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Chaperonin GroEL and its partner GroES assist the folding of nascent and
stress-damaged proteins in an ATP-dependent manner. Free GroES has a
flexible “mobile loop” and binds to GroEL through the residues at the tip of
the loop, capping the central cavity of GroEL to provide the substrate
polypeptide a cage for secure in-cage folding. Here, we show that restriction
of the flexibility of the loop by a disulfide cross-linking between cysteines
within the loop results in the inefficient formation of a stable GroEL–
polypeptide–GroES ternary complex and inefficient folding. Then, we
generated substrate proteins with enhanced binding affinity to GroEL by
fusion of one or two SBP (strongly binding peptide for GroEL) sequences
and examined the effect of disulfide cross-linking on the assisted folding.
The results indicate that the higher the binding affinity of the substrate
polypeptide to GroEL, the greater the contribution of the mobile loop
flexibility to efficient in-cage folding. It is likely that the flexibility helps
GroES capture GroEL's binding sites that are already occupied by the
substrate polypeptide with various binding modes.
© 2012 Elsevier Ltd. All rights reserved.
Introduction

Escherichia coli chaperonin GroEL facilitates the
folding of nascent and stress-damaged proteins in
an ATP-dependent manner1–4 and is essential for
cell viability.5 It is a large cylindrical protein
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complex comprising two heptameric rings of iden-
tical 57-kDa subunits stacked back to back.6 GroEL
binds an unfolded polypeptide to its apical domains
surrounding the opening of the central cavities and
forms a stable GroEL–polypeptide binary
complex.7–11 Upon ATP binding, GroEL undergoes
conformational transition12 that enables binding of
co-chaperone GroES, a disk-shaped homo-heptamer
of 10-kDa subunits,13 and the central cavity of
GroEL is capped by GroES to make an enclosed
cage. Substrate polypeptide is entrapped into the
cage14,15 with a part of the polypeptide still being
tethered to the GroEL apical domain.16 Then, the
entire polypeptide is completely released into the
cage, where it gains native conformation rapidly (in-
cage folding). In some cases, dependent on substrate
polypeptide, a fraction of the polypeptide escapes to
the environment and undergoes free folding (or is
captured again by GroEL).
d.
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Fig. 1. GroES mobile loop in the
GroEL–GroES crystal structure. (a)
Structure of GroES subunit associ-
ated with helices H and I of GroEL
(yellow) in the crystal structure of
the GroEL–GroES complex (PDB:
1AON19). In the GroES heptamer
crystal structure, the red region is
visible in all seven GroES subunits,
but the blue region is visible only in
one GroES subunit. A pair of
residues shown in stick model
(E16/S35, V17/K34, E18/A33)
were replaced with cysteines and
three GroES(2C)s [GroES(16C/35C),
GroES(17C/34C), and GroES(18C/33C)]
were generated. (b) Disulfide bond
formation in GroES(2C)s and its
reduction by DTT. Remaining sulf-
hydryl groups were labeled by
AMS and analyzed with SDS-
PAGE. Protein was detected by
Coomassie Brilliant Blue staining
(upper panel) and AMS-bound pro-
tein was detected by fluorescence
(lower panel). Band shift and AMS
fluorescence were observed only in
DTT-reduced and AMS-treated
samples.
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Free GroES subunit contains a highly flexible
region named “mobile loop”.17 In the crystal of the
GroES heptamer, this region (amino acid residues
16–32) is disordered in six subunits. 13 Upon
binding to GroEL, the mobile loops of all seven
GroES subunits are fixed to the β-hairpin
structure.18,19 Despite these early studies, the
functional contribution of the flexibility of the
mobile loop to the assisted folding remains unclear.
Here, we have made GroES mutants whose
flexibility of the mobile loop can be restricted by
the formation of a disulfide bond between two
cysteine residues introduced into the opposite side
of the mobile loop. Tests on co-chaperone activity of
GroES having a cross-link in the mobile loop show
that the flexibility of the mobile loop contributes to
the formation of a stable GroEL–polypeptide–
GroES complex and for efficient in-cage folding.
Using substrate polypeptides fused with the
“strongly binding peptide” (SBP) that has high
affinity to the apical domain of GroEL,20 we show
that contribution of the mobile loop flexibility of
GroES is more pronounced as the substrate
polypeptide has higher affinity to GroEL.
Results

Specific cross-linking in GroES mobile loop

GroES binds to GroEL via its mobile loop.17 Three
pairs of amino acid residues positioning in the
opposite side in the mobile loop, E16/S35, V17/
K34, and E18/A33, were individually replaced with
cysteine residues. In the heptameric GroES crystal,13

A33, K34, and S35 are structurally ordered in all
seven subunits while E16, V17, and E18 are
disordered in six subunits (Fig. 1a).13 Since wt-
GroES contains no cysteine, pairs of the cysteines
introduced into these mutants [collectively termed
GroES(2C)s] are expected tomake a disulfide bond by
oxidation that restricts the flexibility of the disor-
dered residue. Note that these six residues do not
have direct interaction with GroEL in the GroEL–
GroES crystal.19 Indeed, a mutant GroES replacing
all of these six residues by alanines is indicated to
be functional because it can complement wt-GroES
in E. coli cells (not shown). Oxidation of cysteines
was assessed by the amount of remaining non-
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Fig. 2. Binding of reduced and oxidized GroES(2C)s to
GroEL and the GroEL–rhodanese complex. Binding of
Cy3-labeled wt-GroES and GroES(2C)s to (a) GroEL or (b)
the GroEL–rhodanese binary complex was assessed by
gel-filtration HPLC. The GroEL–rhodanese binary com-
plex was generated by heat treatment. Reduced GroES-
Cy3 (broken line) and oxidized GroES-Cy3 (continuous
line) were mixed with GroEL at a 1:1 ratio in the presence
of 0.5 mM ATP and were applied to gel-filtration HPLC
equilibrated with 0.2 mM ATP. Elution was monitored
with fluorescence of GroES-Cy3. The GroEL–GroES
complex and free GroES were eluted at 5 min and 7 min
(shown by arrows), respectively. Each elution pattern was
normalized so that the total peak area became equal
among elution. Detailed experimental conditions are
described under Materials and Methods.

293Importance of Flexibility of GroES Mobile Loop
oxidized cysteines. Chemical labeling of cysteinewith
4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic
acid (AMS) resulted in the production of a fluorescent
protein band with a decreased electrophoretic mobil-
ity in SDS-PAGE.21 The introduced cysteines in the
purified GroES(16C/35C) and GroES(18C/33C) were fully
oxidized. Cysteines in the purified GroES(17C/34C)
were partly oxidized, which we treated with an
oxidizing reagent, diamide, to obtain fully oxidized
GroES(17C/34C). These fully oxidized GroES(2C)s
were used as oxidized samples hereafter. The
oxidized GroES(2C)s were completely reduced by
DTT (Fig. 1b). DTT-treated GroES(2C)s were used as
reduced samples and their assays were all carried
out in the presence of DTT. There was no dimer in
the oxidized GroES(2C)s (not shown), ensuring that
disulfide cross-linking occurred in the same GroES
subunit molecule. All GroES(2C)s can complement
wt-GroES in E. coli cells (not shown). Since E. coli
cytosol has a reductive environment and GroES(2C)s
should exist as a reduced form, this result indicates
that reduced GroES(2C)s are functional in vivo.

Binding to GroEL

Binding of oxidized and reduced GroES(2C)s to
GroEL was examined (Fig. 2a). Cy3-labeled GroES
was mixed with GroEL in the presence of ATP and
analyzed by gel filtration monitored with Cy3
fluorescence. All GroES(2C)s were co-eluted with
GroEL irrespective of their redox state, suggesting
that flexibility of GroES mobile loop contributes
little to GroES binding to GroEL. As expected, the
ATPase activity of GroEL decreased to ~25% by the
presence of wt-GroES and reduced and oxidized
GroES(2C)s (not shown). Binding to the GroEL–
rhodanese binary complex was also tested (Fig. 2b).
GroES(16C/35C) and GroES(17C/34C) were co-eluted
with the binary complex regardless of their redox
state. ForGroES(18C/33C), however, the oxidized form
showed poorer binding to the GroEL–rhodanese
binary complex than the reduced form. Consistently,
rhodanese in the complex was susceptive to
protease digestion when oxidized GroES(18C/33C)
was added while it was protected in the case of
reduced GroES(18C/33C) (not shown). It appears that
oxidized GroES(18C/33C) loses flexibility of its mobile
loop most completely among GroES(2C)s and tends
to fail binding to the GroEL–rhodanese binary
complex.

Co-chaperone activity of reduced and oxidized
GroES(2C)s in assisted folding of rhodanese

GroEL/GroES-assisted folding of rhodanese,
assessed by recovery of rhodanese activity, was
compared between wild-type and GroES(2C)s under
reduced and oxidized conditions. Bovine rhodanese
contains four cysteine residues, and its folding assay
requires DTT to prevent nonproductive disulfide
bond formation. Then, we used rhodanese(1C), in
which all cysteines, except for an essential Cys242 in
the active site,22,23 were replaced with serine. This
rhodanese(1C) recovered activity in the absence of
DTT, though the yield was slightly smaller than in
the presence of DTT. Folding of rhodanese(1C) did
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Fig. 3. Co-chaperone activity of reduced and oxidized
GroES(2C)s in GroEL/GroES-assisted folding of
rhodanese(1C). The GroEL–rhodanese(1C) binary complex
was generated by heat treatment in the presence (a) or
absence (b) of DTT. Recovery of rhodanese activity was
measured at indicated times after the addition of ATP.
Rhodanese activity was expressed as the percentage of
that of native rhodanese(1C). The same experiments were
repeated four times, and the data were averaged. Detailed
experimental conditions are described under Materials
and Methods.
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not occur when GroES was omitted from the
solution (Fig. 3), confirming the indispensable role
of GroES as a co-chaperone in rhodanese folding.
Recovery time courses of rhodanese activity in the
presence of DTT were almost the same between
GroES(2C)s and wt-GroES (Fig. 3a). On the contrary,
in the absence of DTT, they were significantly
different between GroES(2C)s and wt-GroES;
recovery yield was 70% [GroES(16C/35C) and
GroES(17C/34C)] and 60% [GroES(18C/33C)] of wt-
GroES. These results indicate that the yield of the
in-cage folding decreases when the flexibility of the
mobile loop is restricted by cross-linking. For
GroES(16C/35C) and GroES(17C/34C), significant
change in binding to the binary complex is not
detected between reduced and oxidized forms
(Fig. 2b), but folding becomes less efficient by
oxidation.

Assisted folding of IPMDHs with increased
binding affinity to GroEL

We generated 3-isopropylmalate dehydrogenases
(IPMDHs) that have different binding affinity to
GroEL and compared the co-chaperone activity of
reduced and oxidized GroES(2C)s in the folding of
these IPMDHs. IPMDH from Thermus thermophilus
was used since it contains no cysteine residue and
folding is not affected by redox condition. IPMDH
was fused with the SBP sequence to the C-terminus
(IPMDH-SBP) or to both N- and C-termini (SBP-
IPMDH-SBP). SBP is a peptide of 12 residues, which
was discovered as a strongly binding peptide for
GroEL,20 and it is expected that binding affinity to
GroEL increases in the order IPMDHb IPMDH-
SBP bSBP-IPMDH-SBP. 24 IPMDH can fold
spontaneously,25 while folding of IPMDH-SBP
and SBP-IPMDH-SBP is strictly dependent on
GroEL and GroES. As a co-chaperone, GroES(2C)s,
irrespective of redox state, were as effective as wt-
GroES in the folding of IPMDH and IPMDH-SBP
(Fig. 4a and b). When SBP-IPMDH-SBP was used as
a substrate protein, all GroES(2C)s and even wt-
GroES showed a decreased level of folding yield
(Fig. 4c). Among them, the effect of redox condition
was clearly seen only in the assisted folding by
GroEL and GroES(18C/33C); folding yield by the
oxidized GroES(18C/33C) was only ~20% of that by
the reduced GroES(18C/33C). Thus, the defect of
oxidized GroES(18C/33C) in assisted folding becomes
evident when a substrate polypeptide has stronger
binding affinity to GroEL.

Co-chaperone activity of reduced and oxidized
GroES(18C/33C) in SBP-fused GFP folding

Among the three GroES(2C)s, GroES(18C/33C) exhib-
ited the most significant redox dependency in
binding to the GroEL–rhodanese binary complex
and in the assisted folding of rhodanese and SBP-
IPMDH-SBP. Then, the co-chaperone activity of
GroES(18C/33C) was further examined in the folding
of SBP-fused green fluorescent protein (GFP)
(Fig. 5). Folding of GFP can be monitored by its
fluorescence recovery in real time.26 In this series of
experiments, a single-ring mutant of GroEL contain-
ing slow ATP-hydrolyzing mutation D398A,
SR1D398A, was used14,27 to see a single turnover of
the in-cage folding by avoiding complication caused
by the interaction between two GroEL heptamer
rings. The SR1D398A–GFP binary complex was
prepared by the dilution of acid-denatured GFP
into the SR1D398A solution, and the reaction was
initiated by the addition of ATP. The observed
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IPMDH-SBP, and (c) SBP-IPMDH-SBP. The binary complex of GroEL with IPMDHs was generated by dilution of
denatured IPMDH in 4 M guanidine–HCl into the buffer containing GroEL. Recovery of IPMDH activity wasmeasured at
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buffer containing 0.4 mg/ml bovine serum albumin. The same experiments were repeated three times, and the data were
averaged. IPMDH activity was expressed as the percentage of the native IPMDH. Detailed experimental conditions are
described under Materials and Methods.
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folding represented the in-cage folding since trap-
GroEL28 was added prior to ATP addition to
capture any unfolded GFP that has escaped from
the cage during the folding reaction. Spontaneous
folding of GFP, GFP-SBP, and SBP-GFP-SBP be-
came slower in this order (not shown), and the
folding assisted by SR1D398A and wt-GroES (Fig. 5,
continuous lines) also proceeded at rates similar to
the corresponding spontaneous folding. For all
GFPs, folding assisted by SR1D398A and reduced
GroES(18C/33C) proceeded in a time course similar to
that of folding assisted by SR1D398A and wt-GroES
(Fig. 5, dotted lines). On the contrary, folding
assisted by SR1D398A and oxidized GroES(18C/33C)
occurred only slowly with GFP-SBP and extremely
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Fig. 5. Time courses of in-cage folding of (a) GFP, (b) GFP
oxidized GroES(18C/33C). Denatured GFPs were diluted into the
that allowed single turnover of folding. The dilution buff
GroES(18C/33C) (dotted line), or oxidized GroES(18C/33C) (broken
added prior to ATP addition to prevent spontaneous folding i
The fluorescence intensity of each curve was normalized as
saturated point. Detailed experimental conditions are describe
slowly with SBP-GFP-SBP (Fig. 5b and c, broken
line). Even though the rates are different between
oxidized and reduced states of GroES(18C/33C), final
yield of folding reached nearly the same level.
These results again indicate that the effect of cross-
linking becomes more evident as the affinity of
substrate polypeptide to GroEL increases.

NMR analysis of flexibility of the mobile loop

In the above experiments, we assumed that the
disulfide bond between residues 18 and 33 in the
oxidized GroES(18C/33C) restricts the movement of
the mobile loop. To confirm this, we utilized nuclear
magnetic resonance (NMR) spectroscopy and
(c)

)ces(emit)ces(

-SBP, and (c) SBP-GFP-SBP by SR1D398A and reduced or
dilution buffer containing a single-ring GroEL (SR1D398A)

er also contained wt-GroES (continuous line), reduced
line). To observe only the in-cage folding, trap-GroELwas

n the medium. Folding was initiated by adding ATP at 0 s.
a fraction of the recovered fluorescence intensity at the
d under Materials and Methods.
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measured the two-dimensional (2D) nuclear Over-
hauser effect spectroscopy (NOESY) and total
correlation spectroscopy (TOCSY) spectra of wt-
GroES, reduced GroES(18C/33C), and oxidized
GroES(18C/33C). As reported for wt-GroES,17 re-
duced GroES(18C/33C) exhibited well-resolved cross
peaks in both spectra corresponding to the mobile
region that spans amino acids 18–32 in the GroES
sequence (Fig. 6). Most of the cross peaks of reduced
GroES(18C/33C) were observed at resonance positions
similar to those of wt-GroES. As expected, the
spectra of wt-GroES were almost the same as that
reported in Ref. 17, based on which most cross peaks
were assigned. In contrast, oxidized GroES(18C/33C)
showed only broadened signals almost beyond
detection in the measurement condition that was,
except for the addition of deuterated DTT, the same
as that adopted for the reduced GroES(18C/33C). In
liquid-state NMR, peaks derived from small mole-
cules or flexible parts are generally observable, as
demonstrated in the mobile loop region of wt-GroES
and reduced GroES(18C/33C), but those derived from
large molecules, such as the remaining dominant
part of GroES, are too broadened to be detected. This
result justified the restricted mobility of the mobile
loop in oxidized GroES(18C/33C).
Discussion

In this article, we made three GroES mutants in
which flexibility of the mobile loop would be
restricted by a disulfide bond between a disordered
residue and an ordered residue in the mobile loop.
The most effective is a disulfide bond between
introduced cysteine residues at 18 C and 33 C,
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which are located most nearly to the tip of the
mobile loop (Fig. 1a). Oxidized GroES(18C/33C) can
bind GroEL normally but tends to fail to bind to the
GroEL–polypeptide binary complex. It has been
known that residues of GroEL involved in GroES
binding largely overlapped with those involved in
polypeptide binding. Therefore, for GroES to bind to
the binary complex, GroES should deprive the
substrate polypeptide of the binding sites on
GroEL. Flexibility of the mobile loop can give
GroES an advantage over the polypeptide in
competing for the common binding sites. It was
reported that even the same substrate polypeptide
can bind to GroEL with various binding manners
and generates micro-heterogeneity among the bind-
ing sites.29 Flexibility of the mobile loop possibly
contributes to a fine-tuning of binding mode to fit
the heterogeneous binding sites.
Yield and time course of the assisted folding are

also affected by cross-linking. In the case of rhoda-
nese, not only the oxidized form of GroES(18C/33C)
but also GroES(17C/32C) and GroES(16C/31C) showed
decreased folding yields, reflecting an inefficient
step after the ternary complex formation, which is
probably the step of encapsulation of the substrate
polypeptide into the cage. In the case of IPMDH
and GFP, the effect of cross-linking was more
pronounced as the binding affinity of the substrate
polypeptide to GroEL increased by SBP fusion. It is
tempting to assume that the flexibility of the
mobile loop contributes when GroES forcibly
occupies the binding sites of GroEL that are
preoccupied by a strongly bound substrate poly-
peptide. It is also plausible that the SBP fusion
substrates simply do not release with sufficient
frequency from the apical domains to allow access
for the flexibility-restricted loop of GroES(18C/33C).
We suggest, altogether, that the flexibility of the
mobile loop helps the residues at the tip of the
loop to adjust their conformations to fit the various
surfaces of the GroEL–substrate polypeptide com-
plex, inducing the release of the substrate poly-
peptide into the cage.

Materials and Methods

Reagents and proteins

ATP and NAD+ were from Sigma. DL-threo-3-Isopro-
pylmalic acid was from Wako. Mutant proteins were
generated by site-directed mutagenesis using the PrimeS-
TAR mutagenesis basal kit from Takara. Wt- and mutant
GroEL and bovine rhodanese were expressed and purified
as previously described.30,31 Wt-GroES and mutants were
purified as previously described32 except that DTT was
removed throughout the isolation procedures. The redox
state of GroES(2C)s was assessed as follows. Purified
GroES (5 μM) was incubated in HKM buffer (25 mM
Hepes–KOH, pH 7.4, 5 mM MgCl2, and 100 mM KCl)
with or without 10 mM DTT and incubated for 1 h at
28 °C. After incubation, GroES was precipitated with
trichloroacetic acid (final 5%), washed with ice-cold
acetone, and finally dissolved in 50 mM Tris–HCl
(pH 7.4), 1% SDS, and 10 mMAMS.21 The protein samples
were then analyzed with 14% non-reducing SDS-PAGE.
AMS-labeled GroES was detected by AMS fluorescence
and then the proteins were stained by Coomassie Brilliant
Blue. GroES(16C/35C) and GroES(18C/33C) were purified as
a 100% oxidized form but about half of purified
GroES(17C/34C) exist as a reduced form. Then, purified
GroES(17C/34C) (200 μM) was incubated with an oxidizing
reagent, 1 mM diamide, in HKM buffer for 1.5 h and fully
oxidized GroES(17C/34C) was obtained. In this article,
oxidized GroES(2C)s mean the naturally oxidized
GroES(16C/35C) and GroES(18C/33C) and the diamide-
oxidized GroES(17C/34C). Upon exposure to 10 mM DTT,
GroES(2C)s were reduced completely and we considered
them as reduced GroES(2C)s. The reaction mixtures for the
assay of reduced GroES(2C)s always included 5 mM DTT
to prevent reoxidation. IPMDH from T. thermophilus was
expressed in E. coli and purified as previously
described.33 GFP (S65T), simply referred to as GFP in
this report, was expressed in E. coli strain BL21(DE3).
Expression of GFP was induced by the addition of 1 mM
isopropyl-β-D-thiogalactopyranoside at A600=0.5, and the
culture was continued at 15 °C for 18 h. Cells were
harvested, sonicated in buffer [25 mM Tris–HCl, pH 7.4,
1 mM ethylenediaminetetraacetic acid, 1 mM DTT, 30%
saturated ammonium sulfate, and a Complete protease
inhibitor mixture tablet (Roche Applied Science)], and
centrifuged. The supernatant was applied to a hydro-
phobic column (Butyl-650M TOYOPEARL) and eluted
with a 30–0% saturated ammonium sulfate linear
gradient. The fractions containing GFP was combined
and dialyzed to 100-fold volume of 25 mM Tris–HCl,
pH 7.4, 1 mM ethylenediaminetetraacetic acid, and 1 mM
DTT. The dialyzed solution was applied to an anion-
exchange column (DEAE-650M TOYOPEARL) and eluted
with a 0–0.3 M NaCl linear gradient. Purified GFP was
dialyzed to 50 mM Tris–HCl, pH 7.5, and 50 mM KCl and
concentrated by Amicon Ultra (Millipore). The 12-amino-
acid sequence (SWMTTPWGFLHP) of SBP was fused to
the C-terminus or to both termini of IPMDH and GFP by
PCR method. One glycine residue was inserted between
SBP and each protein. SBP-fused GFP and IPMDH were
similarly expressed and purified to wild type except that
heat treatment was skipped in the case of SBP-IPMDH-
SBP because of its heat lability. Cy3-labeled GroES
(GroES-Cy3) was prepared as previously described.34,35
GroEL–GroES binding assays with gel filtration

An aliquot (20 μl) of the solution containing GroES-Cy3
(1.0 μM), GroEL (1.0 μM), and ATP (0.5 mM) in HKM
buffer was applied to a column (Superdex200 5/150 GL,
GE Healthcare) equilibrated with HKM buffer containing
50 mM Na2SO4 and 0.2 mM ATP at a flow rate of
0.3 ml/min. Binding of GroES-Cy3 to the GroEL–
rhodanese binary complex was examined as follows. A
fivefold molar excess of rhodanese was mixed with
GroEL (final concentration, 2.0 μM) in HKM buffer. The
mixture was incubated at 60 °C for 15 min to saturate
GroEL's binding sites by denatured rhodanese, and
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aggregates were removed by centrifugation (15,000g,
5 min). The solution containing the GroEL–rhodanese
binary complex was mixed with GroES-Cy3 and ATP
(final concentrations, 1.0 μM, 1.0 μM, and 0.5 mM,
respectively) and an aliquot (20 μl) was applied to the
column. The elution was monitored with an in-line
fluorometer (excitation at 550 nm, emission at 570 nm).

Folding assay

A rhodanese(1C) mutant (C63S/C254S/C263S) (1.0 μM)
and GroEL (1.0 μM) in HKM buffer were incubated at
65 °C for 15 min to form the GroEL–rhodanese(1C) binary
complex. Folding reaction was initiated by mixing the
GroEL–rhodanese solution with an equal volume of HKM
buffer containing 4 μM GroES, 40 mM Na2S2O3, 8 mM
ATP, and 5 mM DTT when indicated. The mixture was
incubated at 25 °C and the folding was quenched at the
times indicated. Recovered rhodanese activity was mea-
sured as previously described.36 For the IPMDH folding
assay, 50 μM IPMDH from T. thermophilus was denatured
in 4 M guanidine–HCl at 25 °C for over 5 h. Denatured
IPMDH was diluted 100-fold into HKM buffer containing
1 μM GroEL and, in the case of reduced samples, 5 mM
DTT.After incubation for 20 min at 37 °C, 4 μMGroESwas
added. The folding reaction was initiated by the addition
of 2 mM ATP, and the solution was incubated at 37 °C.
Recovery of IPMDH activity after a 20-min incubation was
measured as follows. An aliquot (20 μl) of the solution was
added to 1 ml of the IPMDH assay mixture (100 mM
potassium phosphate, pH 7.8, 1 M KCl, 1 mM MgCl2,
0.8 mM NAD+, and 0.4 mM DL-threo-3-isopropylmalic
acid) and the increase in the absorbance at 340 nm was
monitored at 60 °C.37 For the GFP folding assay, an acid-
denatured GFP solution (5 μM) was diluted 100-fold into
HKMbuffer containing 200 nM SR1D398A and 1 μMGroES.
After 10 min, trap-GroEL (GroELN265A/D398A) was added
to a final concentration of 0.5 μM. ATP (1 mM) was added
and GFP fluorescence intensity was monitored.

NMR spectroscopy

NMR spectra were recorded at 283 K with a Bruker
Avance-III 950-MHz spectrometer equipped with a z-
gradient 1H/13C/15N cryogenic probe (TCI). The samples
were concentrated to about 0.2–0.3 mM (subunits) in a 20-
mM sodium phosphate buffer (pH 6.0) containing 10%
2H2O for the NMR lock. Reduced GroES(18C/33C) was
prepared by adding 10 mM deuterated DTT to oxidized
GroES(18C/33C). In 2D NOESY and TOCSY experiments,
the mixing times were set at 200 and 41.4 ms, respectively.
The direct 1H dimension was acquired with a spectral
width of 18 ppm with 2048 complex points centered at
4.95 ppm, and the indirect dimension was acquired using
the TPPI-States manner with a spectral width of 11 ppm
with 600 (wt-GroES) or 800 [reduced and oxidized
GroES(18C/33C)] complex points. The interscan delay was
set at 2.15 s, and 8 (wt-GroES) or 16 [reduced and oxidized
GroES(18C/33C)] scans were accumulated for each free
induction decay. The large water signal was suppressed
using the WATERGATE method in the pulse sequences.
The NMR data were processed using NMRPipe software
package.38
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