in the stopped-flow
experiments, essentially identical to the behavior of
samples purified according to Mizobata et al. We are cur-
rently probing the cause of this difference in more detail.
The kinetic characteristics of each phase were otherwise
consistent in both studies and, notably, there were no
detectable differences in function between the two chaper-
onin preparations. Because we have found that we could
observe the characteristics of Phase D more consistently,
in the present paper, we report the values for samples
purified solely by means of anion exchange.

In the presence of an equimolar concentration of GroES,
a final additional kinetic phase in the form of a fluorescence
increase was observed (heretofore denoted as Phase S,
Fig. 1a, solid line). Initially, we reported that this kinetic
phase directly reflected the binding of GroES to GroEL,

Table 2. Analyzed kinetic constants of the various fluorescence traces presented in this study: FRET analysis involving
AEDANS-GroEL.

Figure number Sample
Fast phase Slow phase

Amp k Amp k

Fig. 6a GroEL R231W+ES 0.00913 – 0.00071 27.0 – 2.04 0.00208 – 0.0000704 1.16 – 0.0653

Fig. 6b NEM-RW + GroES, 37�C 0.00251 – 0.00022 4.24 – 0.50 0.00352 – 0.00022 0.839 – 0.57

Values are given as derived values – standard errors. Constants are grouped according to the corresponding figures in the article.

a

b

Fig. 1. Stopped-flowfluorescence traces forGroELR231Wat
25�C. The dotted line indicates GroEL R231W alone, and the solid
line indicates GroEL R231W and an equimolar concentration of
GroES. (a) Changes in fluorescence monitored for 0.5 s. The region
corresponding to each individual phase is denoted above each
panel. Phase A is not immediately apparent in this panel, but
has been detected in similar experiments with shorter monitoring
times (not shown). The initial sharp decrease in fluorescence cor-
responds to Phase B, and the following increase (solid line) is the
double exponential trace that represents Phases C and S. (b) As in
(a), but for a longer monitoring interval (20 s). Details are as in (a).
Phase C (dotted line, fluorescence increase) is more prominent in
this panel, and we confirmed the appearance of Phase D (fluores-
cence decrease) in both traces. The residuals below each panel
represent deviations of the raw data from a theoretical curve
derived from a double exponential fit to Phases C and S in panel
a and a single exponential fit to Phase D in panel b, and demon-
strate the reliability of the fits.
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since the appearance of this phase was dependent on the
presence of GroES in the mixture and by the fact that the
apparent rate of this kinetic phase was dependent on the
GroES concentration. However, we would like to correct
our initial conclusion regarding this kinetic phase.
Previously (13), we reported that the dependence of the
apparent rate of this phase on the concentration of
GroES was saturated at a certain value under conditions
where the ratio of GroES to GroEL was greater than 1 to 1.
Such behavior indicates that this kinetic phase is in fact a
conformational change that is triggered by GroES binding,
rather than a direct reflection of this phenomenon. In the
present study, the apparent rate constant of Phase S was
estimated to be 9.4 s-1 in the presence of an equimolar
concentration of GroES at 25�C.

To summarize, for GroEL R231W, a total of five distinct
changes in tryptophan fluorescence were observed that
were triggered by the binding of ATP to the GroEL subunit.
Of these five transitions, one (Phase S) was only observable
in the presence of the co-chaperonin GroES. It should also
be mentioned here that the apparent rate constants of
the other four kinetic phases, A, B, C, and D, were neither
increased or decreased as a result of the GroES addition,
consistent with our conclusions in Taniguchi et al. (13).

Monitoring the Movements of the Apical Domain under
Substrate Protein Load—Next, as can be seen in Fig. 2, we

examined if the fluorescent signals of GroEL R231W were
in any way affected when a substrate protein, unfolded
MDH, bound to the apical domain. The experiment was
facilitated by the fact that porcine MDH, like GroEL,
possesses no tryptophan residues in its wild type amino
acid sequence.

As can be seen in Fig. 2a, the fluorescence changes in the
presence of prebound MDH differed significantly from the
trace in the absence of a substrate polypeptide in the time
frame corresponding to Phases C and D. Phase D was com-
pletely unobservable (Fig. 3a, solid line), and the fluores-
cence increase was also visibly slower in the presence of
MDH. When we analyzed the fluorescence increase to
obtain kinetic constants, we found that the change con-
sisted of a fast fluorescence increase with an apparent
rate constant of 1.03 s-1, and a slower increase with a
rate constant of 0.08 s-1.

In order to determine the nature of the changes in kinetic
characteristics between ‘‘unloaded’’ and ‘‘loaded’’ GroEL
R231W, we performed titration experiments on the fluor-
escence change, with respect to the concentration of ATP
and the relative proportion of bound, unfolded MDH. First
of all, as can be seen in Fig. 2b, ATP titration experiments
showed that the ATP concentration dependence of the
apparent rate of Phase C (detected in the absence of
MDH) and the fast increase in fluorescence seen in the

a

c

b

d

Fig. 2. Stopped-flow fluorescence
traces for GroEL R231W in the
presence of prebound unfolded
MDH and in the absence of
GroES. (a) Changes in the
tryptophan-derived fluorescence of
GroEL R231W in the absence (dotted
line) and presence (solid line) of an
equimolar concentration of MDH pre-
bound. In these experiments, MDH
was unfolded using 3 M guanidine
hydrochloride. (b) Changes in the
apparent rate of the fluorescence
increase (Phase C) shown in panel
(a) relative to the concentration of
ATP. Open circles indicate the
changes in the apparent rate of the
fluorescence increase in the absence
of prebound MDH, and closed circles
indicate changes in the apparent rate
of the fluorescence increase in the pre-
sence of equimolar MDH. (c) Titration
of the prebound MDH:chaperonin
ratio. The amount of MDH that was
prebound to GroEL R231W was
titrated toward equimolarity. The
fluorescence changes were initiated
by the addition of 1 mM ATP. The
fluorescence values at t = 20 s, from
bottom, solid line, to top; 0.25:1,
0.5:1, 0.75:1, 1:1 MDH to GroEL.
The ratios were calculated as [MDH
monomer]:[GroEL 14-mer]. (d)
Changes in the apparent rates of
Phases C (open circles) and D (closed
circles) relative to the ratio of pre-
bound MDH to GroEL. The apparent
rate of Phase D at MDH:GroEL = 1:1
could not be determined due to sup-
pression of the relative amplitude of
this phase.
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presence of MDH were very similar. Both saturation
curves were essentially non-cooperative in nature. The
midpoints of saturation were also similar. This similarity
suggested that the two changes in fluorescence were not
separate events, but represented a change in the apparent
rate of a single kinetic phase (Phase C) in response to the
presence of unfolded MDH. The amplitude of this fluores-
cence phase was relatively insensitive to the presence of
unfolded MDH (see Table 1).

Figures 2c and d show the differences in the fluorescence
change that were observed when the ratio of unfolded
MDH to GroEL 14-mer was altered. As shown in Fig. 2c,

when increasing concentrations of unfolded MDH were
premixed with GroEL, the relative amplitude of Phase D
decreased accordingly (Fig. 2c, from bottom to top trace).
Figure 2d shows a more detailed view of this titration and
we can see that the rate of Phase D decreased linearly with
increasing MDH concentrations toward complete suppres-
sion at a 1:1 ratio of MDH to GroEL 14-mer. In marked
contrast, the rate of Phase C decreased only slightly. The
incremental decrease in the apparent rate of Phase C seen
in Fig. 2d supported the notion that unfolded MDH
decreased the apparent rate of this phase.

Effects of Protein Load on the Conformational Changes
of GroEL in the Presence of Cochaperonin—Figure 3a
shows the changes in fluorescence of GroEL R231W
when an equimolar concentration of MDH is first pre-
bound, and then the chaperonin/substrate protein complex
is mixed with ATP in the presence of equimolar GroES.
Compared to the traces in Fig. 2, the increase in fluores-
cence seen at around �1 s was much stronger in intensity.
Analysis of this fluorescence increase showed that it was
composed of two phases, a fast phase with an apparent rate
of 7.45 – 0.4 s-1, and a slower phase with an apparent rate
of 1.39 – 0.18 s-1. These values were nearly identical to the
values for Phases S and C, respectively, seen for GroEL
R231W in the absence of a preloaded protein. To confirm
this, we modified the concentration of ATP used in the
experiments and we found that the dependence of the
apparent rate of the slow phase on ATP concentration
was identical to that of Phase C seen in the absence of
GroES (Fig. 3b, open squares and closed triangles).
From this we believe that in the presence of an equimolar
concentration of GroES, the effect of unfolded protein load
on Phase C (Fig. 2b) is effectively abolished. In other words,
GroES assisted GroEL in completing the molecular move-
ments corresponding to Phase C in the presence of
unfolded MDH.

Alteration of Kinetic Behavior of a Chemically Modified
Variant of GroEL R231W—The next step of our study was
to determine which of the numerous kinetic phases
detected for GroEL R231W would be affected if the chaper-
onin were modified in such a manner as to prevent release
of the polypeptide. This prevention of polypeptide release
should be performed as delicately as possible, in order to
minimize artifacts in the experiments. To this end we uti-
lized a method involving the chemical modification of
GroEL R231W with N-ethylmaleimide (19) that arrested
the chaperonin cycle at a restrictive temperature (25�C),
but allowed resumption of the cycle upon a temperature
increase. Figure 4 summarizes the functional characteris-
tics of this newly derived NEM-RW chaperonin. Prior to
the experiments shown in Fig. 4, we confirmed that mod-
ification of GroEL R231W with the cysteine modifier NEM
occurred satisfactorily, and that cysteine 138 was modified
with greater than 80% efficiency (see ‘‘EXPERIMENTAL

PROCEDURES’’). In refolding assays of pig heart MDH and
bovine rhodanese initiated at 25�C in the presence of
GroEL and GroES without ATP, the recovery of protein
activity was strongly suppressed in the presence of wild
type GroEL, NEM-RW, and GroEL C138W, a mutant cha-
peronin that possesses a temperature-sensitive mechan-
ism identical to that of NEM-modified GroEL (12). The
addition of ATP to these samples resulted in recovery of
the substrate protein activity in the case of wild type

a

b

Fig. 3. Stopped-flow fluorescence analysis of GroEL R231W
in the presence of GroES and prebound MDH. (a) Experi-
ments were performed as in Fig. 2, but an equimolar concentration
of GroES relative to GroEL R231W 14-mer was added to the ATP
trigger mix. Solid lines indicate fluorescence changes in the
absence of prebound MDH, and dotted lines indicate fluorescence
changes in the presence of prebound unfolded MDH. (b) Titration of
the apparent rates of Phase C and S with regard to the concentra-
tion of ATP, and comparison of the changes in the rate of Phase C in
GroEL R231W alone. Closed circles indicate the apparent rates of
Phase S in the presence of unfolded MDH, and closed triangles
indicate the apparent rates of Phase C in the presence of GroES
and unfolded MDH. Open squares indicate the apparent rate of
Phase C when measured in the absence of both GroES and unfolded
MDH. The extensive overlapping of the values (closed triangles to
open squares) suggest that the presence of GroES acts to revert the
characteristics of Phase C altered in the presence of MDH (Fig. 2b)
to those of its original state.

412 T. Yoshimi et al.

J. Biochem.

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


GroEL, but refolding was still suppressed for the other two
samples. When the experimental temperature was raised
to 37�C, the rapid recovery of both rhodanese and MDH
activity was observed for the NEM-RW and C138W sam-
ples. The temperature-dependent behavior of NEM-RW
was very similar to the behavior of the temperature-
dependent mutant chaperonin GroEL C138W.

In addition to this experiment, we performed ATPase
assays in the presence and absence of a substrate protein
to confirm the formation of an arrested ternary complex.
The ATPase activity of NEM-RW closely resembled that of
GroEL C138W, with wild type-like activity at 37�C but
suppression of ATPase activity at 25�C in the presence
of an excess amount of refolding substrate protein (data
not shown) (12). Taking this together with the results of
the refolding assays, we conclude that NEM-RW was cap-
able of forming an arrested ternary complex of GroEL,
GroES and refolding protein at 25�C.

Next, experiments were performed to examine the
effects of NEM modification on the fluorescence changes

in GroEL R231W triggered by ATP only, in the absence of
protein load. As can be seen in Fig. 5a, we found that
chemical modification of GroEL R231W with NEM affected
the majority of the fluorescence changes in this chapero-
nin. At 25�C, where the release and refolding of the
unfolded protein is not allowed, the changes in fluorescence
intensity consisted of an initial sharp increase correspond-
ing to Phase A, followed by a small decrease in fluores-
cence. This slight fluorescence decrease may represent a
greatly restricted Phase B, although it was difficult to con-
firm this in further analyses owing to the small amplitude
of this phase. When the experimental temperature was
increased to 37�C, the amplitude of this decrease in fluor-
escence increased four-fold. The rate of this fluorescence
decrease was 3.71 – 0.11 s-1, which was more than 10-fold

a

b

Fig. 4. Refolding assays of (a) pig heart MDH and (b) bovine
rhodanese in the presence of wild type GroEL, GroEL
C138W, and NEM-RW. The initial refolding temperature was
25�C for both proteins. Open circles indicate refolding of each
substrate protein in the presence of wild type GroEL, and open
triangles indicate refolding in the presence of the temperature-
dependent chaperonin GroEL C138W. Closed circles represent
refolding in the presence of NEM-RW. At the time indicated by
the filled arrow, ATP was added to a concentration of 2 mM. At the
time indicated by the open arrow, the temperature of each sample
was shifted from 25�C to 37�C.

a

b

c

Fig. 5. Stopped-flow fluorescence traces of NEM-RW at 25�C
and 37�C in the presence and absence of GroES. (a) Fluores-
cence traces of NEM-RW at 25�C and 37�C. Details are given in
the figure. (b) Fluorescence changes of NEM-RW at 25�C in the
absence of both GroES and MDH (-ES/-MDH), in the presence
of GroES and absence of MDH (+ES/-MDH), and in the presence
of both GroES and unfolded MDH (+ES/+MDH). (c) Comparison of
the fluorescence traces of GroEL R231W+MDH+GroES at 25�C
(solid line) and NEM-RW+MDH+GroES at 25�C (dotted line).
Note that GroEL R231W is capable of releasing MDH under
these conditions, whereas NEM-RW is not.
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smaller than the value for Phase B of the unmodified
GroEL R231W chaperonin.

In the presence of GroES, however, an additional strong
increase in fluorescence was observed after the initial
increase (Phase A) and slight decrease (Phase B?) at
25�C, as can be seen in Fig. 5b (+ES/-MDH). This fluores-
cence increase was analyzed, and was found to consist of
fast and slow phases. The apparent rate of the fast phase
was 11.3 – 1.7 s-1, which was comparable to the rate of
Phase S of unmodified GroEL R231W. Considering that
this new fluorescence increase was a result of GroES addi-
tion, it seems safe to assume that we were observing Phase
S in NEM-RW under these conditions as well. The rate of
the slower phase was 0.362 – 0.0047 s-1, which was 1/4 of
the value for Phase C.

We next performed stopped-flow fluorescence analyses
with NEM-RW prebound to unfolded MDH under condi-
tions identical to those used in Fig. 4, where refolding of
MDH was arrested (25�C). As shown in Fig. 5, b and c, the
addition of an equimolar concentration of MDH to NEM-
RW and GroES resulted in a greatly changed fluorescence
trace, compared to the case of GroEL R231W under iden-
tical conditions, in the regions corresponding to t > 1 s
(Fig. 5b, +ES/+MDH). The fluorescence change consisted
essentially of a slow fluorescence increase with an appar-
ent rate of 0.182 s-1. This slow increase does not resemble
any of the kinetic phases that we have reported in this
study. When we compare this trace to the trace observed
for GroEL R231W under identical conditions, the differ-
ences become much more apparent (Fig. 5c). The additional
presence of unfolded MDH therefore affects this phase in a
negative manner, in effect suppressing either its rate or
amplitude. This suppression is in turn associated with the
prevention of MDH release and arrest of recovery.

FRET Analysis of Substrate–Chaperonin Interactions in
NEM-RW and GroEL R231W—At what stage is the process
of substrate protein release arrested as a result of NEM
modification? To answer this question in detail, we sur-
mised, from the results of previous studies by Rye et al.
(5, 21), that fluorescence resonance energy transfer might
be possible between a suitably labeled substrate protein
and GroEL R231W subunits. In the present experiment,
we used the tryptophan residue in GroEL R231W as the
donor fluorescent molecule and protein molecules labeled
with AEDANS as the acceptor molecules. It should be
noted that in our experiments, since the GroEL molecule
consists of seven subunits arranged in a ring, there are
potentially seven separate donor tryptophan molecules
that are capable of FRET with a given acceptor molecule
bound to a substrate protein. Such conditions preclude any
quantitative estimation of the donor-acceptor distance.
Therefore, the data shown here should be regarded as
reflecting large-scale changes in the interactions between
a bound substrate protein and the ‘‘inner rim’’ of the GroEL
heptameric ring.

The results of experiments involving GroEL R231W as
the FRET donor and acid-denatured, AEDANS-GroEL
molecules as the FRET acceptor are shown in Fig. 6.
When 1 mM ATP was added to preformed complexes of
GroEL R231W/AEDANS-GroEL at 25�C, little change in
the FRET signal was detected. In the presence of ATP and
an equimolar concentration of GroES, however, a promi-
nent decrease in the FRET signal was observed. This

fluorescence decrease consisted of two kinetic phases, a
fast phase with an apparent rate constant of 27 s-1, and
a slower phase with a rate constant of 1.16 s-1. At 37�C, this
behavior was largely unchanged, save for an increase in
the apparent rate constant of the slower phase to 7.2 s-1

(data not shown).
Similar experiments involving NEM-RW produced very

different results. The most interesting difference was that
in the case of NEM-RW changes in the FRET efficiency
were detected only at 37�C (Fig. 6b), and not at 25�C.
This behavior of the FRET signal resembled that of
NEM-RW in refolding assays. The change in the FRET
signal observed at 37�C was composed of two separate
kinetic phases, a fast phase whose apparent rate constant
was 4.24 s-1, and a slower phase with an apparent rate
constant of 0.839 s-1.

a

b

Fig. 6. Changes in FRET efficiency between GroEL R231W
and bound denatured AEDANS-GroEL. The basic protocol is
described under Experimental Procedures. (a) Changes in FRET
efficiency between GroEL R231W and AEDANS-GroEL in the pre-
sence and absence of GroES at 25�C. The residuals shown below
the main panel correspond to deviations from a theoretical fit
(shown as a white line) to a double exponential equation for the
solid line trace (GroEL R231W*AEDANS-GroEL with GroES). (b)
Changes in FRET efficiency between NEM-RW and AEDANS-
GroEL at two experimental temperatures, 25�C and 37�C. The
residuals correspond to deviations from a theoretical fit (shown
as a white line) to a double exponential equation for the solid
line trace (NEM-RW*AEDANS-GroEL with GroES at 37�C).
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In order to elucidate the characteristics of the two
changes in FRET intensity observed for GroEL R231W,
we again modified the concentration of ATP during the
experiments. As shown in Fig. 7a, we found that the appar-
ent rate of the fast FRET signal decrease seen in Fig. 6a
exhibited a sigmoidal dependence on the ATP concentra-
tion. The amplitude, on the other hand, exhibited a simple
hyperbolic dependence (Fig. 7b). When we analyzed the
data shown in Fig. 7a using the Hill equation, we obtained
the following values for K1/2 and the Hill constant n:
K1/2 = 131 – 6.6 mM, n = 2.0 – 0.2. Similar values were
obtained on analysis of the slower FRET signal change
(K1/2 = 53 – 11 mM, n = 1.8 – 0.64, Fig. 7a, inset). These
values were very similar to those obtained in identical
experiments involving the analysis of Phase B of GroEL
R231W (13), more specifically, the values for the first sig-
moidal transition seen in the ATP titration experiments on
this phase (K1/2 = 154 – 42 mM, n = 1.6 – 0.4). In contrast,
on similar analysis of the relative amplitude shown in

Fig. 7b, we obtained values of 72 – 32 mM for K1/2 and
0.88 – 0.28 for n.

DISCUSSION

Numerous studies have established that the chaperonin
GroEL undergoes numerous conformational changes dur-
ing the course of a single cycle of substrate protein binding,
encapsulation, and release (1). The results of the present
study will facilitate elucidation of the relative roles of indi-
vidual conformational changes that are detectable using
the fluorescence of a tryptophan residue introduced into
the apical domain of GroEL R231W.

GroEL R231W has been characterized as a mutant
chaperonin with a function that is nearly identical to
that of wild type GroEL. Notable differences between
the two chaperonins are the slightly increased ATPase
activity of GroEL R231W relative to that of the wild
type GroEL, and reduced binding affinity toward larger
substrate proteins (13). With regard to the interactions
between GroEL R231W and the substrate proteins utilized
in the present study (rhodanese, MDH and wild type
GroEL), the behavior of GroEL R231W was indistinguish-
able from that of the wild type. Therefore, we believe that
extending the application of GroEL R231W to include
intermolecular interactions is a valid method for deducing
the general molecular characteristics of GroEL. Experi-
ments performed in the present study in addition to
those reported by Taniguchi et al. (13) have shown that
a total of five conformational changes may be detected
using GroEL R231W: Phases A through C were character-
ized by Taniguchi et al. (13) and were also detected in this
study, and Phase S, previously presumed to reflect GroES
binding, is more likely a result of a conformational change
that is triggered by the binding of cochaperonin. An addi-
tional phase, Phase D, has been characterized in more
detail. It is of interest to note here that Phase D was repro-
ducibly detected for samples of GroEL R231W purified
solely by means of anion exchange. Additionally, universal
reduction of the apparent rates of all of the kinetic transi-
tions detected was also seen for samples purified by means
of anion exchange. Although we are not sure at present
what causes this reduction in the apparent rates of GroEL
conformational changes, we have determined that when
samples purified according to Taniguchi et al. (13) were
subjected to an additional anion exchange column purifica-
tion, Phase D was detected reproducibly and the reduction
of the apparent rates was also detected. This finding,
together with the behavior of Phase D in the presence of
a bound substrate protein, favors the existence of a factor
present in purified GroEL samples that accelerates sub-
unit conformational changes and suppress Phase D.
However, to date, we have not succeeded in isolating
this factor. We have attempted to identify this factor by
adding selected fractions from the elution profile on the
final anion exchange purification to purified samples
of GroEL R231W in the hope of observing additive-
dependent acceleration of the kinetic traces. Such experi-
ments have so far not been successful. Attempts to use
other purification methods such as dye affinity chromato-
graphy and purification in the presence of methanol have
met with limited success, mainly because GroEL R231W
was incapable of withstanding relatively harsh purification

a

b

Fig. 7. (a) Titrationwith respect to the ATP concentration of
the apparent rates of the two FRET signal decreases shown
in Fig. 6a for GroEL R231W. Closed circles, dependence of the
apparent rate of the fast FRET signal change on the ATP concen-
tration. The inset shows the dependence of the apparent rates of
the slow FRET signal change (open circles) determined simulta-
neously. (b) Dependence of the relative amplitude of the fast FRET
signal change on the ATP concentration. Raw data values with
standard errors are shown as well as theoretical curves obtained
by fitting the raw data to the Hill equation, as described under
‘‘EXPERIMENTAL PROCEDURES.’’
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procedures (data not shown). We are presently performing
further experiments, including experiments to find an
explanation other than a novel binding factor to GroEL,
to clarify this matter.

Effects of Unfolded Protein Loading on the
Conformational Changes in GroEL—Motojima et al.
recently succeeded in identifying a conformational change
within the GroEL subunit whose apparent rate was
strongly decreased in the presence of prebound unfolded
protein (22). Intrigued by the implications of the results of
Motojima and coworkers, we performed analogous experi-
ments using GroEL R231W to see if any conformational
changes detected in the apical domain were affected in a
similar manner. We found that two specific transitions,
Phases C and D, were specifically affected by the presence
of unfolded MDH molecules. However, the effects of
unfolded MDH on the two phases were different; in the
case of Phase C, the effects consisted of a small decrease
in the apparent rate constant (~25% decrease, as deter-
mined with 1 mM ATP), and a nearly negligible effect
on the relative amplitude of the phase (Table 1). ATP titra-
tion experiments showed that other characteristics of
Phase C, such as the lack of cooperative behavior with
regard to the ATP concentration as well as the ATP con-
centration at which 50 % of the apparent rate was attained,
were also unchanged (Fig. 2b). The overall characteristics
of the changes caused by prebound MDH pointed toward
specific reduction of the rate of Phase C. In sharp contrast,
as can be seen in Fig. 2, c and d, Phase D was drastically
altered in the presence of unfolded MDH. Both the rate and
amplitude of Phase D were strongly affected by MDH
binding, and the effects consisted of outright suppression of
this phase in the presence of a stoichiometric concentration
of unfolded substrate protein.

The effects of the cochaperonin GroES on these changes
caused by unfolded MDH were also different between
Phases C and D. Phase D remained suppressed when an
equimolar concentration of GroES was added, demonstrat-
ing that the effects of MDH on this phase occurred
irrespective of the influence of cochaperonin. In the case
of Phase C, in contrast, in the presence of GroES at an
equimolar concentration the characteristics of this phase
reverted to its original state, in effect increasing the rate of
the phase that was retarded in the presence of unfolded
MDH (Fig. 3b). This effect demonstrated eloquently a
postulated function of cochaperonins; i.e., that GroES is
capable of assisting certain movements within the GroEL
subunit to bring about completion of the chaperonin cycle.

A comparison between Phase C and other previously
reported kinetic transitions detected in GroEL reveals a
number of additional interesting implications. The relative
value of the apparent rate of Phase C in the present study
and that for the apical domain movement detected by
Motojima et al. (22) are similar in the presence of unfolded
MDH [�1.1 s-1 for Phase C, compared to 1.8 s-1 for Moto-
jima et al. (22)]. The dependence of the rates on the ATP
concentration, however, seemed to be slightly different. In
the case of Phase C, the apparent rates were saturated at a
relatively low concentration of ATP (�50 mM) compared to
the phase reported by Motojima et al. In addition, a crucial
difference between the two kinetic transitions lay in the
fact that the apparent rate of Phase C in the present study
recovered to its original value in the presence of GroES

(Fig. 3b). This characteristic has not been reported
previously, and thus may be a characteristic unique to
Phase C in the present study. The characteristics of
Phase C are consistent with a subunit movement, which
is non-cooperative in nature, and whose rate was decreased
in the presence of the bound unfolded protein, but whose
completion was facilitated by the binding and influence of
the cochaperonin GroES.

With regard to Phase D, the characteristics point toward
a different phenomenon. Since the presence of the unfolded
protein was sufficient to completely suppress this kinetic
phase, it is safe to assume that this phase is intimately
related to the initial substrate protein binding. The fact
that subsequent GroES addition did not affect this sup-
pression seemed to indicate that this conformational
change was related to the initial binding interaction
between the substrate protein and the GroEL apical
domain, and separate from subsequent interactions with
cochaperonin. In the present study, the maximum appar-
ent rate value of Phase D approximated that of ATP hydro-
lysis [�0.12 s-1 (23)], however, ATP hydrolysis occurs
irrespective of the presence or absence of Phase D. There-
fore, the characteristics of Phase D are consistent with a
conformational change that is only peripherally related to
the overall mechanism, possibly restricted to only the apo
form (no additional factors bound) of the GroEL subunit,
and involving intermolecular interactions between the
GroEL apical domain and the unfolded polypeptide.

Constricted Movement in a Chemically Modified
Chaperonin—Modification of GroEL R231W with NEM
resulted in a chaperonin with a temperature-sensitive
function, as shown by the refolding assays in Fig. 4. The
chemical modification is essentially identical in effect to
site-directed mutagenesis of the intermediate domain
cysteine 138 (12), and experiments confirmed that NEM
indeed modified this residue with sufficient specificity (see
Experimental Procedures). When NEM-RW was subjected
to stopped-flow analysis, we found that essentially all of the
kinetic transitions, with the exception of Phases A and S,
were strongly affected by the chemical modification. The
changes ranged from large decreases in the apparent rates
and amplitudes in the cases of Phases B and C, to complete
suppression in the case of Phase D. We note, however, that
regardless of the fact that conformational changes detected
for GroEL R231W were so severely affected by NEM mod-
ification, NEM-RW nevertheless exhibited functional char-
acteristics that were nearly identical to those of the wild
type chaperonin at 37�C. It may be that in NEM-RW, the
environment in the immediate vicinity of tryptophan 231 is
decoupled somewhat from the conformational changes that
occur at other locations of the GroEL subunit. Experiments
involving fluorescent probes located at different positions
within the GroEL subunit may shed light upon this matter.

We would like to point out, however, that we did observe
a single kinetic phase that changed its characteristics
strongly in response to the experimental temperature
(when the temperature was shifted from 25�C to 37�C).
A fluorescence decrease reminiscent of Phase B in
GroEL R231W was seen to increase the relative amplitude
four-fold when the temperature was shifted from 25�C to
37�C. In similar experiments using GroEL R231W instead
of NEM-RW, we observed at most only a two-fold increase
in the amplitude of Phase B as a result of the temperature
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increase, and the large four-fold increase in amplitude seen
for NEM-RW could not be explained by a general effect of
temperature. We believe that this fluorescence decrease
reflects temperature-dependent ‘‘switching’’ between cha-
peronin cycle arrest and resumption. Although additional
experiments need to be performed to prove definitively that
this fluorescence decrease corresponds to Phase B in
GroEL R231W, circumstantial evidence supports this
notion. In addition, an interesting implication regarding
this temperature-dependent phase was revealed in the ex-
periments shown in Figs. 6 and 7, which is discussed below.

With regard to Phase S, we determined, as shown in
Fig. 5b, that the characteristics of this fluorescence change
were at first glance unchanged by NEM modification.
However, interestingly, we found that the characteristics
of Phase S in the presence of unfolded MDH were sig-
nificantly changed for NEM-RW. As shown in Fig. 5b,
when an equimolar concentration of unfolded MDH was
bound to NEM-RW prior to mixing with GroES and ATP,
we observed that the fluorescence increase corresponding
to Phase S was greatly suppressed. When we compared
the fluorescence increase with the corresponding increase
for unmodified GroEL R231W, as shown in Fig. 5c,
the difference became much more apparent. In Fig. 5c
we can see that both the amplitude and the apparent
rate of the fluorescence increase were greatly suppressed
for NEM-RW. Since MDH remains bound in an arrested
ternary complex with NEM-RW and GroES under these
conditions, this decreased amplitude and rate of the
fluorescence change reflect a certain restriction in the
molecular movement of GroEL that leads toward substrate
protein release.

Logically, the next step of this study would be to perform
experiments identical to those shown in Fig. 5c, but at
37�C, to see if the rate and amplitude of the fluorescence
increase recover. When we performed such experiments,
however, we found that the fluorescent characteristics of
GroEL R231W in the presence of GroES at 37�C exhibited
an additional heretofore unsuspected level of complexity
(data not shown). At present, we are unable to provide
details of the differences in chaperonin-cochaperonin
interactions that may occur at 25�C as opposed to 37�C.
However, in this context we note that Llorca and coworkers
have documented the existence of a thermal switch that
functions in the GroEL molecule and is linked to changes in
functional capacity (24). An exciting possibility is that we
may be witnessing such a switch in action in our experi-
ments. Details of this phenomenon await further analysis,
however.

Observation of Substrate Protein Release from the Apical
Domains of GroEL R231W and NEM-RW Using FRET—
The relative position of tryptophan 231 allowed us to
perform additional experiments to examine further the
process of substrate protein release from the GroEL apical
domain, using intermolecular FRET as an experimental
tool (21). Initially it had been our intention to use MDH,
the substrate protein utilized in Figs. 2 and 3, as the sub-
strate protein in the FRET experiments as well. However,
preliminary experiments showed that the FRET signal
strength for labeled MDH molecules and GroEL R231W
was too small to allow detailed characterization. Subse-
quently, wild type GroEL, a larger polypeptide which
also lacks native tryptophan residues, was selected as a

suitable substrate protein (albeit slightly confusing from a
nomenclature point of view). As can be seen in Fig. 6a,
when denatured wild type GroEL molecules fluorescently
labeled with AEDANS were bound to GroEL R231W, it
was possible to detect the transfer of fluorescence energy
from the tryptophan donor to the AEDANS acceptor, and
the efficiency of this FRET changed when GroES and
ATP were added. The following results were confirmed
in our experiments. First of all, the displacement of
bound substrate protein from GroEL consisted of both a
fast (27 s–1) and a slow (1.16 s–1) transition (Table 2). Sec-
ond, this change in FRET efficiency was not observed in the
absence of cochaperonin, which implied an active role of
GroES in the displacement of the bound substrate protein.
Third, although this change in FRET was observed for both
GroEL R231W and NEM-RW, changes in the FRET inten-
sity for NEM-RW were observed only under conditions
where the bound substrate protein was actually released
from GroEL and enzymatic activity was recovered (Fig.
6b). Finally, and most interesting of all, titration of the
faster (�27 s–1) FRET signal transition in GroEL R231W
with respect to the ATP concentration (Fig. 7) showed that
the apparent rate of this transition was dependent on the
ATP concentration in a cooperative manner, the estimated
Hill constant being 2.0. This value of the Hill constant, n,
and also the concentration at which the apparent rate
achieved 50% of its maximum value, K1/2 (130 mM), sug-
gested a correlation between this intermolecular phenom-
enon and a specific kinetic transition observed in the
GroEL apical domain, Phase B. As described by Taniguchi
et al. (13), Phase B was unique among the detected kinetic
transitions in that only Phase B exhibited cooperative
behavior with respect to ATP. Also, Phase B was interest-
ing in that this cooperative behavior was bisigmoidal in
nature, with two separate values of K1/2 and n, each cor-
responding to a certain maximum rate value. Although the
characteristics of this peculiar phase have not been eluci-
dated to satisfaction, we believe that Phase B in GroEL
R231W represents a conformational change involving mul-
tiple GroEL subunits that rearrange themselves in
response to ATP binding. The values for K1/2 and n for
the curve in Fig. 7a were very similar to the values for
the first sigmoidal transition in Phase B (13).

Although the actual values of the maximum apparent
rate differed, the similarities in these two values seem
to indicate the existence of a common structural basis
for these molecular events. This notion is entirely reason-
able, since cooperative movement of the subunits of the
GroEL ring would no doubt significantly alter interactions
between the GroEL apical domain and the bound substrate
protein. We believe that we have, for the first time,
observed these specific changes in interaction. It is inter-
esting to note that in our experiments involving NEM-RW
(Figs. 5a and 6b), we found that the changes in FRET
signals and the decrease in tryptophan-derived fluores-
cence putatively assigned to Phase B both exhibited
temperature-dependent characteristics. This finding
lends support to the idea put forth above, i.e., that these
two experimental results were intricately related to each
other. Exactly how these two events are related, however,
remains to be clarified.

Numerous previous studies have revealed a number
of molecular events that occur within this timeframe. In
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addition to the power stroke event documented by
Motojima et al. (22), Rye et al. have documented changes
in the fluorescence anisotropy of GroEL-bound Rubisco
upon the addition of ATP and GroES (25). The t1/2 of the
change in anisotropy observed was �1 s, corresponding to
an apparent rate constant of 0.7 s-1. In addition, Weissman
and coworkers detected changes in the fluorescence aniso-
tropy of pyrene-labeled rhodanese bound to GroEL when
this complex was mixed with ATP and GroES (7). The
change in fluorescence anisotropy consisted of an initial
very rapid event (that occurred during the 10 ms dead
time for the experimental apparatus) and two kinetic tran-
sitions with t1/2 of �1 s and �5 s, respectively. The two
transitions that we detected in our FRET experiments
correspond to two molecular events with t1/2 of 0.03 s
and 0.24 s, respectively (for GroEL R231W). Judging
from the differences in the half times of the reaction,
and also by the cooperative characteristics of the transi-
tions detected in our experiments, we believe that the
transitions documented in Figs. 6 and 7 are distinct
from previously reported events.

What exactly is happening in the kinetic transitions that
are reflected by the FRET efficiency changes between
GroEL R231W and the unfolded substrate protein,
AEDANS-GroEL? Although we could not address this
question by actual determination of the donor-acceptor
distance of the two fluorophores, some observations may
nevertheless be made. For the reasons noted above it seems
reasonable to conclude that this event most likely reflects a
change in the interaction between the apical domain of
GroEL and the bound polypeptide. In addition we also
believe that the actual release of the substrate protein
into either the central cavity or the bulk medium does
not depend solely on the completion of these two transi-
tions, as other kinetic transitions [e.g., Phase C in the
present study, as well as the power stroke of Motojima
et al. (22)] exhibited characteristics that were altered in
the presence of the substrate protein. At present we pro-
pose that the two transitions detected in the present study
reflect displacement of the substrate protein that involves
multiple subunits of GroEL and the active participation of
cochaperonin GroES, and which precedes the actual dis-
charge of the substrate protein into the GroEL central
cavity. The actual release of the protein from the chaper-
onin ring most likely occurs through a series of molecular
events that include both of these kinetic transitions. Addi-
tional data regarding this process should be obtained
through experiments involving donor probes located at dif-
ferent positions in GroEL (within the chaperonin chamber,
for example), followed by correlation of the results to obtain
an overall picture. Also, it would be interesting to see if any
differences in the fluorescence characteristics occur when
substrate proteins with different molecular weights are
used in the FRET experiments. Hints of such differences
have already been obtained, e.g., the differences in FRET
signal strength between MDH and wild type GroEL
substrate proteins.

Figure 8 summarizes the results of our experiments, in
the form of ‘‘grouping’’ of various individual kinetic transi-
tions based upon their characteristics. Adjacent to the
scheme are illustrations that we believe represent plausi-
ble conformational movements of GroEL that best fit the
characteristics of each kinetic transition identified in this

study. Regarding the question of a specific sequence of
molecular events that may dictate the execution of these
numerous kinetic transitions, our experiments have not
provided us with evidence favoring a rigid sequential
mechanism, and attempts to fit the raw data to various
forms of sequential mechanisms using the program DYNA-
FIT (26) have not yielded satisfactory results to date. How-
ever, the experiments involving NEM-RW have shown us
that the kinetic transitions may be divided into groups
according to their altered characteristics on perturbation,
and from this a number of hints regarding this facet of the
molecular cycle have been obtained. We hope that through
further experiments we will be able to clarify these aspects
of the molecular mechanism of GroEL.

This study was funded by Grants-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science, and
Technology of Japan, and also research grants from the Inamori

Fig. 8. Summary of the results presented in this study. The
individual phases are arranged horizontally in descending order of
apparent rates, and also arranged in columns according to phases
detected by means of tryptophan fluorescence and intermolecular
FRET. Shaded boxes indicate groups of phases which share a com-
mon characteristic. Phase S, shaded in blue, is correlated with
substrate protein release in NEM-RW, and green shaded Phases
C and D are sensitive to the presence of bound unfolded protein.
The characteristics of Phases C and D differ with regard to the
effects of both the unfolded protein (MDH) and GroES, and there-
fore are thought to reflect different aspects of GroEL. Red shaded
phases are phases that exhibit cooperative behavior with respect to
the ATP concentration, and share similar K1/2 and n values. These
last three phases are also correlated with temperature-dependent
substrate protein release in NEM-RW. To the left of the scheme,
illustrations that represent conformational changes of GroEL that
best fit the characteristics of each kinetic transition are shown. The
illustrations are colored according to the coloring scheme used for
the phase groups shown on the right. Phase A reflects the initial
conformational changes brought about by ATP binding (13), Phase
B and the two transitions detected by means of FRET probably
involve rearrangement of subunit interactions within the GroEL
ring, owing to their cooperative nature, and Phases S and C are
most likely involved in displacement of substrate protein molecules
that are initially bound to the apical domain into the central cavity,
with the active participation of GroES. Phase D is regarded to be an
indirect conformational change that may be due to the apo form of
GroEL (see main text), and so is not specifically illustrated here.
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